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ABSTRACT

Core from modern-day Poland recovering fluvial and paralic strata provides an
excellent record of climatic and environmental changes in the Central Polish
Basin during two key intervals of the Early Jurassic. Thick successions of
Rhaetian-Hettangian and Pliensbachian-Toarcian age are examined using a
number of techniques in order to understand the wildfire activity history, carbon-
cycle interactions, and organic matter composition of sediments at two sites in
the Central Polish Basin. Physical and geochemical proxies for wildfire activity
show evidence of increased wildfire activity both prior to and after the Toarcian
Oceanic Anoxic Event (OAE) at the Kazewy-1 site, with suppression of wildfire
activity during the negative carbon-isotope excursion of the OAE. Correlation with
published wildfire activity proxy records from additional sites in the Tethyan realm
shows that this pattern was not limited to the Central Polish Basin, but is part of
a wider, regional change. Additionally, new wildfire activity proxy records show
increased wildfire activity across the Triassic-Jurassic Boundary at the Kaszewy-
1 and Niekfan PIG-1 sites in the Central Polish Basin, correlating with other
contemporaneous proxy records from Denmark and Greenland. New carbon-
isotope records generated from terrestrial organic matter from the Niektan PIG-1
core show trends towards heavier d3C values immediately after the Triassic-
Jurassic Boundary, providing evidence of a perturbation to the carbon-cycle at
this time. Exploratory investigation of sediments from the Kaszewy-1 core
provides a new record of BIT indices of Early Jurassic sediments, surpassing the
oldest-known use of this terrestrial organic matter input proxy. Additionally, a
newly-developed technique is used to investigate carbon-isotope variability in
fossil terrestrial organic matter across the Toarcian Oceanic Anoxic Event
carbon-isotope excursions. A new record of individual phytoclast 313C values
demonstrates that, despite d3C variability between phytoclasts from a single
horizon, larger overall trends in 3'2C values can be identified from single

phytoclast 813C measurements.
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CHAPTER 1 INTRODUCTION

The Early Jurassic (201.3 £+ 0.2 —174.1 = 1.0; Cohen et al., 2013) was a time in
Earth’s history that is thought to have experienced extreme climatic conditions,
including major perturbations to the global carbon cycle. Two key intervals, the
Triassic-Jurassic Boundary, and the Toarcian, are particularly focused on due to
major climatic changes that are thought to have occurred during these times. In
particular, the role of wildfire within the Earth System at these times is explored,
investigating its links with atmospheric composition, global temperatures, soil

erosion, and primary productivity.

Wildfire activity is linked to a number of other components of the Earth System
and has the potential to make a significant contribution to major environmental
changes. Increased wildfire activity has been linked to both increasing
atmospheric oxygen levels and decreasing atmospheric carbon dioxide levels on
long-term scales (e.g. Berner et al., 2003). Wildfire activity can also affect global
temperatures via the release of aerosols into the atmosphere, causing short-term
warming, and by increasing the Earth’s albedo, leading to long-term cooling (e.g.
Bowman et al., 2009). The removal of biomass from the Earth’s surface can also
contribute to increased soil erosion and weathering (e.g. Berner et al., 2003) A
positive feedback link between wildfire activity and transport of phosphorous to
the oceans has also been identified. With phosphorous playing an important role
in marine primary productivity, wildfire activity has the ability to influence primary
production and the potential to contribute to marine anoxic events (Belcher et al.,
2010). The role of wildfire within the Earth System is a complex one, and there is

still much to be gained from studying wildfire activity proxies.

The Triassic-Jurassic Boundary (201.3 + 0.2 Ma; Hillebrandt et al., 2013) followed
the end-Triassic mass extinction and emplacement of the Central Atlantic
Magmatic Province. Evidence of a major carbon-cycle perturbation across the
boundary is observed in both marine and terrestrial, organic and inorganic,
carbon-isotope records; characteristic large negative carbon-isotope excursions
point to a massive input of light carbon into the ocean-atmosphere system at the
time of the Triassic-Jurassic Boundary (e.g. Hesselbo et al.,, 2002). Rising

temperatures and increasing levels of atmospheric carbon dioxide across the
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boundary are also inferred from palaeobotanical, computer modelling, and stable -
isotope studies (e.g. McElwain et al., 1999; Beerling and Berner, 2002; Korte et
al., 2009). Evidence of increased wildfire activity across the Triassic-Jurassic
Boundary is also observed at sites in Europe, suggesting perhaps a regional
change to the fire regime (e.g. Belcher et al, 2010). The majority of
palaeoenvironmental and climatic studies of Triassic-Jurassic Boundary
successions focus on marine sediments, with there being a relatively small
number of studies examining terrestrial deposits. While there is a relatively large
body of work examining the effects of climatic changes inthe marine realm at this
time, current knowledge of climatic changes in the terrestrial realm is somewhat

limited.

The Toarcian (182.7 + 0.7 Ma—-174.1 + 1.0 Ma; Cresta et al., 2001; Rocha et al.,
2016) was another interval during the Early Jurassic thought to have experienced
a global increase in temperatures, resulting in possibly the warmest period of the
Early Jurassic (e.g. Korte et al., 2015). The Toarcian world was also likely wetter
than before, with isotope records indicating increased continental weathering
(e.g. osmium; Cohen et al., 2004). The main climatic event of the Toarcian,
however, was the Toarcian Oceanic Anoxic Event, characterised by the
widespread deposition of organic-rich shales in marine environments, and
accompanied by a major extinction of marine organisms (e.g. Jenkyns, 1988;
Caruthers etal., 2014). The oceanic anoxic event is also characterised by a large
negative carbon-isotope excursion, preceded and followed by smaller magnitude
positive excursions (e.g. Hesselbo et al., 2007). It is thought that the negative
carbon-isotope excursion reflects the input of a large amount of isotopically-light
carbon into the atmosphere during the oceanic anoxic event (e.g. Hesselbo et al.,
2000, 2007). Wildfire activity proxy records from sites in Europe indicate a
regional suppression of wildfire activity coinciding with the negative carbon-
isotope excursion of the oceanic anoxic event, and increasing activity towards the
end of the oceanic anoxic event (e.g. Baker et al., 2017). Similar to
palaeoenvironmental studies of the Triassic-Jurassic Boundary, studies of the
Toarcian focus on marine sediments, due to the scarcity of available terrestrial
sequences, leaving a gap in our knowledge of environmental and climatic

changes affecting the terrestrial realm during this time.
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The carbon-isotope record of the Toarcian Oceanic Anoxic Event is well-studied
and well-constrained: a large negative carbon-isotope excursion is separated by
two smaller positive CIEs at the beginning and end of the OAE. These
characteristic CIEs have been observed in numerous Toarcian-aged sequences
from a wide range of sites across the globe. A high-resolution carbon-isotope
record generated from bulk organic matter samples from a sedimentary core
recovered from Llanbedr, Wales, UK, shows these characteristic CIEs associated
with the Toarcian OAE (Xu et al., 2018). A newly-developed technique combining
laser ablation and nano-combustion isotope-ratio mass spectrometry allows for
the investigation of carbon-isotope variations both within and between individual
phytoclasts from this same site. This experimental work included in this thesis
attempts to quantify the variation in carbon-isotope values of individual terrestrial
fossil organic matter particles (phytoclasts), which is currently unknown (Chapter
5). The newly-generated data are also compared to the characteristic positive

and negative CIEs of the Toarcian OAE.

The Polish Basinis a large, now tectonically inverted, epeiric basin covering most
of modern-day Poland (Dadlez, 2003). During the Early Jurassic thick sequences
of sediments were deposited in the Basin, with the thickest sediments deposited
in the Mid-Polish Trough, which defines an axis northwest-southeast through
central Poland (Pienkowski, 2004). Lower Jurassic sediments reach a maximum
thickness of ~1400 metres in the Mid-Polish Trough. Previous studies of Polish
Basin sediments have been limited in scope, and there is still much to gain from

palaeoenvironmental studies of the Lower Jurassic Polish Basin sediments.

A series of sedimentary cores recovered in recent years from across the Polish
Basin has provided an increasing number of opportunities to study the
sedimentary and palaeoenvironmental history of the Polish Basin throughout the
Mesozoic. Two particular cores recovered from the Kaszewy-1 and Niektan PIG-
1 boreholes, both located in the Mid-Polish Trough, provide thick sequences of
Rhaetian-Hettangian and Pliensbachian-Toarcian sediments ideal for
palaeoenvironmental studies. Both cores provide the opportunity to investigate
the wildfire activity history of the Central Polish Basinacross the Triassic-Jurassic
Boundary through palaeobotanical and geochemical analyses (Chapter 7); the

Kaszewy-1 core also provides the opportunity to investigate variations in wildfire
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activity across the Toarcian Oceanic Anoxic Event (Chapter 6). Comparison with
contemporaneous wildfire activity proxy records from other sites in Europe allows
for a regional reconstruction of wildfire activity during these key time intervals of
the Early Jurassic. Carbon-isotope analysis of terrestrial organic matter from the
Niektan PIG-1 core allows for the investigation of the terrestrial component of the
carbon cycle across the Triassic-Jurassic Boundary, supplementing the current,
relatively-limited, knowledge of this topic. The sediments of the Kaszewy-1 core
represent deposition in a range of terrestrial and shallow-marine environments,
and are relatively thermally immature. A exploratory investigation of samples from
the T-J Boundary and Pliensbachian-Toarcian sections of the Kazewy-1 core
attempts to apply the BIT index and MBT -CBT proxies to Early Jurassic-aged
sediments, producing possibly the oldest-known records of organic matter input
reconstructions as well as palaeotemperature and soil pH estimates using these
proxies (Chapter 8).
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CHAPTER 2 THESIS AIMS

The overall aim of this thesis is to produce new records of palaeoenvironmental
changes within the Polish Basin during the Early Jurassic: across the Triassic-
Jurassic Boundary, and during the Toarcian Oceanic Anoxic Event. Investigation
of wildfire activity proxies, carbon-isotope compositions of organic matter, and
palaeoenvironmental organic geochemistry proxies provide an insight into
climatic conditions in terrestrial environments. These investigations aimto identify
the significance of wildfire in past major environmental change events,
ascertaining the impact of wildfire on atmospheric oxygen levels, global
temperatures, and weathering during the Early Jurassic. Additionally,
investigation of carbon-isotope compositions of individual terrestrial phytoclasts
provide an insight into terrestrial organic matter carbon-isotope variations on a

smaller-scale than has typically been investigated before.
The core aims of this thesis are to address the following questions:

e How does the carbon-isotope composition vary both within and between
individual terrestrial phytoclasts, and how does this compare to larger
organic matter samples?

e |Is there evidence of wildfire activity in the Polish Basin across two key
intervals during the Early Jurassic, and how does it compare to wildfire
activity records from other sites at these times?

¢ Is there evidence ofthe characteristic Triassic-Jurassic Boundary negative
carbon-isotope excursions in fossil terrestrial organic matter from the
Polish Basin?

e Canthe BIT index and MBT'-CBT proxies be successfully used on Lower
Jurassic sediment samples, pushing their oldest-known use further back
in the Mesozoic?

e What implications do the new datasets have for our understanding of
environmental conditions in the Central Polish Basin, and a wider context,

during the Early Jurassic?
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CHAPTER 3 INDICATORS OF GLOBAL CHANGE AND

VARIATIONS IN WILDFIRE ACTIVITY

3.1. Global Changes Across the Triassic-Jurassic Boundary

The Triassic-Jurassic Boundary (T-J Boundary; 201.3 £ 0.2 Ma; Hillebrandt et al.,
2013) was a time of known global environmental and climatic changes and has
been the subject of extensive study by many (see Figure 3.1 for a map of key T-
J Boundary study sites). The T-J Boundary followed the end-Triassic mass
extinction, one of the largest extinction events of the Phanerozoic (541.0 + 0.1
Ma — present day), and experienced extreme changes in environmental and
climatic conditions, including a major perturbation to the global carbon-cycle (e.g.
McElwain et al., 1999; Hesselbo et al., 2002; Guex etal., 2004; Korte et al., 2009).
Studies carried out thus far show that these environmental and climatic events
are intricately linked, though there are still many disagreements about the nature
of the relationships. Correlating the T-J Boundary between different study sites,
and particularly between marine and terrestrial deposits, has also proved difficult,
adding to the debate about the exact nature of climatic changes across the world
at this time (e.g. Palfy and Kocsis, 2014). This section outlines key research that
has been carried out thus far and identifies where there is still great potential for

further studies to be carried out.
3.1.1. Defining the Triassic-Jurassic Boundary & Correlation Issues

The base of the Jurassic System (i.e. the T-J Boundary) is currently defined by
the Global Stratotype Section and Point (GSSP) located at Kuhjoch, Austria, and
correlates with the first appearance of the ammonite Psiloceras spelae tirolicum
(Hillebrandt et al., 2013). The base of the Jurassic is dated at 201.3 + 0.2 Ma
(Hillebrandt et al., 2013).

Difficulties have arisen with identifying the T-J Boundary in sedimentary
successions, as the indicator species of ammonite occurs very rarely, and due to
conflicting palynological, magnetostratigraphy, and carbon-isotope stratigraphy
records. The ammonite P. spelae has been identified at sites in North America,

South America and Europe (Hillebrandt and Krystyn, 2009), making correlation
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(1) Hartford & Newark Basins, USA @ Kuhjoch, Austria @ Kaszewy-1, Poland
(2 Astarteklsft, Greenland () Sstenlille, Denmark Niektan PIG-1, Poland
@ StAudrie’s Bay, UK ® Kamien Pomorski IG-1, Poland (@ Csbvar, Hungary

Figure 3.1 Global palaeogeographic map of the Triassic-Jurassic Boundary (~200 Ma) and, inset,
palaeogeographic map of northwest Europe with key T-J Boundary study sections labelled. Base
maps redrawn from Blakey (2018a, 2018b).

between these sites relatively simple, but it is missing at many key Lower Jurassic
sites, such as those in the southwest United Kingdom. In terrestrial sedimentary
sequences, ammonites are, obviously, not present, and other methods have to

be used to identify the T-J Boundary, and correlate between sites.

Palynological assemblages have also been used to place the T-J Boundary. Late
Triassic assemblages include the marine and terrestrial palynomorphs such as
Granuloperculatipollisrudis, Limbosporites lundbladiae, Lunatisporites rhaeticus,
Ovalipollis ovalis, Polypodiisporites polymicroforatus, Rhaetipollis germanicus,
Rhaetogonyaulax rhaetica, Ricciisporites tuberculatus, and Semiretisporis
gothae (e.g. Bonis et al., 2009; van de Schootbrugge et al., 2009; Lindstrom et
al., 2016). The last occurrences of these palynomorphs have been used to
identify the end of the Triassic, along with the first occurrence of the Jurassic
pollen Cerebropollenites thiergartii (C. thiergartii) (e.g. Bonis et al., 2009; van de
Schootbrugge et al,, 2009; Hillebrandt et al., 2013). Hillebrandt et al. (2013)
suggest that although the basal Jurassic marker C. thiergartii is found below the
ammonite P. spelae, C. thiergartii can be used for correlations between terrestrial
and marine sites since it is the closest first occurrence of a terrestrial

palynomorph to that of P. spelae.
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Attempts to define the Triassic-Jurassic boundary using magnetostratigraphy
have proven difficult, with little consensus, and relatively little sample material.
Though itis generally agreed that the Earth’'s magnetic field had a normal polarity
across the Triassic-Jurassic boundary (e.g. Palfy et al., 2007), a short-lived
reversal across the boundary has been discovered in the SW United Kingdom
(e.g. Hounslow et al., 2004) and inthe NE USA (e.g. Whiteside et al., 2007; Kent
et al, 2017). Identifying and correlating the T-J Boundary using

magnetostratigraphy still remains difficult and a contentious issue.

Negative carbon-isotope excursions (CIEs) across the T-J Boundary have been
identified at multiple sites around the world, and have been used to correlate, and
identify the T-J Boundary. Negative CIEs have been identified in a wide range of
materials from different depositional settings (e.g. Hesselbo et al., 2002; Guex et
al., 2004; Whiteside et al., 2010; Ruhl and Kirschner, 2011). However, there are
still ongoing discussions about the precise nature of these negative CIEs, which

can cause issues with identifying the T-J Boundary. Carbon-isotope stratigraphy
of the T-J Boundary is discussed in more detail in Section 3.1.3. (p. 41).

3.1.2. Environmental Conditions Across the T-J Boundary & Their Effects

The Late Triassic-Early Jurassic was a time of severe environmental change: it
is inferred that atmospheric carbon dioxide concentrations increased, global
temperatures rose, fire activity increased, and sea level varied. However, there
is widespread disagreement about the magnitude and timing of these changes
and their subsequent effects. Volcanic activity at the Central Atlantic Magmatic
Province is also thought to have occurred during the end of the Triassic (e.qg.
Guex et al., 2004), along with a widespread sea level fall (e.g. Hallam and
Wignall, 1999). The Late Triassic-Early Jurassic also coincided with the break-up

of Pangaea (e.g. Ciarapica, 2007; Golonka, 2007).

A rise in atmospheric carbon dioxide (CO2) levels across the T-J Boundary has
been inferred by several authors, with a peak of 600 ppm estimated by authors
McElwain et al. (1999) based on stomatal density. Other estimates of peak
atmospheric CO2, based on stomatal studies and computer modelling, include
1500 ppm (Royer, 2001; Beerling and Berner, 2002). A rise of ~2000 ppm across
the T-J Boundary has been inferred from soil carbonate 6'3C values (Schaller et
al., 2011). The consensus is that there were increases in atmospheric carbon

38



Chapter 3 — Literature Review & Background

dioxide levels at the T-J Boundary, and that this likely contributed to temperature

rises.

Increased atmospheric carbon dioxide levels likely caused a temperature rise of
~3-4°C at the T-J Boundary (e.g. McElwain et al., 1999; Belcher et al., 2010;
Pienkowski et al., 2012), based on changes in leaf stomatal densities and
changes in spore/pollen ratios. Estimated rises of ~6°C have been suggested by
Beerling and Berner (2002) and Huynh and Poulsen (2005) based on computer
modelling experiments. Oxygen-isotope data suggest that temperatures could
have increased by as much as 10°C during this time (Pélfy et al., 2007; Korte et
al., 2009). Despite differences in magnitude, most authors agree that evidence
points towards increasing temperatures across the T-J Boundary. However, a
recent study suggests that sea-surface temperatures declined during the
Rhaetian (Knobbe and Schaller, 2018).

Storm activity would likely have also increased with elevated atmospheric
temperatures, potentially resulting in increased wildfire activity (e.g. Reeve and
Toumi, 1999). Despite there being a generally poor record of wildfire during the
Late Triassic and Early Jurassic (Scott, 2000), evidence of increased wildfire
activity at the T-J Boundary has been documented by a number of authors.
Increases in fossil charcoal abundance have been documented in both Europe
and the USA, indicating increased wildfire activity across the T-J Boundary (e.g.
Jones et al., 2002; Belcher et al., 2010; Uhl and Montenari, 2011; Marynowski
and Simoneit, 2009). Elevated concentrations of pyrolytic polycyclic aromatic
hydrocarbons in T-J Boundary sediments have also been noted by Marynowski
and Simoneit (2009) and Petersen and Lindstrém (2012). Wildfire activity across
the T-J Boundary is discussed in greater depth in Section 3.5.4.1. (p. 84).

3.1.2.1. The End-Triassic Mass Extinction & Possible Causes

The end-Triassic Extinction (ETE) affected both the flora and fauna of the marine
and terrestrial realms: up to 80% of all living species became extinct during this
time (e.g. Bond and Grasby, 2016, and references therein). Though itis accepted
that this extinction is one of the ‘big five’ mass extinctions of the Phanerozoic,
there is little consensus on the exact magnitude; some authors claim itto be the

third largest extinction (e.g. McElwain et al. 1999) while others claim it to be the
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second (e.g. Cirilli et al. 2009). There is also significant debate about the cause(s)
of the end-Triassic extinction.

Marine organisms were strongly affected in this mass extinction. Reef
ecosystems suffered high extinction rates with several authors claiming total
collapse of these ecosystems (e.g. Hallam and Goodfellow, 1990; Palfy et al.,
2001; Hautmann, 2004). The ETE was one of the most severe for both
ammonites and radiolarians (e.g. Bown and Lord, 1990; Guex et al., 2004). Other
marine organisms that decreased in number during the ETE include bivalves,
brachiopods, cephalopods, coccolithophorids, conodonts, dinoflagellates,
foraminifers, gastropods and ostracods (e.g. Bown and Lord, 1990; Hallam and
Wignall, 1999).

Terrestrial fauna were also affected by the ETE. Tetrapods were particularly
affected, with an estimated ~50% of tetrapod species going extinct in this time
(Benton, 1995). However, other studies suggest that terrestrial vertebrates were
relatively unaffected during the end-Triassic extinction, with only minor changes

in species diversity (e.g. Benton, 1991; Weems, 1992; Lucas, 1994).

Losses have been identified in terrestrial plants at both the macro- and micro-
scales. Evidence from plant macrofossils from Greenland suggests that there was
a >95% species turnover at the T-J boundary (McElwain et al., 1999). However,
further studies of the Greenland macrofloral fossils suggest that terrestrial plants
did not experience a mass extinction but instead saw a gradual decline in species
biodiversity throughout the Late Triassic and across the boundary with the
Jurassic (e.g. McElwain et al., 2007, 2009)

A palynofloral turnover has been reported across the Triassic-Jurassic boundary
by several authors. An abrupt change in flora has been reported from North
America from palynomorph records (e.g. Embry and Suneby, 1994; Cirilli et al.,
2009). However, reports from Europe indicate that there was either a gradual
change in palynology (Pienkowski et al., 2012) or a minor extinction (Cirilli et al.,
2009). Sporomorph records from East Greenland also show little evidence of a
mass extinction (Mander et al, 2010). Little palynofloral change has been
identified in Australia (Helby, 1987). It has been suggested that a palynofloral
extinction may not be represented in European sections due to reworking of
sporomorphs or, possibly, that certain plant groups are underrepresented in the
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palynological record (Mander et al., 2010). The general consensus is that there
was a global disturbance of terrestrial flora across the Triassic-Jurassic boundary
(Bond and Grashy, 2016).

Although there is general agreement that the Late Triassic mass extinction was
caused by an environmental crisis, several different mechanisms have been
proposed, including: volcanism associated with the Central Atlantic Magmatic
Province (e.g. Deenen et al, 2010; Ruhl, Deenen, et al., 2010); increased
atmospheric carbon dioxide (e.g. McElwain et al., 1999; Guex etal., 2004; Marzoli
et al., 2004; Galli et al., 2005; Bacon et al., 2011; Pienkowski et al., 2012),
increased atmospheric sulphur dioxide (e.g. Guex et al., 2004), methane release
from seafloor gas hydrates (e.g. Galli et al., 2005; Palfy et al., 2007; Williford et
al.,, 2007; Pienkowski et al., 2014), primary productivity declines (e.g. Beerling
and Royer, 2002; Schoene et al.,, 2010), ocean acidification (e.g. Hautmann et
al.,, 2008; Greene et al.,, 2012), rapid sea level changes (e.g. Hallam, 1990b;
Hallam and Wignall, 1999; Tanner et al., 2001) and bolide impact (e.g. Bice et
al.,, 1992; Olsen et al., 2002). It is likely that no mechanism was solely responsible
for instigating the end-Triassic mass extinction, and that it was the result of a
number of these mechanisms interacting with each other, e.g. the release of
greenhouse gases from CAMP volcanism leading to destabilisation of seafloor
gas hydrates due to increasing global temperatures. Ocean acidification and
primary productivity collapse can potentially also be linked to increasing

atmospheric carbon dioxide levels.
3.1.3. Carbon-isotope Stratigraphy

Carbon-isotope signatures in organic matter from across the Triassic-Jurassic
Boundary have been well-studied. Characteristic negative 33Corg excursions
have been identified in both terrestrial and marine materials from a wide range of
locations around the world (e.g. Hesselbo et al., 2002; Guex et al., 2004; Deenen
et al., 2010; Kuroda et al.,, 2010; Whiteside et al., 2010; Ruhl and Kurschner,
2011), suggesting a global perturbation to the carbon-cycle across the T-J

Boundary.

3.1.3.1. The Marine d¥3Corg & 813Ccarb Records

Marine bulk organic matter 313Corg comprises the majority of published Triassic-

Jurassic Boundary carbon-isotope records. The majority of these marine 5*3Corg
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Figure 3.2 Carbon-isotope records showing examples of negative CIEs recorded at the T-J
Boundary at: Astarteklgft, East Greenland (terrestrial fossil wood record; Hesselbo et al., 2002);
St Audrie’s Bay, Southwest UK (marine bulk organic matter record; Hesselbo et al., 2002); and
Csévar, Hungary (marine bulk carbonate record; Palfy et al., 2007). Dashed lines represent

correlation between the T-J Boundary at the three sites.

records show at least one negative carbon-isotope excursion (CIE), and there is
a general consensus that the T-J Boundary is marked by negative CIEs at sites
in Europe, North America and from around the Pacific Ocean (Figure 3.2; e.g.
Ward et al. (2001), Ruhl et al. (2009), Akikuni et al. (2010), Bartolini et al. (2012),
Lindstrom et al. (2012)). However, there are some records from Austria and
Canada which show negative CIEs occurring prior to the T-J Boundary
(Hillebrandt et al., 2013; Percival et al., 2017); geochemical evidence (mercury
concentrations and mercury/TOC ratios) suggests that these pre-T-J Boundary
CIEs coincided with increased volcanic activity (Percival et al., 2017). A number

of marine bulk carbonate (i.e. inorganic carbon) records also show negative CIEs
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atthe T-J Boundary (Figure 3.2; e.g. Galli etal. (2007), Palfy et al. (2007), Felber
et al. (2015)).

Some of the earliest marine 33Corg records include carbon-isotope curves
published from sites in Denmark and Austria (Morante and Hallam, 1996; Nielsen
and Japsen, 1991). A negative CIE of ~2%. was identified in bulk organic matter
samples of Hettangian age by Nielsen and Japsen (1991), possibly the earliest-
published record of a negative carbon-isotope excursion in organic matter at the
Triassic-Jurassic Boundary. In contrast, the bulk organic matter carbon-isotope
record from Austria shows a positive CIE of ~2%. at the Triassic-Jurassic
Boundary, though the authors attribute this signal as the result of diagenesis and
not an indicator of changing environmental conditions (Morante and Hallam,
1996). An increasing number of bulk organic matter carbon-isotope records
began being published at the start of the 21stcentury, with authors such as Palfy
et al. (2001) and Ward et al. (2001) identifying single negative carbon-isotope
excursions of ~2%o at the Triassic-Jurassic Boundary at sites in Hungary and

Western Canada, respectively.

The first record of multiple negative carbon-isotope excursions across the
Triassic-Jurassic Boundary was published by Hesselbo et al. (2002) from St
Audrie’s Bay in the southwest United Kingdom. The authors identified one
relatively short-lived negative C-isotope excursion of ~4%. followed by a brief
return to more positive values before a more prolonged negative carbon-isotope
excursion of ~4.5%., which the authors estimated to have lasted >300 kyr, based
on obliquity cycles. Hesselbo et al. (2002) termed the first and shorter of these
excursions the ‘initial’ negative carbon-isotope excursion, and the second and
longer excursion the ‘main’ negative carbon-isotope excursion, nomenclature that
has subsequently been adopted by other authors and which will be used in the

discussion chapters of this thesis.

Negative carbon-isotope excursions correlating to the initial excursion seen at St
Audrie’s Bay have been identified by a number of authors at many sites in
Europe, the Pacific, and the United States of America (e.g. Guex et al., 2004,
Klrschner et al., 2007; van de Schootbrugge et al., 2008; Ruhl et al., 2009;
Kuroda et al.,, 2010). The magnitude of the initial negative CIEs seen at these

sites ranges from ~2%o. to ~8%., with the majority of records showing an excursion
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of ~4 — 5%.. The initial negative CIE is often recorded in materials of Rhaetian
age, though some records show the initial excursion occurring across the
Rhaetian-Hettangian Boundary (Hesselbo et al.,, 2002; Kirschner et al., 2007;
Lindstrom et al., 2012), however itis important to note that the same method has
not been used to define the stratigraphic framework at each site (e.g. marine
biostratigraphy at St Audrie’s Bay (Hesselbo et al., 2002); sequence stratigraphy
and palynology at Kamien Pomorski, Poland (Pienkowski et al., 2012)). The
duration of the initial negative carbon-isotope excursion is debated, though there
is consensus that the initial excursion is shorter and more abrupt than the second

main negative excursion (Péalfy and Kocsis, 2014).

The main negative carbon-isotope excursion has also been identified by several
authors at a number of sites in Europe and the United States of America (e.g.
Gomez et al, 2007; Bonis et al., 2009; Clémence et al, 2010; Ruhl and
Klrschner, 2011; Lindstrom et al., 2012). In contrast to the initial negative carbon-
isotope excursion, the main negative CIE often has a smaller magnitude, ranging
from ~2%o to ~4%o, with most of the identified main CIEs showing a magnitude of
~4%0. The main negative carbon-isotope excursion is often recorded in samples
of Rhaetian-Hettangian boundary age, with few records confining the main
excursion in entirety to the Hettangian stage. Similar to the initial excursion, the
duration of the main negative CIE is debated, though the duration appears to be
greater than that of the initial negative CIE at sites where both negative carbon-
isotope excursions have been identified (Hesselbo et al., 2002; Ruhl et al., 2009;
Lindstrom et al., 2012).

An additional negative carbon-isotope excursion has been identified at sites in
Austria and Denmark which occurs before the initial negative excursion (Ruhl and
Kdrschner, 2011; Lindstrém et al., 2012; Hillebrandt et al., 2013). Both studies
termed this additional negative excursion the ‘precursor’ excursion, and at both
sites it occurs in Rhaetian-aged material. The magnitude of the pre-cursor
negative CIE in both records is relatively small; the Austrian negative CIE has a
magnitude of ~3%o0 and the Danish negative CIE has a magnitude of ~2%.. Both
the initial and main negative carbon-isotope excursions are also identified at

these two sites.
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Further negative carbon-isotope excursions have been identified at sites in
Europe and North America which have not been correlated to the either the initial
or main negative excursions of Hesselbo et al. (2002). These negative CIES occur
in both the Rhaetian and the Hettangian, and range in magnitude from ~1%o to
~6%o (e.g. Gomez et al., 2007; Ward et al., 2007; Williford et al., 2007; Haas et
al., 2010; Van de Schootbrugge et al., 2013; Lindstréom et al., 2016). It is likely
that these unnamed negative carbon-isotope excursions represent both the initial

and main negative CIEs.

Marine carbonate 5'3Ccarb records show evidence of negative CIEs across the T-
J Boundary similar to the 313Corgrecord (Figure 3.2). Early records show negative
CIEs of ~-8%0 and ~-10%. at sites in Hungary and Western Canada during the
Rhaetian—Hettangian transition and Rhaetian, respectively (Palfy et al.,, 2001;
Ward et al., 2004). Records from a number of sites in Northern Italy show a short,
sharp negative CIE of ~2%. magnitude immediately above the T-J Boundary
followed by a return to more positive 813Ccarb values (Galli et al., 2007); a second
negative CIE of smaller magnitude is also observed in most sections. Additional
records from other sites in Europe show negative CIEs across the T-J Boundary,
ranging from ~1%o to ~8%o in magnitude (e.g. Palfy et al., 2007; Haas et al., 2010;
Crne et al., 2011; Felber et al., 2015). Negative CIEs of ~2—3%o., which correlate
with the initial negative CIE, are also recorded from sites in New Zealand and the
United Arab Emirates in Rhaetian and Rhaetian — Hettangian successions
(Akikuni et al., 2010; Honig et al., 2016).

3.1.3.2. The Terrestrial 83Corg Record

Organic matter carbon-isotope records from terrestrial sites are fewer in number
compared to those from marine sites, though a small number of 313Corg records
do exist from Africa, Europe and North America. The lack of terrestrial 312Corg
records stems from a lack of precisely identified continuous successions from
across the Triassic-Jurassic Boundary. The few published terrestrial carbon-
isotope curves all identify at least one negative CIE at the Triassic-Jurassic
Boundary, most of which are correlated to the initial negative excursion first
identified at St Audrie’s Bay, United Kingdom (Figure 3.2).

Hesselbo et al. (2002) published the first detailed T-J Boundary terrestrial 31Corg
record, from macrofossil wood samples from Astarteklgft, East Greenland. The
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authors discovered a negative CIE of ~3.5%0 across T-J Boundary. Bacon et al.
(2011) have also identified a negative CIE of ~4%., recorded in taxonomically-
identified plant cuticle samples from the same location across the T-J Boundary.
An additional macrofossil wood d'2C record from Whiteside et al. (2010) also
shows a negative carbon-isotope excursion of similar magnitude (~4%o) in
Rhaetian-aged material from the northeastern USA, which the authors correlate
with the initial negative carbon-isotope excursion of Hesselbo et al. (2002). It is

important to note though, that this negative CIE is based on a single-data point.

A small number of terrestrial bulk organic matter carbon-isotope records from
Rhaetian-aged sediments have been published thus far. Terrestrial bulk OM
0%3Corg records from Morocco, northeastern USA, and the Polish Basin all show
negative CIEs, ranging in magnitude from ~3%. to ~5%. (Deenen et al., 2010;
Whiteside et al., 2010; Pienkowski et al., 2012). The authors of these records
correlate their negative carbon-isotope excursions with the initial negative CIE of
Hesselbo et al. (2002). Whiteside et al. (2010) estimate that the negative CIE in
the northeastern USA records had a duration of 20-40 kyr based on
cyclostratigraphy.

Carbon-isotope records from plant wax lipids also show negative CIEs at the T-J
Boundary. A study by Whiteside et al. (2010) identified a negative carbon-isotope
excursion of ~4%o in Rhaetian-aged plant wax lipids from the northeastern USA.
The authors correlate this excursion with the initial negative CIE. Ruhl et al.
(2011) also discovered a negative CIE in plant wax lipids from Rhaetian-aged
material from Austria, though the magnitude of the excursion was much greater:
~8%o. Another plant wax lipid 612C record from Astarteklgft, East Greenland,
shows a negative CIE of relatively small magnitude, ~2%., in Rhaetian-

Hettangian-aged samples (Williford et al., 2014).

3.1.3.3. Possible Causes of the T-J Boundary Negative 813C Excursions

It is evident from the marine and terrestrial 53Corg records that there was a major
perturbation to the global carbon-cycle during the latest Triassic-earliest Jurassic,
with several different causes proposed (see Table 3.1 for a summary). There is
a general consensus that a massive release of isotopically-light carbon (*2C) into
the atmosphere-ocean system was responsible for producing the negative CIEs.
Alternative hypotheses include: primary productivity collapse, variations in bulk
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Hypothesis

Supporting studies

Opposing studies

Unspecified
perturbation to
the carbon cycle

Ruhl et al., 2009; Akikuni et al., 2010; Haas
et al., 2010; Pienkowski et al., 2012;
Williford et al., 2014

Seafloor
methane hydrate
release

Palfy et al., 2001; Hesselbo et al., 2002;
Goémez et al., 2007; Kirschner et al., 2007;
Whiteside et al., 2010; Ruhl et al., 2011

Guex et al., 2004;
Clémence et al., 2010

Greenhouse gas
release from
CAMP volcanic
activity

Hesselbo et al., 2002; Gomez et al., 2007,
Lucas and Tanner, 2007; Clémence et al.,
2010; Deenen et al., 2010; Kuroda et al.,
2010; Whiteside et al., 2010; Bacon et al.,
2011; Ruhl and Kirschner, 2011; Lindstrém
et al., 2012

Tanner et al., 2001,
Beerling and Berner,
2002

Thermal

Korte et al. (2009); cf. Svensen et al.

metamorphism

of organic-rich (2009); van de Schootbrugge et al. (2009); -

Whiteside et al. (2010); Ruhl et al. (2011)

sediments
Primar McRoberts et al., 1997; Palfy et al., 2001;

d ¥ it Ward et al., 2001; Beerling and Royer, )
productivity 2002; Guex et al., 2004; Williford et al.,
collapse

2007; Kuroda et al., 2010; Ruhl et al., 2010

van de Schootbrugge et al., 2008; Bonis et
al., 2009; Ruhl et al., 2011; Van de
Schootbrugge et al., 2013

Whiteside et al., 2010;
Bacon et al., 2011

Changes in bulk
OM composition

Recycling of
isotopically-light
bottom waters

Ward et al., 2001 -

Table 3.1 Summary of suggested possible causes of TIB C-isotope excursions with supporting

and opposing studies.

OM composition, and recycling of isotopically-light bottom waters (Table 3.1). Of
course, itis entirely possible, and likely, that no one factor was solely responsible
and that it was, in fact, a combination of different factors that caused a major

perturbation to the carbon-cycle across the T-J Boundary.

The release of massive amounts of 12C into the atmosphere has been suggested
by numerous authors as the cause of the T-J Boundary negative carbon-isotope
excursions (e.g. Ruhl et al., 2009; Haas et al., 2010; Pienkowski et al., 2012;
Williford et al., 2014). A relatively sudden input of large amounts of 12C into the
atmosphere could cause negative shifts in both terrestrial and marine organic
matter via isotopic exchange atthe atmosphere-ocean interface. This hypothesis
is favoured by many authors since it accounts for the changes seen in organic

matter from both the terrestrial and marine realms. However, there is still an
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ongoing debate regarding the source of massive amounts of isotopically-light

carbon at the T-J Boundary.

Three different sources are considered for the 12C which may have caused the
negative CIEs: methane released from seafloor gas hydrates; greenhouse gases
released during CAMP volcanic activity; and thermal metamorphism of organic-
rich sediments. Whilst most authors consider one of the aforementioned to be the
main source of isotopically-light carbon, some have suggested that both all three
sources likely made a significant contribution of 12C into the atmosphere (e.qg.
Hesselbo et al., 2002; Gomez et al., 2007; Whiteside et al., 2010).

The release of isotopically-ight methane from seafloor gas hydrates is
considered by a number of authors to be the main cause of the negative carbon-
isotope shifts seen in organic matter at the T-J Boundary (e.g. Pélfy et al., 2001;
Karschner etal., 2007; Whiteside et al., 2010; Ruhl et al., 2011). It is thought that
the melting of seafloor gas hydrates as global temperatures increased would
have released large amounts of 12C into the ocean and subsequently, the
atmosphere; methane in gas hydrates has a very light carbon-isotope signature,
reaching values of ~-70%. (Kvenvolden, 1995). The negative carbon-isotope
shifts seen at the T-J Boundary would have resulted from this massive release of

isotopically-light methane into the ocean-atmosphere system.

Although this hypothesis is favoured by several authors, there are some that
dismiss the release of methane from gas hydrates as the cause of the T-J
Boundary negative carbon-isotope shifts. Guex et al. (2004) argue that the
duration of the negative excursions is not abrupt enough to have been caused by
a sudden massive input of isotopically-light carbon into the atmosphere from
methane hydrates. Clémence et al. (2010) also reject the release of methane
from gas hydrates as the cause of the negative carbon-isotope shifts. The authors
claim that both the organic and inorganic carbon-isotope records would register
a negative shift if methane were the 12C-source but, at some sites (e.g. UK,
Clémence et al., 2010; ltaly, Bachan et al., 2012), the inorganic carbon-isotope

records show a positive shift atthe T-J Boundary.

Carbon dioxide and methane released during CAMP magmatism, including
thermogenic methane, is favoured by some authors as the source of the °C
which caused T-J Boundary negative carbon-isotope shifts (e.g. Hesselbo et al.,,
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2002; Lucas and Tanner, 2007; Clémence et al., 2010; Deenen et al., 2010;
Kuroda et al., 2010; Ruhl et al., 2010; Bacon et al., 2011; Lindstrom et al., 2012).
The release of isotopically-light carbon dioxide and methane (e.g. Javoy et al.,
1986; Chiodini et al., 2011; Rizzo et al., 2015) during CAMP magmatism would
have released large amounts of 12C into the atmosphere. The direct input of
carbon dioxide and methane into the atmosphere from the CAMP eruptions would
have likely been accompanied by thermal metamorphism of organic-rich
sediments during sill emplacement, which would have also contributed to the

input of 12C into the atmosphere.

Numerical modelling by Beerling and Berner (2002) indicates that the amount of
carbon dioxide released during CAMP volcanism alone would not have been
sufficient to produce the negative carbon-isotope shifts seen at the T-J Boundary.
However, the modelling does not take into account the release of thermogenic
COz2. Timing of CAMP volcanism is still debated, casting doubt on its role in

causing the T-J Boundary negative carbon-isotope shifts.

The intrusion of sills into organic-rich sediments has also been proposed by some
authors as an alternative or additional cause of the T-J Boundary negative CIEs.
As magma is intruded into organic-rich sediments, the heat from the magma can
cause the sediments to undergo thermal metamorphism; 12C-rich carbon, in the
form of carbon dioxide and methane, is released from the organic matter in the
sediments, increasing the proportion of 12C relative to 2C in the atmospheric
carbon reservoir. The intrusion of CAMP volcanics into organic-rich sediments
could have induced arelease of carbon dioxide and methane into the atmosphere
sufficient to produce the lighter 52Corg values seen at the T-J Boundary (e.g.
Korte et al., 2009; van de Schootbrugge et al., 2009; Ruhl et al., 2011).

It was initially suggested by McRoberts et al. (1997) and then later by Pélfy et al.
(2001) and Ward et al. (2001), that primary productivity collapse may be
responsible for the negative carbon-isotope excursions seen at the Triassic-
Jurassic Boundary. A reduction or collapse of primary productivity can result in
higher atmospheric CO2 levels as less carbon dioxide is drawn down for
photosynthesis. Consequently, remaining primary producers and dissolved
inorganic carbon will be relatively enriched in 12C instead of 13C (due to its

increased abundance in the atmosphere-ocean system) during photosynthesis
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which will lead to lighter 813Corg values (Sarmiento and Toggweiler, 1984). The
primary productivity collapse hypothesis gained some support from other authors
such as Beerling and Royer (2002), Guex et al. (2004), Williford et al. (2007), and
Kuroda et al. (2010); however, it remains one of the lesser-supported hypotheses

amongst T-J Boundary carbon-isotope stratigraphers.

Primary productivity collapse at the T-J Boundary is sometimes discussed as a
consequence of rising atmospheric COz2 levels as primary producers struggle to
cope with higher global temperatures brought about by the higher levels of carbon
dioxide in the atmosphere (Ruhl, Veld, et al., 2010; Guex et al., 2004). It is
possible that the input of large amounts of carbon dioxide (and other greenhouse
gases) from CAMP volcanism and/or methane from seafloor gas hydrates into
the atmosphere could have caused large amounts of primary producers to die off,
resulting in a positive feedback loop where atmospheric carbon dioxide levels
were pushed even higher (Guex et al., 2004, and references therein). This
scenario would also produce negative shifts in 82Corgvalues, such as those seen

at the Triassic-Jurassic Boundary.

The carbon-isotopic composition of organic matter can vary greatly dependent on
its source (a more detailed discussion is provided in Section 3.4.; p. 61). Modern
terrestrial organic matter at the present day tends to have more negative 53Corg
values than marine organic matter (e.g. Lamb et al., 2006; and references
therein). However, prior to the mid-Miocene, terrestrial OM may have more
positive 813C values than marine OM (Tyson, 1995). It has been suggested by
some authors that atmospheric isotopic-compositions changes may only be
identified using biomarker 813C analyses (Kirschner et al., 2007; Ruhl et al.,
2009; Ruhl et al., 2010). Both van de Schootbrugge et al. (2008, 2013) and Bonis
et al. (2009) have suggested that variations in bulk organic matter samples may
have played a role in the negative carbon-isotope shifts seen in samples from
Germany and Austria, respectively. However, Bacon et al. (2011) have shown
that even after taking into consideration organic matter composition, a negative
carbon-isotope excursion is still seen in the 313Corg record from Greenland.
Analyses by Whiteside et al. (2010) of different types of organic matter from the
north-eastern USA have also shown that a negative carbon-isotope excursion is
present in all types of organic matter studied, regardless of their source. It is also

worth noting that negative carbon-isotope excursions are seen in 313Corg records
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from many sites, both terrestrial and marine, which would have varying amounts
of terrestrial and marine organic matter in the bulk OM samples. Therefore, itis
likely that variation in bulk organic matter composition does not play an overriding
role in the variation of 33Corgvalues, and that the trends seen across the Triassic-
Jurassic Boundary are representative of a wider, global perturbation to the carbon

cycle.

3.2. Global Changes During the Toarcian

3.2.1. Environmental Conditions During the Toarcian

The Toarcian stage (182.7 £ 0.7 Ma —174.1 + 1.0 Ma; Cresta et al., 2001; Bordalo
Da Rocha et al., 2016) is thought to have been the warmest period of the Early
Jurassic, and experienced severe environmental and climatic conditions.
Oxygen-isotope and Mg/Ca ratio data indicates a rise in seawater temperature
during the Toarcian (Saelen etal., 1996; McArthur et al., 2000; Bailey et al., 2003;
Jenkyns, 2003; Rosales et al,, 2004; Suan et al., 2010). A rise in seawater
temperature of ~7-10°C has been estimated from 880 measurements of various
fossil invertebrate hard parts (McElwain et al., 2005; Gbmez et al., 2008; Dera et
al., 2011; Goémez and Goy, 2011; Korte et al., 2015). As well as a rise in seawater
temperature, evidence points to multiple periods of sea-level rise throughout the
Toarcian (e.g. Haq et al., 1987; Hallam, 1997; Hallam, 2001; Gomez and Goy,
2005). Evidence from calcium, strontium and osmium isotopes indicate periods
of extreme continental weathering throughout the Toarcian stage (Cohen et al.,
2004; Xu et al., 2018). There is also limited evidence of increased levels of wildfire
activity preceding and following the Toarcian Oceanic Anoxic Event (OAE; Baker
et al.,, 2017).

The Toarcian oceanic anoxic event was recognised originally on the basis of
widespread deposition of organic-rich shales in marine settings (Jenkyns, 1988;
Hesselbo et al., 2007). The OAE is also marked by a characteristic negative
carbon-isotope excursion, between two positive CIEs (discussed in further detail
in the following section). A major extinction of marine organisms is also
associated with the Toarcian OAE (e.g. Little and Benton, 1995; Aberhan and
Flrsich, 1996; Harries and Little, 1999; Grocke et al., 2011; Sandoval et al., 2012;
Caruthers et al., 2014; Danise et al., 2015).
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3.2.2. Organic and Inorganic Carbon-isotope Stratigraphy

Evidence from multiple studies indicates a global perturbation to the carbon cycle
during the Toarcian; records from various sites show a large negative carbon-
isotope excursion separating two positive CIEs, corresponding to the Toarcian
OAE (Figure 3.3). These carbon-isotope excursions have been identified in both

terrestrial and marine organic matter.

A large negative carbon-isotope excursion has been identified in marine bulk
organic matter records from Europe (Kuspert, 1982; Jimenez et al., 1996;
Jenkyns and Clayton, 1997; Duarte, 1998; Hesselbo et al., 2000; Jenkyns et al.,
2002; Kemp et al., 2005; Hesselbo et al., 2007; Hesselbo and Pienkowski, 2011,
Xu et al., 2018), North America (Caruthers et al., 2011; Them et al., 2017), South
America (Al-Suwaidi et al., 2010; Fantasia et al., 2018) and Asia (Caruthers et
al., 2011; Suan et al., 2011; Kemp and Izumi, 2014; Xu et al., 2017; lzumi et al.,
2018). The magnitude of the negative CIE varies between localities, ranging from
2%o (Duarte, 1998) to 8%o (Jenkyns and Clayton, 1997). This negative CIE has
also been identified in a fossil wood &'3C record from Argentina, of similar
magnitude (~6%o) to the marine bulk organic matter record from the same site
(Al-Suwaidi et al., 2010). Negative CIEs are also recorded in fossil wood material
from Denmark and Yorkshire (-7%o and -6%o, respectively; Hesselbo et al. (2000)),
and Portugal (-8%o; Hesselbo et al., 2007). At some sites, the negative carbon-
isotope excursion occurs in several steps (Jenkyns et al., 2002; Kemp et al.,
2005; Hesselbo and Pienkowski, 2011). Records from various sites in Europe
record a negative carbon-isotope excursion, ~3-6%o in magnitude, in marine bulk
carbonate material (Jenkyns and Clayton, 1997; Hesselbo, Jenkyns, et al., 2007;
Hermoso et al., 2009) and, more subtly in brachiopod and belemnite macrofossil
calcite (Suan, Pittet, et al., 2008; Ullmann et al., 2014; Rosales et al., 2018).

Positive carbon-isotope excursions, ranging in magnitude from 2%o to 4%., in
marine bulk organic matter have been identified in records from multiple sites in
Europe (Jenkyns and Clayton, 1986; Jimenez et al., 1996; Jenkyns and Clayton,
1997; Duarte, 1998). Positive CIEs have also been identified at multiple sites in

Europe, with a magnitude of 4% (Jenkyns and Clayton, 1997).
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Figure 3.3 Carbon-isotope records showing examples of the negative CIE recorded during the
Toarcian at: Peniche, Portugal (terrestrial fossil wood and bulk carbonate records; Hesselbo et
al., 2007); and Wales, UK (bulk OM record; Xu et al., 2018). PI. = Pliensbachian.

3.2.2.1. Causes of the Toarcian OAE Negative CIEs

It is thought that the large negative CIE was caused by a rapid input of a large
amount of isotopically-light carbon into the ocean-atmosphere system (e.g. Al-
Suwaidi et al., 2010; Caruthers et al., 2011; Xu et al., 2017). This influx of 12C is
thought to have originated from methane from seafloor hydrates, and/or from the
thermal metamorphism of organic-rich sediments, likely related to emplacement
of the Karoo-Ferrar large igneous province (LIP). The release of large amounts
of 12C-rich gases during Karoo-Ferrar volcanism is thought to have contributed to
the negative CIE (Suan et al., 2008a; Grocke et al., 2011; Suan et al., 2011; Them
et al., 2017). U-Pb dating of zircon crystals from Karoo-Ferrar LIP deposits,
mercury concentration records and spectral analysis studies support a link to the

Karoo-Ferrar LIP emplacement (Suan et al., 2008b; Sell et al., 2014; Burgess et
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al., 2015; Percival et al., 2015). The thermal metamorphism of organic rich
sediments as a result of LIP emplacement has also been suggested as an
alternative or additional mechanism (McElwain et al., 2005; Them et al., 2017),
however evidence from geochemical studies by Grocke et al. (2009) argue
against this. The release of large amounts of methane from seafloor gas hydrates
is more widely-supported, and could have resulted from rising ocean
temperatures caused by Karoo-Ferrar volcanism (Hesselbo, Meister, et al., 2000;
Jenkyns, 2003; Kemp et al., 2005; Hesselbo, Jenkyns, et al., 2007; Svensen et
al., 2007; Grocke et al,, 2011; Hesselbo and Pienkowski, 2011; lzumi et al.,
2018). The positive CIEs are thought to reflect increased burial of carbon in the
form of marine black shales (e.g. Jenkyns, 1985, 1988; Jenkyns and Clayton,
1997).

3.3. The Polish Basin: Early Jurassic Records

The Polish Basin is a large (~700 x ~100 km) inverted epeiric sedimentary basin
covering most of modern-day Poland (Figure 3.4). Formation of the basin began
inthe late Permian and was likely caused by a combination of cooling of the crust
and trans-tensional tectonic stresses (Dadlez, 2003; Pienkowski, 2004). Both
terrestrial and marine/marginal-marine sediments were deposited in the basin
during the Mesozoic, with sediments being delivered predominantly from the
northeast (Baltic Syneclise), southeast (Fore-Carpathian Land) and southwest
(Sudety Land; Pienkowski, 2004; Pienkowski et al., 2008). Throughout the Early
Jurassic, changes in sediment delivery were greatly influenced by sea level
change; as sea level fell within the basin, sediments were typically delivered from
a smaller catchment area (Pienkowski, 2004). Further study is needed to improve
our understanding of sediment routing in the Polish basin during the Early
Jurassic. Mesozoic sediments reach a maximum thickness of ~1400 m inthe Mid-
Polish Trough which runs approximately northwest- southeast along the axis of
the basin (Pienkowski, 2004). Lower Jurassic sediments of the Polish Basin
comprise the Kamienna Group and dominant lithofacies are sandstones,
heteroliths and mudstones (Pienkowski, 2004; see also Section 3.3.1.; p.52).
The basinwas inverted during the Late Cretaceous-Early Cenozoic, likely due to
crustal compression (Dadlez, 2003) associated with the Alpine orogeny
(Krzywiec, 2002).
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Figure 3.4 A) Map of Lower Jurassic deposits in northwest Europe. B) Map of Lower Jurassic
Polish Basin deposits within modern-day Poland, along with key regions, boreholes, and outcrops
referred to in this thesis labelled. Longitude and latitude also shown. Both modified from
Pienkowski (2004).

3.3.1. Lower Jurassic Stratigraphy of the Polish Basin

The Lower Jurassic of the Polish Basin is well documented in a monograph by
Pienkowski (2004). Prior to this work lithostratigraphic studies focussed on
specific areas within the Polish Basin, rather than the basin as a whole, and there
60 stratigraphic  units 1959;
Marcinkiewicz, 1960; Unrug and Calikowski, 1960; Mossoczy, 1961; Dadlez,
1962; Karaszewski, 1962; Wyrwicki, 1996; Jurkiewiczowa, 1967; Kozydra, 1968;
Dadlez and Kopik, 1972; Ciesla, 1979; Deczkowski, 1997). Deczkowski (1997)

provided an outline for Early Jurassic sedimentation within the Polish Basin,

were over informal in use (e.g. Znosko,

which forms the basis of the work by Pienkowski (2004). A summary of the Lower
Jurassic of Pienkowski (2004) is given here; ages of the Polish Basin sediments
are constrained using sequence stratigraphy. Since the publication of this
monograph, sediment age constraints are constantly being re-evaluated as new
records (e.g. palynology, carbon-isotope stratigraphy) are published, providing a
more accurate chronostratigraphic classification of the Lower Jurassic Polish

Basin sediments. The occurrence of limited marine sediments in the Basin
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hinders the use of ammonite biostratigraphy which is commonly utilised for dating
other Lower Jurassic deposits. There is litle information regarding

palaeogeography and drainage patterns within the basin.

During the Early Jurassic sediments were deposited across the Polish Basin, and
are divided into twelve formations, forming the Kamienna group (Figure 3.5). The
Kamienna Group consists of siliciclastic sediments deposited in terrestrial,
marginal-marine, and marine environments. Key formations included in this
thesis include the following: Zagaje, Skitoby, Drzewica, Ciechocinek, and

Borucice Formations (Table 3.2).

The Zagaje Formation consists mainly of cross-bedded sandstones, with
mudstones in the lower part, and conglomerates in the upper part. Plant remains
and coals are common in the mudstones. The sediments of this formation were
thought to have been depositedin alluvial and lacustrine environments during the
Rhaetian (Triassic), Hettangian and Sinemurian, and reach a maximum thickness
of ~157 m. The coal- and plant-bearing mudstones of the Zagaje Formation are
dominant in the upper part of the formation in the Holy Cross Mountains region
and central Poland, and are distinguished as the Huta Mudstone Member within

the Zagaje Formation.

Well-sorted sandstones and heteroliths up to 160 m thick form the Skioby
Formation, which can be found in the Mid-Polish Trough and Fore-Sudetic
Monocline (Figure 3.4). This formation is absent in other parts of the Polish Basin
and is sometimes replaced by the Zagaje Formation. The Skioby Formation
represents sediment deposited during the Middle-Late Hettangian in a nearshore
depositional environment. Towards the margins of the basin, these sediments

were deposited in deltaic and lagoonal settings.

The Drzewica Formation is found in central Poland and the Holy Cross Mountains
and reaches a maximum thickness of 100 m. The formation consists of
sandstones which were deposited in nearshore, deltaic, and barrier-lagoonal
environments. Deposition of these sediments occurred from the Early to the Late
Pliensbachian. The Drzewica Formation is equivalent to the Komorowo
Formation (Pomerania region) and the upper part of the Blanowice Formation

(Czestochowa region).
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. Maximum . Dominant Depositional
Formation Age thickness (m) Geographic extent lithofacies environment Notes
Coarse-grained
sandstones
dominant, with
. . All parts of the ’ .
Borucice Late Toarcian 120 Polish Basin Igsser qmounts of Alluvial
fine-grained
sandstones and
mudstones
Heteroliths
' Large, shallow,
Ciechocinek Early Toarcian 140 Al parts of_the r_nudsto_nes, and brackish
Polish Basin fine-grained embavment
sandstones y
Equivalent to the Gielniow and
Drzewica Formations (Holy Cross
Olsztyn Pliensbachian 180 Baltic Syneclise Sandstones Alluvial Mountains and central Poland) and
Lobez and Komorowo Formations
(Pomerania regions)
Sandstones Equivalent to the Gielniow and
dominant, with : . Drzewica Formations (Holy Cross
Blanowice Pliensbachian 42 ngstochowa mudstones, Deltalc', alluvial, Mountains and central Poland) and
region : lacustrine /
heteroliths and coal Lobez and Komorowo Formations
seams (Pomerania regions)
. . : Equivalent to the Drzewica Formation
Late Pomerania region, Sandstones with (Holy Cross Mountains and central
Komorowo Pliensbachian 165 Fore-Sudetic heteroliths and Alluvial, deltaic P Iyd 4 Bl ice i
Monocline mudstones oland) and Blanowice Formation
(Czestochowa region)
Early-Late Central Poland, Nearshore, Equivalent to the Komorowo Formation
Drzewica : , 100 Holy Cross Sandstones deltaic, (Pomerania region) and Blanowice
Pliensbachian : X | .
Mountains barrier/lagoonal Formation (Czestochowa region)
Earl Equivalent to the Gielniow Formation
tobez y 160 Pomerania region Mudstones Marine and Blanowice Formation

Pliensbachian

(Czestochowa region)

g Table 3.2 Key information about the Lower Jurassic deposits of the Polish Basin. Summarised from Pienkowski (2004).

punoiBxoeg ® MaInsy aintesau — € Jaideyd



. Maximum . Dominant Depositional
Formation Age thickness (m) Geographic extent lithofacies environment Notes
Holy Cross .
Early Mountains, Fore- ;itgsr?g::s, and Equivalent to the Lobez Formation
Gielniow Pliensbachian 75 Sudetic Monocline, fine-arained Nearshore (Pomerania region) and Blanowice
Wielkopolska san dgstones Formation (Czestochowa region)
region
Bedded sandstones N h
Mid-Polish trough,  and heterolith earst?re,th
: : except for the
Ostrowiec Sinemurian 240 Fore Sll-Jdet'C d_om_'”a”t' _Three three
Monocline distinct units of allnia/deltaic
alluvial/deltaic units
sediments
Clay- and
mudstones with
characteristic
Przysucha Ore- Middle-Late 80 Holy Cross siderite bands Nearshore and Equivalent to the Sktoby Formation
bearing Hettangian Mountains dominant. deltaic/lagoonal deposits found in the Pomerania region
Heteroliths and
sandstones also
common
Middle-Late Mid-Polish Trough, Well-sorted Deltaic and Absent in other parts of the Polish
Sktoby Hettangian 160 Fore-Sudetic sandstones and lagoonal Basin, sometimes replaced by the
Monocline heteroliths Zagaje Formation
Cross-bedded
zgnmdii;orﬂeivith Contains the Huta Mudstone Member,
Zagaie Rhaetian — 157 mudstonés in the Alluval and found in the Holy Cross Mountains and
9a) Sinemurian lacustrine central Poland, and formed of plant-

lower part, and
conglomerates in
the upper part

bearing mudstones

Table 3.2 (continued) Key information about the Lower Jurassic deposits of the Polish Basin. Summarised from Pienkowski (2004).
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Figure 3.5 Lower Jurassic lithostratigraphy of the Polish Basin. H. M. member = Huta Mudstone
Member; P. O. Fmtn = Przysucha Ore-bearing Formation; W. K. Member = Wola Korzeniowa
Member. Modified from Pienkowski (2004).

Heteroliths, mudstones, and fine-grained sandstones comprise the main
lithofacies of the Ciechocinek Formation, which can reach up to 140 m in
thickness. The sediments of this formation were thought to have been deposited
in a large, shallow, brackish embayment during the Early Toarcian. The

Ciechocinek Formation can be found in all parts of the Polish Basin.
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The Borucice Formation can be found in all parts of the Polish Basin and reaches
a maximum thickness of 120 m. The formation is dominated by coarse-grained
sandstones which were deposited in alluvial environments; lesser amounts of
fine-grained sandstones and mudstones can also be found. The Borucice
Formation was deposited during the Late Toarcian and is the youngest of the

Lower Jurassic formations within the Polish Basin.

3.3.2. Environmental Conditions in the Polish Basin During the Early

Jurassic

3.3.2.1. The Triassic-Jurassic Boundary

Previously published studies provide evidence for a warm and wet climate in the
Polish Basin across the Triassic-Jurassic Boundary. An increased marine
influence affected the Polish Basin during the middle Hettangian, but decreased
during the Late Hettangian (Figure 3.6; Pienkowski, 2004).

During the Late Rhaetian, the climate within the Polish Basin was warm with
seasonal rainfall, as indicated by clay mineral assemblages dominated by
smectite (Branski, 2014, 2009). Humidity levels in the Polish Basin increased
towards the Triassic-Jurassic Boundary, with kaolinite and illite becoming the
dominant clay minerals, indicating a shift to year-round rainfall while maintaining
warm temperatures (Branski, 2009, 2014; Pienkowski et al., 2014). A number of
episodic, abrupt changes kaolinite-ilite ratios are evident in Hettangian-age

samples, indicating several periods of intense climate change (Branski, 2014).

Fossil insects (mostly beetles) found in the Hettangian-aged Softykow deposit
(central Poland) are similar to assemblages found in Europe and China and are
thought to indicate a warm, subtropical habitat (Wegierek and Zherikhin, 1997),
supporting clay mineral evidence. However, in situ fossil evidence of the
xeromorphic conifer genus Hirmeriella has been found at the Softykow site,
suggesting a dry habitat or season during the Hettangian (Reymandéwna, 1991).
Other fossil plant remains found at the site include specimens of non-xeromorphic

conifers and ferns (Wcislo-Luraniec, 1991).
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Figure 3.6 Generalised map of depositional environments within the Polish Basin during the
Hettangian. The locations of the Kaszewy-1 and Niektan PIG-1 cores are also shown. Modified
from Pienkowski (2004).

The presence of fossil charcoal and elevated levels of polycyclic aromatic
hydrocarbons (PAHS) in the Polish Basin also supports the suggestion of drier
periods around the Triassic-Jurassic Boundary (Reymanéwna, 1993;

Marynowski and Simoneit, 2009; Gierlinski et al., 2004).
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3.3.2.2. The Toarcian

There are few published studies regarding climatic and environmental conditions
in the Polish Basin during the Toarcian period.

During the Early Toarcian there was an extensive rise in sea level which reached
marginal parts of the Polish Basin; this was followed by a progressive sea level
fall in the Late Toarcian (Figure 3.7; Pienkowski, 2004). Carbon-isotope data
from terrestrial organic matter samples from a number of sites within the Polish
Basin show a stepped negative carbon-isotope excursion during the Toarcian,
coinciding with the global Toarcian OAE (Hesselbo and Pienkowski, 2011). Clay
mineralogy from multiple sites around the Polish Basin show a dominant illite-
chlorite assemblage in the lower part of the Ciechocinek Formation, likely
corresponding to a cooling event with reduced humidity (Branski, 2012). This
illite-chlorite assemblage is then replaced by a kaolinite-dominated assemblage
in the middle and upper part of the Ciechocinek Formation, which Branski (2012)
interprets as a period of extreme continental weathering in a humid sub-tropical

environment with increased rainfall.

There is currently a distinct lack of published climatic conditions studies of
Toarcian-aged sediments from the Polish Basin, leaving the potential for a wide-
range of new studies to be carried out, improving our understanding of climatic

conditions in the Polish Basin during the Toarcian.

3.3.3. Previous Studies & Scope for Future Work

Published work focussing on the Polish Basin in the Early Jurassic includes a
large body of work investigating dinosaur palaeontology and trace fossils (e.g.
Gierlinski, 1991; Pienkowski, 1998; Niedzwiedzki and Pienkowski, 2005;
Niedzwiedzki and Pienkowski, 2016). Non-dinosaur trace fossil studies include
work by Leonowicz (2004), Pienkowski and Niedzwiedzki (2010), and Pienkowski
and Uchman (2010). There are significant number of invertebrate palaeontology
studies, focussing on ammonites, bivalves and dinoflagellates (e.g. Kopik, 1964;
Barski and Leonowicz, 2002; Koztowska et al., 2016). There are few published
studies of the flora of the Polish Basin during the Early Jurassic (e.g. Lund, 1977;
Barbacka et al., 2010; Pacyna, 2013, 2014; Barbacka et al., 2016). Published
palynology studies are also few in number (Ziaja, 2006; Pienkowski and

Waksmundzka, 2009).
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Figure 3.7 Generalised map of depositional environments within the Polish Basin during the Late
Pliensbachian — Middle Toarcian. The locations of the Kaszewy-1 borehole is also shown.

Modified from PieAkowski (2004).

Over the last ~20 years, the Polish government has encouraged a number of
boreholes, recovering sediment cores, as part of an investigation into carbon
capture and storage. The recovered cores, once sampled and analysed as part

of this investigation, have since been made available to researchers and new
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work is continuing to be published. Two cores in particular are of interest to this
thesis: the Kaszewy-1 and Niektan PIG-1 cores, both located in central Poland.
The Kazewy-1 core comprises ~1400 m of Late Triassic and Early Jurassic
sediments, allowing for palaeoenvironmental studies of both the Triassic-Jurassic
Boundary and Toarcian periods of time (Branski, 2014). The Niektan PIG-1 core,
on the other hand, spans the Norian-Hettangian time periods and provides the
possibility of high-resolution palaeoenvironmental studies (Pienkowski et al.,
2014).

3.4. Carbon-isotopes in Organic Matter
3.4.1. A Brief Introduction to Stable Carbon-isotopes and 83C Values

Isotopes of the same element have the same number of protons but different
number of neutrons in the atomic nucleus, and therefore have different atomic
weights but the same chemical properties; isotopes which are not radioactive are

termed ‘stable’.

Carbon has two abundant stable isotopes: carbon-12 (12C) and carbon-13 (13C).
Carbon-12 is the more abundant, and lighter (mass: 12.000000), of the two, and
accounts for ~99% of all elemental carbon on Earth (Meija et al., 2016a, 2016b).
Carbon-13 is heavier (mass: 13.003355) and accounts for ~1% of all elemental
carbon on Earth (Meija et al., 2016a, 2016b). The ratio of 13C:12C in an entity is
known as delta-13-C, or 33C, and measured in parts per thousand (per mil, %o);
the following equation (3.1) is used to calculate 513C (Urey et al., 1951):

=< l
3.1) §1BC = <CC& - 1) x 1000
Estandard

The original standard reference material for 313C measurements was the Pee
Dee Belemnite (PDB), a Cretaceous belemnite from the Peedee Formation,
South Carolina, USA (Urey et al.,, 1951; Craig, 1953). The Pee Dee Belemnite
had a 13C:12C ratio of 0.01118, however the source material was depleted in the
1970s and was replaced by a new scale: the Vienna PDB (Friedman et al., 1982;
Coplen, 1995; Brand et al., 2014). Stable carbon-isotope signatures are often

used in palaeoclimate studies to reconstruct past environmental conditions.
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3.4.2. Carbon-isotope Variability in Organic Matter

The carbon-isotope signatures and ratio of organic carbon to total nitrogen
(Corg/Ntota) of modern organic matter vary greatly, dependent on its origin.
Characteristic values of d13C and Corg/Niwtal ratios can be used to identify the
source of unknown organic matter (Figure 3.8). A new d13C record generated
from fossil woody phytoclasts presented in this thesis (Chapter 5) aims to help

understanding of carbon-isotope variability in fossil organic matter.

Terrestrial plants fall into one of three types, dependent on the photosynthetic
pathway that they utilise (see following section for further discussion). These
three different types of plants have characteristic 53C and Corg/Ntwotal Values. So-
called C3 plant 33C values range between ~-32%o and ~-21%o with Corg/Notal
ratios upwards of 12, whereas C4 plant 6'°C values range between ~-17%. and
~-9%o0 with Corg/Ntotal ratios upwards of ~20 (Deines, 1980; Prahl et al., 1980;
Meyers, 1994; Tyson, 1995; Lamb et al., 2006). The ratio of organic carbon to
total nitrogen can vary greatly between plants, mainly due to large variations in
plant nitrogen content (Lamb et al., 2006). Plants utilising the CAM photosynthetic
pathway typically show a wide range of 53C values, ranging between ~-28%. and
~-11%o (Schleser, 1995; Lamb et al., 2006). A study by Meyers (1994) suggests

that 313C and Corg/Niotal ratios are relatively unaffected by diagenesis.

Modern freshwater and marine algae have low Corg/Ntotal ratios between 4 and 10
(Meyers, 1994; Tyson, 1995). Marine algae typically show a wider range in 5*3C
values, ranging between ~-24%. and ~-16%o; freshwater algae 32C values
typically range between ~-30%0 and ~-26%. (Haines, 1976; Schidlowski et al.,
1983; Meyers, 1994). Modern freshwater and marine particulate organic carbon
(i.e. phytoplankton and zooplankton mixed with detrital terrestrial OM; POC) have
similar 313C values and Corg/Niotal ratios to freshwater and marine algae. Modern
freshwater POC has 8'3C values that typically range between ~-25%0 and ~-33%o
and Corg/Ntotal ratios between 4 and 10 (Salomons and Mook, 1981; Barth et al.,
1998; Lamb et al., 2006). Marine POC typically has 8'3C values between ~-24%o
and ~-18%o and Corg/Ntotal ratios between 4 and 10 (Peters et al., 1978; Middelburg
and Nieuwenhuize, 1998; Lamb et al., 2006). Modern marine and freshwater
dissolved organic carbon (DOC) typically has a relatively wide range of Corg/Ntotal

values, between ~7 and ~26, but have different 313C signatures (Peterson et al.,
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Figure 3.8 Characteristic O13C and Corg/Ntotal ratios of modern organic matter recorded at coastal

sites. Redrawn from Lamb et al. (2006).

1994; Lamb et al., 2006). Marine DOC 3!3C values are more positive, ranging
between ~-25%0 and ~-22%., whereas freshwater DOC 3'3C values are more
negative, ranging between ~-32%. and ~-26%o (Peterson et al., 1994; Lamb et al.,
2006).

3.4.3. Carbon-isotope Signatures of Plants

Studies of modern plants show that their carbon-isotopic composition primarily
depends on the rate of photosynthesis and/or stomatal conductance, and the
carbon-isotopic composition of the atmosphere, but is also affected by the plant

type and tissue, as well as other environmental factors.

3.4.3.1. Intrinsic Factors

A number of intrinsic factors affect the overall carbon-isotope composition of
plants. There are variations in 33C values between different tissue types within
a plant, which are also controlled by the overall plant type, and its photosynthetic
pathway (Table 3.3).
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Factor

Relationship with
513C

Notes

Reference(s)

Photosynthetic
pathway

C3 plants more
depleted than C4
plants

O13C ~-28%o

O’Leary, 1988; Hobbie
and Werner, 2004

C4 plants more
enriched than C3
plants

013C ~-14%o

O’Leary, 1988; Hobbie
and Werner, 2004

CAM plants show
signatures
intermediate between
C3 and C4 plants

53C ~-10%o — ~-
20%o

Hobbie and Werner,
2004

Photosynthetic
rate

Increase in
photosynthetic rate
shifts 813C values to
more positive

McCarroll et al., 2009

Whole plant most
enriched

Hobbie and Werner,
2004; Lamb et al.,
2006

Cellulose & lignin
depleted relative to

Cellulose enriched
relative to lignin

Lignin depleted by

Hobbie and Werner,
2004

_ whole plant 3-4%o relative to Lamb et al., 2006
Tissue Type whole plant
Lipids depleted Lipids depleted by Hobbie and Werner,
relative to cellulose & ~5%o relative to 2004; Lamb et al.,
lignin cellulose 2006
13
Alkanes depleted Ballsed o?fé Ci:l Whiteside et al., 2010;
relative to lipids vaiues ot 1oss Ruhl et al., 2011
plant material
Evergreen plants tend
Plant Type 223?\’\;“:2?%2%5'“\@ Brooks et al., 1997
deciduous ones
Vogel, 1978; Medina
Plant Height Increase in plant and Minchin, 1980;

(within canopy)

height shifts 513C to
more positive values

Schleser, 1992;
Brooks et al., 1997,
1998

Plant Age

No apparent effect on
d13C

Based on conifer
tree ring data

Saurer et al., 2004

Table 3.3 Summary of intrinsic factors affecting 12C values of modern plants (unless otherwise

stated), and supporting studies.

Photosynthesis isthe process by which a plant converts carbon dioxide (from the
atmosphere) and water into energy (in the form of glucose) and oxygen (Hall and

Rao, 1999; Taiz and Zeiger, 2010). During photosynthesis, plants discriminate
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against 13C because 13C forms stronger bonds that require more energy to break
(O’Leary, 1988); diffusion of the heavier 23COz is also slower than diffusion of the
lighter 2COz2. Carbon- isotope discrimination initially occurs during the fixation of
COz2 from the atmosphere and is dependent on the photosynthetic pathway of a

plant.

The three different types of photosynthetic pathway (C3, C4, and crassulacean
acid metabolism (CAM)) each have their own rates of carbon-isotope
discrimination. C3 plants fix carbon dioxide using the enzyme ribulose
bisphosphate carboxylase whereas C4 plants fix carbon dioxide through
carboxylation of phosphoenolpyruvate (O’Leary, 1988). The C4 photosynthetic
pathway is relatively new, thought to have evolved ~20 Ma (Hobbie and Werner,
2004; Sage, 2004). Plants which utilise the CAM pathway (mostly desert plants)
absorb carbon dioxide at night to synthesise malic acid which they then
decarboxylate the following morning (O’Leary, 1988). Thus plants utilising the C3
pathway tend to be more depleted in *3C than C4 plants, with 8'3C values ~-28%o
and ~-14%o, respectively, whereas plants utilising the CAM pathway tend to have
an isotopic signature ranging from ~-10%o to ~-20%o (O’Leary, 1988). An increase
in the rate of photosynthesis also results in more positive &'2Cpiant values
(McCarroll et al., 2009).

Carbon-isotope discrimination continues throughout the whole photosynthetic
process, and during other process within plants, leading to different tissue types
becoming more depleted in 2C than others. In general, whole plant 3'3C values
are the most positive and leaf wax-derived alkanes are the most negative (Hobbie
and Werner, 2004, and references therein). It would appear that the general order
of 813C is: whole plant > cellulose > lignin > lipids > alkanes (Collister et al., 1994;
Hobbie and Werner, 2004; Lamb et al., 2006).

Other, more minor, factors affecting 33C values in plants include the plant type
and its height within the canopy. Brooks et al. (1997) found that evergreen plants
tend to have more positive 6'3C values than deciduous ones, and also that plants
higher up in the canopy tend to have more positive 32C values than ones lower.
This relationship between plant height and 313C value is supported by data from
other studies (Vogel, 1978; Medina and Minchin, 1980; Schleser, 1992; Brooks
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et al., 1998). Saurer et al. (2004) found that plant age does not appear to affect
O13C value.

3.4.3.2. External Factors

There are a multitude of environmental factors that affect the carbon-isotope
composition of modern plants by influencing the rate of photosynthesis (Table
3.4; Hall and Rao, 1999).

The carbon-isotope composition of the atmosphere plays a significant role in
determining the 313C value of a plant (McCarroll et al., 2009). Carbon is present
in the atmosphere as carbon dioxide, so as atmospheric carbon dioxide levels
increase, the gradient between external atmospheric pCOz and the internal pCO2
of a plant increases (Taiz and Zeiger, 2010). A larger pressure gradient between
external pCO2z and internal pCOz2 increases the rate of diffusion of COz2 into the
plant, causing greater carbon-isotope discrimination (Taiz and Zeiger, 2010). The
effect of air temperature on d13C values is less clear; previously published studies
show mixed results, with some finding a positive relationship, others finding a
negative relationship, and some finding no apparent relationship between air
temperature and 313C values (Smith et al.,, 1973, 1976; Troughton et al., 1974;
Troughton and Card, 1975; Bender and Berge, 1979; Saurer et al., 2004).

Water availability and salinity also affect 813C values; increased water availability
appears to increase carbon-isotope discrimination, shifting 33C values towards
more negative values (Farquhar et al., 1989; Saurer et al., 1995). The effect of
salinity on 813C values is debatable; conflicting evidence shows that salinity can
shift 313C values in either direction (Guy et al.,, 1980; Farquhar et al., 1989).
Similarly, the effect of light availability on 313C values is also questionable. A
study on tomato plants show negligible variations in 313C values in response to
changing light availability (Park and Epstein, 1960), but a later study by Smith et
al. (1976) showed that light availability appears to cause random variations in
O13C values. Further studies by O’Leary (1981) and (Farquhar et al., 1989) show
that increasing light availability causes shifts towards more negative and more
positive 813C values, respectively. Increasing availability of nutrients appears to
shift 513C towards more positive values (O’Leary, 1981). Tree ring data shows

that material grown in the spring (earlywood) tends to have more negative 5°C
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Factor

Relationship with §13C Notes

Reference(s)

Atmospheric
CO:2 content

Increasing atmospheric CO2
shifts 313C to more negative
values

Park and Epstein, 1960;
McCarroll et al., 2009

Based on data
from conifer tree
rings

Increase in air temperature
shifts 313C to more positive
values

Saurer et al., 2004

Increase in air temperature

Air . 13 . Smith et al., 1973, 1976;
shifts 63C to more negative
temperature oo Bender and Berge, 1979
No change in 513C with Troughton et al., 1974,
changes in air temperature Troughton and Card,
1975
Water Isnr::i;tesagi éntg?;irr:\;ae”a:t'il\lg Farquhar et al., 1989;
availability 9 Saurer et al., 1995
values
Increase in water salinity
shifts 52C to more positive Farquhar et al., 1989
values
Salinity
Increase in water salinity
shifts 813C to more negative Guy et al., 1980
values
Increased light availability Based on plants
shifts d13C to more negative  using CAM O’Leary, 1981
values photosynthesis
Increased light availability
shifts 52C to more positive Farquhar et al., 1989
Light values
availability /ariation in light availability
causes seemingly random Smith et al., 1976
variations 5'3C values
Negligible variation in 33C Based on data
with changes in light from tomato Park and Epstein, 1960
availability plants
Nutrient Increased nutrition shifts ,
availability 513C to more positive values O'Leary, 1981
. Earlywood 3!3C values (Freyer, 1980; Leavitt
Growing . Based on tree i
season more negative than fing data and Long, 1991; Brooks
latewood &'2C values 9 et al., 1998
13 ur
Elevation No change n 6 C with Saurer et al., 2004
elevation variation
Increase in latitude shifts
Latitude 513C to more negative Saurer et al., 2004
values
3
Longitude No change in &C with Saurer et al., 2004

longitude variation

Table 3.4 Summary of external factors affecting d13C values of modern plants, and supporting

studies.
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values than that grown inthe summer (latewood; Freyer, 1980; Leavitt and Long,
1991; Brooks et al., 1998).

A study by Saurer et al. (2004) showed that d'3C values tend to become more
negative as latitude increases, but found no relationship between longitude or

elevation and d13C values.

Although local environmental conditions do influence the carbon-isotopic
composition of plants, the consensus is that these become less important when
investigating changes in plant carbon-isotope composition over time because the
integrated magnitudes are relatively small. On geological timescales, itis thought
that stratigraphic excursions in plant 313C values generally represent changes in
atmospheric carbon-isotope composition, with secondary effects from

environmental differences.

3.5. Wildfire Activity in the Fossil Record
3.5.1. Physical Evidence: Fossil Charcoal

3.5.1.1. Fossil Charcoal: Characteristics, Formation & ldentification

Charcoal is a black, brittle and lustrous organic material (Scott, 2010) and
typically contains a high percentage of carbon (Eckmeier, Rosch, et al., 2007;
Eckmeier, Gerlach, et al., 2007). Formation of charcoal occurs in oxygen-
depleted environments, where the incomplete combustion of organic matter

results in pyrolysis (Goldberg, 1985; Scott and Jones, 1991). Charcoal usually

Figure 3.9 From Scott (2010). Scanning electron micrographs of charred Sequoia wood showing

a) middle lamella (arrow), and b) lack of middle lamella (cell wall homogenisation).
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shows exceptional preservation of the anatomy of the original vegetation (e.g.
Bird et al., 2008; Scott, 2009, 2010). Charcoal is a relatively inert material which
is easily preserved and, as a result, is common in the fossil record (e.g. Scott and
Jones, 1991, Scott, 2000; Scott and Glasspool, 2007).

Charcoal is usually produced by fire activity but can also be produced by volcanic
activity, when organic matter is buried in high-temperature ashes or pyroclastic
flow deposits and kept at high enough temperatures for pyrolysis of organic
matter to occur (Scott and Glasspool, 2006; Scott, 2010; Scott and Damblon,
2010). Volcanogenic charcoal is physically distinct from charcoal produced by
wildfire and far less common (e.g. Scott and Glasspool, 2005, 2006). In the
geological record, charcoal is usually indicative of past wildfire activity,

particularly when there is a lack of preserved volcanic material.

Identification of fossil charcoal can be carried out using optical microscopy; its
black appearance, preservation of original plant structures, and highly reflective
surfaces distinguishes charcoal from non-charcoalified organic matter (Figure
3.9; Scott, 2000). Due to its brittle nature and resistance to degradation, charcoal
fragments are often angular, unlike non-charcoal organic matter fragments which
are often more rounded due to their low resistance to degradation (Scott, 2000).
Wood cell walls have a layered structure, showing primary and secondary walls
separated by a middle lamella. During pyrolysis, cell wall homogenisation can
occur, resulting in the cell walls losing their distinctive layered structure; this can
be identified using scanning electron microscopy (Jones and Chaloner, 1991;
Scott, 2000, 2010; Chaloner, 1989). It is thought that the presence of
homogenised cell walls is a key feature of charcoal, but recent experiments by
Hudspith and Belcher (2017) have shown that cell wall homogenisation only
occurs during the early stage of charring, and can be overprinted by subsequent
thermal degradation, resulting in the thinning and breakdown of the cell walls.
Consequently, evidence of cell wall homogenisation may not be visible in all fossil
charcoal samples, and the lack of homogeneity cannot be used to categorically
rule out identification of charcoal.

3.5.1.2. Fossil Charcoal as an Indicator of Past Wildfire Activity

Several authors have suggested that that variations in charcoal abundance
provide a record of biomass burned in wildfires (e.g. Carcaillet et al.,, 2002;
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Thevenon et al.,, 2004; Marlon et al., 2006; Higuera et al., 2007; Power et al.,
2007). It is thought that the amount of charcoal present in a sediment is linked to
wildfire characteristics such as size, severity and proximity (Whitlock et al., 2006).
However, fossil charcoal abundance can be affected by several other factors
besides wildfire activity, such as vegetation type, transport distance, and
depositional environment, and these must be considered carefully when

interpreting fossil charcoal abundance data.

Vegetation type can influence the amount of charcoal produced during a wildfire;
some plants are more susceptible to burning than others, and hence are more
likely to produce larger amounts of charcoal. For example, leaf size and shape,
and plant moisture content can affect the flammability of a plant (e.g. Watson,
1978; Whelan, 1995; Bond and van Wilgen, 1996; Cornelissen et al., 2003). The
presence of volatile components such as oils and waxes in plant material can
also contribute to the flammability of vegetation (Cornelissen et al., 2003). A
change in vegetation type from less flammable to more flammable will likely
produce more charcoal during wildfire events, and as a result, could bias the

wildfire activity record. The effect of vegetation type on wildfire activity levels is
discussed in greater detail in Section 3.5.3.2. (p. 82).

Due to its robust nature and its ability to float, charcoal is capable of being
transported large distances before its final deposition (Scott, 2010). Elliott and
Parker (2001) suggest that rainstorms can transport substantial amounts of
charcoal for long distances. Charcoal can also be transported long distances by
wind, though this applies to smaller fragments of charcoal only (Griffin &
Goldberg, 1979; Herring, 1985). Microscopic charcoal is usually transported by
wind whereas macroscopic charcoal is usually transported by water (e.g. Scott,
2000; Marynowski and Simoneit, 2009; Scott, 2009). Consequently, the
depositional environment of fossil charcoal may not reflect the environment in
which the wildfire occurred (Scott 2010). Macroscopic charcoal is thought to be
deposited local to the fire that produced it (e.g. Long et al., 1998; Tinner et al.,
1998; Carcaillet et al., 2001; Sadori and Giardini, 2007; Whitlock, 2001; Kawano
etal., 2012). Microscopic charcoal is usually transported further before deposition
due to its small size, and many authors suggest that its presence alone in
deposits records the regional fire activity (e.g. Scott 2010). However, experiments

have shown that large pieces of charcoal can be transported for long distances
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by water before becoming waterlogged and falling out of suspension (Scott,
2010). This observation suggests that the presence of macroscopic charcoal ina

depositis not a definitive marker of local wildfire activity.

Since charcoal is a robust material, it can survive being transported long
distances without showing evidence of wear, therefore making it difficult to
interpret how far it has travelled prior to deposition. Nichols et al. (2000) suggest
that to determine how far charcoal has been transported, it would be more
appropriate to examine the sorting of a charcoal assemblage. Charcoal
fragments which have been transported long distance would show greater
amounts of sorting than those that have only travelled a short distance before
being deposited (e.g. Marynowski and Simoneit, 2009; Scott, 2010; Uhl and
Montenari, 2011).

It is also important to consider the amount of fossil charcoal present as a
proportion of the total phytoclasts in a sample when interpreting fossil charcoal
abundance in terms of wildfire activity levels. An increase in the total amount of
organic matter deposited at a site, e.g. by increased runoff, could create an
artificial increase in fossil charcoal without there being an actual increase in
wildfire activity and charcoal production at the time. An increase in fossil charcoal
abundance without a corresponding increase in total organic matter is much more

likely to reflect an increase in wildfire activity and charcoal production.

Fossil charcoal abundance in a deposit can also be altered by sediment
reworking. Evidence of reworking, such as the presence of trace fossils, should
be looked for in deposits sampled for fossil charcoal abundance analyses.
Sediment reworking should be considered when interpreting fossil charcoal
abundance as a wildfire activity proxy, along with the final depositional

environment.

The depositional environment plays a role in the amount of charcoal deposited
and preserved in sediments. High-energy environments, such as rivers and
shallow marine sites, are likely to transport and deposit charcoal away from its
production site. Smaller charcoal particles are likely to be transported further
away than larger particles. High-energy environments may also increase the
chance of charcoal being broken up before deposition. Low-energy
environments, such as small lakes and the deep sea, are likely to see higher
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amounts of microscopic charcoal deposited. Since smaller charcoal particles can
be transported further before deposition, fossil charcoal abundance data from
low-energy environments may reflect the wildfire activity of a wider area than
high-energy environments. To minimise bias from depositional environments it
would preferable to study a section which represents one, or very few,
depositional environments (Belcher, Mander, et al., 2010). If this is not possible,
then there must be careful consideration of the sedimentology and lithology of the

study sites when interpreting fossil charcoal abundance data.

A number of authors suggest that charcoal formation temperatures can be
estimated from the light reflected from the surface of a sample of charcoal under
oil (reflectance value; e.g. Ascough et al., 2010). Reflectance values show a
positive relationship with charcoal formation temperature, and that this holds up
for both modern and fossil charcoal (Jones et al., 1991; Scott and Jones, 1991;
Scott and Glasspool, 2005, 2007; McParland et al., 2009). This relationship has
been used to infer wildfire temperatures from fossil charcoal reflectance values
(Jones et al, 1991; Scott and Glasspool, 2005; McParland et al., 2009;
Marynowski et al., 2011; Petersen and Lindstrom, 2012; Hudspith and Belcher,
2017). However, Ascough et al. (2010) have suggested this relationship is less
reliable for charcoal formed at temperatures lower than 400°C because such
charcoal is prone to degradation. Also, when charring time is unknown,
reflectance values will only yield minimum formation temperatures (Ascough et
al., 2010).

Recent experimental work has also raised caveats. The use of oven-created
charcoals to create reflectance—temperature curves does not fully recreate the
conditions experienced in a wildfire (Belcher and Hudspith, 2016). Instead,
maximum reflectance values are reached at the transition between pyrolysis and
oxidation of the organic matter in wildfires, and this process is not recreated in
oven-formed charcoal. Belcher and Hudspith (2016) conclude that the
relationship between reflectance values and charring temperatures needs
revision, and that wildfire temperatures cannot be inferred from existing

calibrations.
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3.5.2. Geochemical Evidence: Pyrolytic Polycyclic Aromatic Hydrocarbons

3.5.2.1. Polycyclic Aromatic Hydrocarbons: Formation & Characteristics

Polycyclic aromatic hydrocarbons (PAHSs) are organic compounds consisting of
carbon and hydrogen atoms arranged in aromatic rings (Table 3.5; Jiang et al.,
1998; Shen et al., 2011). Polycyclic aromatic hydrocarbons can originate from a
variety of sources, though certain PAHs are produced only during the pyrolysis
of organic matter; these are known as pyrolytic PAHs (Killops and Massoud,
1992; Jiang et al.,, 1998; Belcher et al.,, 2009; Shen et al.,, 2011). Polycyclic
aromatic hydrocarbons can also be derived from petroleum and bituminous
sources, without the occurrence of pyrolysis, and produced directly by land

plants, such as the PAH retene.

Pyrolysis usually occurs above temperatures of 350°C, and up to temperatures
>1200°C (Abdel-Shafy and Mansour, 2016). It has been suggested by Zhou et
al. (2015) that higher molecular weight PAHs may be formed from PAH
compounds with lower molecular weights. This is a finding supported by computer
modelling by Kislov et al. (2013), which shows that pyrolytic PAHs can be formed
sequentially, producing new compounds with an increased number of aromatic
rings from those that came before. Experiments involving the pyrolysis of tar show
that PAHs are produced sequentially in addition steps, producing PAHs with
greater numbers of aromatic rings as reaction time increases (Ledesma et al.,
2006). An experimental burning study by McGrath et al. (2003) shows that there
is a positive correlation between pyrolysis temperature and the number of
aromatic rings in the pyrolytic PAH compounds. While there is still debate about
the precise chemical pathway that leads to the formation of pyrolytic PAHS, it is
generally agreed that pyrolytic PAHs are produced sequentially, with higher
molecular weight molecules being produced from those with lower molecular
weights (e.g. Frenklach, 2002; Zhou et al., 2015).

As PAHSs can also originate from other sources, it is important to distinguish these
from pyrolysis-derived PAHs. Alkylated PAHs (with additional alkyl chains
stemming from the aromatic hydrocarbon rings) are thought to originate from a
petroleum or bituminous source and not from the pyrolysis of organic matter
(henceforth termed petrogenic PAHs; Table 3.5; Venkatesan and Dahl, 1989;
Jiang et al., 1998; Shen et al., 2011).
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Polycyclic aromatic Molecular Number  Structure Source
hydrocarbon weight of
(m/z) aromatic
rings

fluorene 166 3

.
&

w

phenanthrene 178 ‘
fluoranthene 202 4 .
pyrene 202 4 O‘
O Combustion
of organic
matter (e.g.
O Jiang etal.,
O 1998; Belcher
benz-anthracene 228 4 ‘ et al., 2009)
benzo(k)fluoranthene 252 5 g
indeno[1,2,3- 276 ] “
cd]pyrene “
Combustion
of organic
matter AND
‘O petroleum/
W UL Saass
O‘ 1998; Belcher
et al., 2009;
Shen et al.,
2011)

Table 3.5 Key PAHs discussed in this thesis.
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Polycyclic aromatic Molecular Number  Structure Source
hydrocarbon weight of
(m/z) aromatic
rings
2-methylnaphthalene 142 2
1’7- OO
dimethylnaphthalene 156 2 ”
2-methylphenanthrene 192 3 O‘O
Petroleum/
bitumen (e.g.
Jiang etal.,
9-methylphenanthrene 192 3 1998; Belcher
et al., 2009)
O
dimethylphenanthrene 206 3
1-methylpyrene 216 4 .‘
Higher-plant
biomarker
O (e.g. Ellis et
retene 234 3 O‘ al., 1995;
Jiang etal.,
1998; Peters
et al., 2007)

Table 3.5 (continued) Key PAHSs discussed in this thesis.

Coronene is a PAH which can originate from both petroleum and bituminous
sources, as well as from the pyrolysis of organic matter (Table 3.5; Oros and
Simoneit, 2000; Simoneit, 2002). Belcher et al. (2005) suggest that if coronene is
present in significant quantities it is more likely to have originated from a

petrogenic source rather than from the combustion of organic matter.

Retene is a PAH which is well-known as a higher land plant biomarker (Table

3.5; Jiang et al., 1998; Peters et al., 2007, and references therein). In particular,
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retene is thought to be a biomarker originating from conifers (e.g. Ellis etal., 1995;
Jiang et al., 1998; Peters et al., 2007; Belcher et al., 2009).

3.5.2.2. Pyrolytic PAHs as Indicators of Past Wildfire Activity

Pyrolytic PAHs can be found preserved in sediments and are thought to indicate
periods of past wildfire activity (e.g. Killops and Massoud, 1992; Venkatesan and
Dahl, 1989; Jiang et al., 1998). Pyrolytic PAHs can also be formed from organic
matter which is in contact with volcanic intrusions and undergoes pyrolysis
(George, 1992; Murchison and Raymond, 1989), though this is apparently much
rarer. Wildfire activity records based on pyrolytic PAH concentrations have been
produced for various Mesozoic-aged sedimentary sequences, including the
Cretaceous (e.g. Finkelstein et al., 2005; Belcher et al., 2009), the Jurassic (e.g.
Marynowski and Filipiak, 2007) and the Triassic (e.g. Nabbefeld et al., 2010).

Although the presence of pyrolytic PAHs is used as an indicator of past wildfire
activity, it has been suggested that they could also be formed during diagenesis
or that they may migrate in sediments (Scott 2009). However, Abdel-Shafy and
Mansour (2016) suggest that due to their non-polar nature, PAHSs are relatively
immobile in sediments as they are poorly water-soluble, and that transport of

PAHSs in the sediment pile is not significant.

Degradation of pyrolytic PAHs over geological timescales does not appear to be
widely studied, though it is thought that PAHs are relatively resistant to
degradation (e.g. Johnsen et al., 2005) due to the compounds adhering to
sediments during burial (Page et al., 1999). Abdel-Shafy and Mansour (2016)
suggest that different PAHs degrade at different rates; they suggest that
phenanthrene, in particular, degrades at a much slower rate than other pyrolytic
PAHs. Studies by Landrum (1989), Brannon et al. (1995) and Hatzinger and
Alexander (1995) show that stability of PAHs may actually increase as the contact

time with sediment increases.

It is very easy for PAHs to be transported by aerosols before deposition into
sediments, and long-distance transport to the site of deposition is possible (e.g.
Aceves and Grimalt, 1993; Leister and Baker, 1994; Fernandez et al., 2000;
Halsall et al., 2001; Tsapakis et al., 2003; Abdel-Shafy and Mansour, 2016).

When interpreting polycyclic PAH concentration records in terms of wildfire
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activity it is, therefore, important to consider that they may represent wildfire

activity on a more regional scale, rather than local.

It has been suggested by Venkatesan and Dahl (1989) that elevated levels of
pyrolytic PAHs are only indicative of wildfire activity when they are much more
abundant than petrogenic PAHs, though the authors do not quantify how much
more abundant they must be. The authors claim that sediments which contain
similar concentrations of both pyrolytic and petrogenic PAHs do not represent
periods of increased wildfire activity, though this appears to be a little-researched
topic (Page et al., 1999).

Given the uncertainties involved with analysis of pyrolytic PAHs in geological
samples, it has been suggested that pyrolytic PAH concentration data be
combined with other wildfire activity proxies, such as fossil charcoal abundance,
for more reliable interpretations (Finkelstein et al., 2005; Marynowski and Filipiak,
2007; Marynowski and Simoneit, 2009; van de Schootbrugge et al.,, 2009).
Concentrations of retene that also covary with pyrolytic PAH concentrations are
thought to be a good indicator of burning biomass (e.g. Belcher et al., 2009).
Pyrolytic PAH concentration and fossil charcoal abundance datasets that covary
are harder to dispute as reliable indicators of wildfire activity levels than lone

pyrolytic PAH concentration records.

3.5.3. Causes of Changes in Wildfire Activity Levels

3.5.3.1. Initiation of Wildfires

A wildfire is a fire that occurs in an area of combustible vegetation and requires

fuel (vegetation), heat, oxygen and a source of ignition (Pyne et al., 1996).

Wildfires are usually caused by the ignition of vegetation by lightning strikes
during storms (e.g. Komarek, 1967; Cope and Chaloner, 1980; Tinner et al.,
1998; Scott, 2000; Jones et al., 2002; Petersen and Lindstrom, 2012). Wildfires
can also be initiated by volcanic activity, sparks from rock falls, extraterrestrial
impacts, and spontaneous combustion, though these are much rarer (e.g.
Batchelder, 1967; Scott, 1988; Jones and Lim, 2000; Scott, 2000). Ignition
requires both increased temperatures and a supply of oxygen which, inturn, help

the wildfire to spread, providing there is sufficient fuel available (Scott, 2000).
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Lower Oxygen Reference Notes
Limit (% of
atmosphere)
Cope and Chaloner Based on experimental work |qwl\4ng burning
7 (1980) of methane and carbon monoxide in oxygen-
containing atmospheres.
Wildman Jr et al. Based on results of flame-spread experiments.
12
(2004)
Clark and Russell Reply_ to Cope anq Chaloner (1980). Based on
(1981) experimental burning work by Rasbash and
Langford (1968).
Cope and Chaloner Revision of estimate by Cope and Qhaloner
(1981) (1980) based on experimental burning work by
13 Rasbash and Langford (1968).
Review paper. Lower oxygen limit based on
Scott (2000) previously-published work by other authors in
this table.
Bowman et al. Based on modelling work by Berner et al.
(2009) (2003) and Berner (2006).
Watson et al. Based on experimental work and derived as a
function of both fuel moisture and oxygen
(1978)
Belcher and Based on data from experimental burns of
McElwain (2008) modern plant material.
16 Belcher, Yearsley, Based on data from experimental burns of

et al. (2010)

modern plant material.

Table 3.6 Lower atmospheric oxygen limit estimates, and supporting studies.

Fire cannot be sustained without free oxygen in the atmosphere (Pyne et al,,
1996), though there are upper and lower limits to the amount of oxygen present
that will sustain wildfire, also known as the ‘fire window’. Jones and Chaloner
(1991) suggested that the fire window comprises atmospheres which contain 15-
35% oxygen. Various studies have estimated that the lower limit of atmospheric
oxygen ranges from 7-16%, though 15% is generally the accepted lower limit
(Table 3.6; Copeand Chaloner, 1980; Wildman et al., 2004; Bowman etal., 2009;
Belcher and McElwain, 2008; Belcher, et al., 2010b). The upper limit of
atmospheric oxygen ranges between 25-35%; above this level of atmospheric
oxygen, wildfires would rage and prevent the recovery of vegetation (Table 3.7;
Watson, 1978; Lenton and Watson, 2000). Key burning experiments by Belcher
and McElwain (2008) helped to establish the 15% lower limit and computer
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Upper Oxygen Limit Reference Notes
(% of atmosphere)

Based on experimental work and
25 Watson et al. (1978) derived as a function of both fuel
moisture and oxygen level.

Based on computer modelling

25-35 Lenton and Watson (2000) experiments

Based on computer modelling
35 Lenton (2003) experiments and previously-published
work by other authors in this table.

Table 3.7 Upper atmospheric oxygen limit estimates, and supporting studies.

modelling by Lenton (2003) helped to establish the 35% upper limit.

Increased temperatures are required during ignition and afterwards to enable the
wildfire to spread, along with a sufficient source of fuel (i.e. vegetation). If there
is not enough fuel or heat, then the wildfire will either fail to ignite, or will burn out
shortly after ignition. Work by Belcher et al. (2005) has shown that while
increased temperatures are required for wildfires to catch alight, it is the oxygen
content of the atmosphere which is a much more important factor in destruction
of vegetation by wildfires. Different types of vegetation have different
susceptibilities to ignition, and differ in their ability to spread a wildfire (e.g. Albini,
1976; Uhl and Kauffman, 1990; Bond and van Wilgen, 1996; McElwain et al.,
2007; Belcher et al., 2010). The behaviour of different vegetation types as wildfire

fuel is discussed in more detail in the following section.

3.5.3.2. Factors Influencing Wildfire Activity Level

The duration, extent, and intensity of a wildfire is affected by multiple factors,
often interacting with one another (Figure 3.10). A simplified explanation is that
as the availability of fuel, oxygen, heat, and ignition sources increases, so does
the level of wildfire activity, however, each of these factors are, themselves,
influenced by other factors (Table 3.8).

Different types of vegetation have different properties, making some types more
susceptible to burning during wildfires than others. Increased availability of
flammable vegetation is linked to an increased level of wildfire activity (e.g.
Batchelder, 1967; Scott, 2000, and references therein; McElwain et al., 2007).

High flammability is linked to both plant moisture content and leaf surface area.
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As one might expect, the higher the moisture content of a plant, the less likely it
Is to ignite or sustain a wildfire (e.g. Uhl and Kauffman, 1990; Belcher and
McElwain, 2008). Fire calorimetry experiments by Belcher et al. (2010) have
shown that as leaf surface area increases, flammability decreases, a finding that
is supported by other published studies (e.g. Bond and van Wilgen, 1996;
Steinthorsdottir et al., 2011; Petersen and Lindstrém, 2012). The ideal vegetation
for fuelling wildfires comprises plants with low moisture contents and small leaf
surface areas. Narrow-leaved plants are often associated with higher
atmospheric temperatures, which also contribute to increased levels of wildfire

activity.

As outlined inthe previous section (Section 3.5.3.1.; p. 80), there are upper and
lower limits to the volume of atmospheric oxygen required to initiate and sustain
wildfire activity. Above the lower limit of 15% oxygen, studies show that as
atmospheric oxygen content increases, so does the level of wildfire activity (e.g.
Pyne et al., 1996; Lenton and Watson, 2000; Scott, 2010). Models by Belcher et
al. (2010) show that below 18.5% atmospheric oxygen, wildfire activity levels
would be low, but sharply increase between 19% and 22%. The authors do not
place an upper limit on the amount of atmospheric oxygen, but suggest that
wildfire activity would still continue above an atmospheric oxygen concentration
of 22%, though the level would not increase much. Upon reaching an upper limit
of 35% atmospheric oxygen, the level of wildfire activity would likely be so high

that it would be incompatible with a sustained flora (e.g. Lenton, 2003).

Concentrations of atmospheric carbon dioxide have a negative relationship with
wildfire activity levels: as atmospheric CO2 goes up, atmospheric O2 goes down,
decreasing the amount of oxygen available for wildfires (e.g. Scottand Glasspool,
2006; Belcher et al., 2010a). However, increased atmospheric carbon dioxide is
linked with increased atmospheric temperatures, which is positively linked with

wildfire activity.

Air temperature has a positive relationship with wildfire activity levels. Studies
show that increased temperatures are often associated with increased
storminess (e.g. Reeve and Toumi, 1999; Power et al., 2007) which, in turn, are
associated with increased numbers of lightning strikes, increasing the likelihood
of ignition (e.g. Belcher, Mander, et al., 2010). A study by Price and Rind (1994)
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Figure 3.10 Diagram showing how various factors affect wildfire activity levels. Green arrows

indicate a positive relationship; red arrows indicate a negative relationship.

has also shown that higher air temperatures are linked to increased drying of

vegetation, increasing its flammability.

Increasing the chances for ignition of plant material increases the likelihood of
wildfires initiating and sustaining. Wildfires can sometimes be initiated by volcanic
activity, rock falls or spontaneous combustion (e.g. Batchelder, 1967; Scott,
2000), but are most commonly initiated by lightning strikes during storms.
Increasing storm activity increases the number of lightning strikes that occur, and
is affected by air moisture, and seasonality. Increasing air moisture and
seasonality are both associated with increased storminess (e.g. Petersen and
Lindstrom, 2012), however, increased storminess can also be linked to increased
levels of precipitation which can limit the initiation and extent of wildfires (e.g.
Price and Rind, 1994).
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FUEL

Increasing amount of vegetation increases the
amount of fuel available.
Availability Positive  Not all vegetation is fuel. Dependent upon

environmental conditions, and vegetation type;
Narrow leaves associated with higher temperatures

Sanford et al., 1985; Batchelder, 1967; Scott, 2000; Glasspool and Scott,
2010

Price, 2000; McElwain et al., 2007; Belcher, Mander, et al., 2010;
Steinthorsdottir, Jeram, et al., 2011

Increasing vegetation flammability increases

Flammability Positive likelihood of initiating and sustaining wildfires

Increasing moisture content decreases plant Albini, 1976; Watson, 1978; Uhl and Kauffman, 1990; Jones and Chaloner,
flammabil?t P 1991; Whelan, 1995; Scott, 2000; Scott and Glasspool, 2006; Belcher and
y McElwain, 2008; Glasspool and Scott, 2010

Bond and van Wilgen, 1996; Price, 2000; Cornelissen et al., 2003; Belcher,
Mander, et al., 2010; Steinthorsdottir, Jeram, et al., 2011; Petersen and
Lindstrom, 2012

Moisture content  Negative

Leaf surface Negative Increasing leaf surface area decreases plant
area 9 flammability

punoiByoeg ®» mainsy alnjelal] — £ Jaideyd

ATMOSPHERIC COMPOSITION

Watson, 1978; Cope and Chaloner, 1980; Clark and Russell, 1981; Cope

Atmospheric O2 Increasing atmospheric O2 concentrations and Chaloner, 1981; Berner and Canfield, 1989; Chaloner, 1989; Scott and

concentration Posithe increases the availability of oxygen required for fire  Jones, 1991; Pyne et al., 1996; Lenton and Watson, 2000; Scott, 2000;
Berner et al., 2003; Scott and Glasspool, 2006; Scott, 2010
Increasing atmospheric CO2 concentrations
Atmospheric CO2 Negative decreases the availability of oxygen required for Pyne et al., 1996; Scott, 2000; Scott and Glasspool, 2006; Belcher,
concentration 9 fire, but increasing atmospheric CO2 concentration ~ Mander, etal., 2010
can cause air temperatures to rise
HEAT
Air temperature Positive  Increasing air temperature increases storminess Reeve and Toumi, 1999; Power et al., 2007; Belcher, Mander, et al., 2010;
P 9 P Petersen and Lindstrom, 2012

Increasing temperatures increases air moisture
g temp Belcher et al., 2010a

Increasing air temperature increases drying of Price and Rind. 1994
vegetation '

& Table 3.8 Summary of factors affecting wildfire activity levels and supporting references.
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Correlation with wildfire activity References
IGNITION
Increasing number of _;B_atcheldter,l 191383;8.K§marek, %j9$7; Watlsggé'lgm;ttC;ggO?gd Chalct)nelr, 2109082(?;8Pyrt1;3 etdal., 1996;
Lightning strikes  Positive lightning strikes increases inner €t al., , REEV and 1oumi, , Scot, , ~ones et al, , Scottan

L Glasspool, 2006; Belcher and McElwain, 2008; Glasspool and Scott, 2010; Petersen and
chance of ignition Lindstrom. 2012

Increasing storm activity
Storm activity Positive increases number of Price and Rind, 1994; Belcher, Mander, et al., 2010; Petersen and Lindstrém, 2012
lightning strikes

Increasing wolcanic activity

increases chance of ignition Batchelder, 1967; Scott, 1988, 1990, 2000, Scott and Glasspool, 2005, 2006

Volcanic activity  Positive

Increasing rock falls
Rock Falls Positive increases chance of ignition ~ (Batchelder, 1967; Scott, 2000)
from sparks

punoiByoeg ®» mainsy alnjelal] — £ Jaideyd

Increasing spontaneous

Spontangous Positive combustion increases (Batchelder, 1967; Scott, 2000)
combustion A

chance of ignition
OTHER

Increasing precipitation
Negative decreases number and Price and Rind, 1994
extent of wildfires

Precipitation
levels

Seasonality Positive Increases storminess Petersen and Lindstrom, 2012

Increasing air moisture

Positive; Increases storminess. Power et al., 2007; Petersen and Lindstrém, 2012

negative Increasing humidity Batchelder, 1967; Scott, 2000
decreases combustibility of

vegetation

Humidity

Table 3.8 (continued) Summary of factors affecting wildfire activity levels and supporting references.
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It is evident that there is a complex relationship between environmental factors
and the level of wildfire activity, all of which must be taken into consideration when
interpreting wildfire activity records. However, this relationship can be simplified
if wildfire activity levels increase, then there must have been an increase in fuel,

oxygen, heat or ignition sources, or any combination of these four factors.

3.5.4. Wildfire Activity During the Early Jurassic

3.5.4.1. The Triassic-Jurassic Boundary

There are a limited number of published fossil charcoal abundance and pyrolytic
PAH concentration studies spanning the T-J Boundary. Data from a number of
sites in Europe and Greenland show evidence of increased wildfire activity across
the T-J Boundary in the form of increased abundances of fossil charcoal and/or
increased concentrations of pyrolytic PAHs in sediments.

Fossil charcoal in the Polish Basin has already been the subject of a 2009 study
by Marynowski and Simoneit (2009), in combination with pyrolytic PAHs. Total
organic content (TOC) and the presence of pyrolytic PAHs in samples from the
Soltykdéw outcrop were analysed, along with samples from the Upper Gromadzice
outcrop (Hettangian) and Kamien Pomorski IG-1 core (Norian-Hettangian).
Marynowski and Simoneit (2009) found elevated levels of TOC and pyrolytic
PAHSs in the lower sections of both the Sottykéw and Upper Gromadzice outcrops.
Three different periods of elevated TOC and PAHs were found in the Kamien
Pomorski IG-1 core: one in Rhaetian-aged samples, the other two in Hettangian-
aged samples. The authors suggest that the elevated levels of TOC and PAHSs,
along with the presence of macrofossil charcoal, is evidence for periods of
elevated wildfire activity in the Polish Basin both before and after the Triassic-
Jurassic Boundary, but do not discuss the possible causes of the increased levels
of wildfire activity.

Belcher et al. (2010) analysed fossil charcoal abundance across the Triassic-
Jurassic transition at Astarteklgft, Greenland, as well as vegetation type. The
authors found a five-fold increase in fossil charcoal abundance across the T-J
Boundary, following a change from less flammable leaf types in the Triassic to
more flammable leaf types at the T-J Boundary. The authors sampled beds from

the same depositional setting to eliminate the possibility of changes in fossil
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charcoal abundance occurring as a result of changing environment. Belcher et
al. (2010) attributed the rise in fossil charcoal abundance to an increase in wildfire
activity due to achange from less flammable to more flammable vegetation types
at Astarteklgft. The authors suggest that the change in vegetation type to more
flammable leaf morphologies could have been caused by the extinction of less
flammable plants due to climate change (global warming and its associated
effects) at the T-J Boundary. Global warming at the TJB would have also likely
increased the frequency of lightning strikes and ignition of wildfires, according to
Belcher et al. (2010). To summarise, the Belcher et al. (2010) study shows an
increase in fossil charcoal abundance across the Triassic-Jurassic Boundary
which the authors suggest is most likely caused by climate-driven changes in
vegetation type leading to an increase in wildfire activity and increase in charcoal

production.

A study of fossil charcoal from deposits in the Danish Basin by Petersen and
Lindstrom (2012) found an increase in average inertinite (fossil organic matter
particles high in carbon matter showing preserved original structures with high
reflectance values, analogous to modern charcoal; ICCP (2001)) content from
~17% to ~75% in sediments spanning the Triassic-Jurassic Boundary, along with
the presence of pyrolytic PAHs. Samples were collected from coal and coaly beds
interpreted to have been deposited in a mire-type environment. A change from
forested mires to fern- and shrub-dominated mires across the Triassic-Jurassic
Boundary in the Danish Basin is also documented by the authors. Petersen and
Lindstrém (2012) propose two possible causes for the increase in wildfire activity:
CAMP volcanic activity forcing a warmer climate, and the establishment of a
seasonal climate and large marine area increasing water vapour and, in turn,

increasing storm activity and lightning strikes.

Van de Schootbrugge et al. (2009) performed geochemical analyses of samples
from the Mariental core, located in northern Germany, and found increased
amounts of PAHs in the Triletes Beds of Triassic-Jurassic Boundary age.
However, palynological analyses of the samples did not find coinciding increased
amounts of black opaque phytoclasts that could be identified as charcoal. Vande
Schootbrugge et al. (2009) analysed the ratios of various PAHs present to
determine the origin of the PAHs and concluded that, due to high coronene to

benzo(a)pyrene ratios, the PAHs present in the Mariental core samples likely
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originated from a source other than wildfires; they also suggest that increased
wildfire activity in the Late Rhaetian is unlikely due to humid environmental
conditions concluding that the increased level of PAHs present in the Triletes
Beds (spanning the T-J Boundary) are likely to have been produced by the
intrusion of CAMP basalts into sediments, causing incomplete combustion of

buried organic matter, and not by increased wildfire activity.

3.5.4.2. The Toarcian Oceanic Anoxic Event

There are also a limited number of published studies examining wildfire activity
during the Toarcian, in particular across the Oceanic Anoxic Event. Fossil
charcoal and pyrolytic PAH concentration datasets exist from a small number of
sites within modern-day Europe, though the authors of these studies do not
necessarily discuss the data in terms of wildfire activity levels. One study that
does examine wildfire activity across the Toarcian OAE, in the form of changes

in fossil charcoal abundance, is by Baker et al. (2017).

Baker et al. (2017) examined fossil charcoal abundance at sites in Portugal and
Wales, UK, and found increased abundances priorto and after the Toarcian OAE,
with a generally low abundance of fossil charcoal during the Toarcian OAE. The
increased abundances of fossil charcoal coincide with relatively positive 813Corg
values, and the low abundances with extremely negative 5'3Corg values which
coincide with the OAE. The authors interpret these two records of fossil charcoal
abundance as indicating elevated levels of wildfire activity at the beginning of the
Toarcian OAE, and afterwards, during the recovery phase. Baker et al. (2017)
suggest that wildfire activity, and therefore the production of charcoal, was driven
by increasing atmospheric oxygen levels, and formed a positive feedback loop,

driving recovery from the Toarcian OAE.

Fossil charcoal has been found in Toarcian-aged sediments from the island of
Bornholm, Denmark, by Hesselbo et al. (2000) though the authors make no
mention of wildfire in the study. Additional studies of charcoalified and coalified
leaf fossils from Bornholm by McElwain et al. (2005) suggest that the fossil
charcoal record at this site is incompatible with an elevated level of wildfire activity

during the Toarcian due to indicators of wetter climate.
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A wide range of polycyclic PAHs have been detected in Early Toarcian-aged
sediments from Yorkshire, UK, by French et al. (2014), but there is a lack of fossil
charcoal data and the authors make no interpretation of the data in terms of
wildfire activity. Elevated concentrations of pyrolytic PAHs correlate with the
tenuicostatum ammonite biozone. Correlation of the pyrolytic PAH concentration
data with 83Corg data from Hesselbo et al. (2007) suggests that the elevated
pyrolytic PAH concentrations occur prior to the Toarcian OAE. A smaller increase
of pyrolytic PAH concentrations at the end of the exeratum ammonite subzone
appears to correlate with the end of the Toarcian OAE, and a return to more

positive 33Corg values.

A record of wildfire activity in the Polish Basin during the late Pliensbachian and
earlier Toarcian by Rybicki et al. (2016) shows co-occurrences of inertinite, fossil
charcoal, and unsubstantiated PAHs, which the authors suggest are evident of
wildfire activity. A lack of stratigraphic information in the study makes it difficult to

compare the authors’ findings with other wildfire records from the Toarcian.

It is evident that there are a lack of published datasets relating to wildfire activity
during the Toarcian and across the Triassic-Jurassic Boundary. There is great
scope for additional work to be carried out investigating the wildfire activity

records of these time periods.

3.6. The BIT and MBT’-CBT indices

A detailed discussion of the background of the BIT and MBT'-CBT indices is
provided in Chapter 8, Sections 8.3.2. — 8.3.4.

3.6.1. The BIT Index

The Branched and Isoprenoid Tetraether (BIT) Index is a proxy used for
estimating the input of soil organic matter in sediments, developed by Hopmans
et al. (2004). Glycerol dialkyl glycerol tetraethers (GDGTSs) are a type of lipid
thought to be derived from terrestrial soil bacteria (Peterse et al.,, 2012) and
known to be derived from marine planktonic archaea (Hopmans et al., 2004) and
can be found inimmature sediments. Branched GDGTs are usually produced by

terrestrial organisms, though some branched GDGTs can be produced in situ in
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marine sediments; isoprenoid GDGTs are produced by marine organisms
(Peterse et al., 2009). The presence of GDGTs in sediments is detected using
high performance liquid chromatography/atmospheric pressure positive ion
chemical ionization mass spectrometry (HPLC/APCI-MS). The BIT Index is
based on the relative abundance of 3 branched GDGTs in comparison to the

isoprenoid GDGT crenarchaeol.

In general, the higher the BIT Index, the greater the input of terrestrial organic
matter to the sediments analysed. There are concerns that isoprenoid GDGTs
can be produced in terrestrial environments as well as marine, calling into doubt
the efficacy of this proxy (Xie et al., 2012; Weijers, Schouten, van den Donker, et
al., 2007).

The BIT Index proxy was developed using Recent surface sediment samples and
is best used on immature sediments (Hopmans et al.,, 2004). As a result, it is
commonly used on relatively young sediments (e.g. Cenozoic) and is more rarely
used on older sediments. However, branched GDGTs and crenarchaeol have
both been detected in sediments of Cretaceous age (Kuypers et al., 2001;
Hopmans et al., 2004), suggesting that the BIT Index can be used on older (e.g.
Mesozoic) immature sediments. Jenkyns et al. (2012) successfully detected
branched GDGTs in and calculated BIT indices from Middle Jurassic-Early
Cretaceous-age sediments as part of a study reconstructing sea-surface
temperatures. Robinson et al. (2017) attempted to analyse BIT Index values of
sediments of Sinemurian and Pliensbachian age (~199-183 Ma), though the
amount of branched GDGTs in these Early Jurassic sediments was either below

the limit of detection or not abundant enough to be quantified.

3.6.2. The MBT’-CBT Index

The MBT'-CBT proxy is a revision by Peterse et al. (2012) of the original MBT-
CBT proxy (methylation index and cyclisation ratio of branched tetraethers) by
Weijers et al. (2007) and is used for reconstructing palaeotemperature and soil
pH. A study by Weijers et al. (2007) showed that the assemblage of branched
GDGTs insitu is related to mean annual airtemperature (MAAT) and soil pH. The

authors found that the number of methyl groups in these

91



Chapter 3 — Literature Review & Background

compounds is related to MAAT, and that the number of cyclopentane moieties is
related to soil pH. Weijers et al. (2007) developed the Methylation index of
Branched Tetraethers (MBT) and Cyclisation ratio of Branched Tetraethers (CBT)
to quantify the relative amounts of methyl groups and cyclopentane moieties,
respectively, in branched GDGTs. Peterse et al. (2012) revised these original
indices using additional data from soil studies to produce the updated MBT' and
CBT indices.

Peterse et al (2012) also updated the equations used to calculate mean annual
air temperature and soil pH using their revised MBT and CBT indices. The
revised equations by Peterse et al. (2012) are now the standard formulae used

for reconstructing MAAT and soil pH from branched GDGTs.
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CHAPTER 4 LABORATORY METHODS USED IN THIS
THESIS

4.1. Single-phytoclast 813C Measurements
4.1.1. St Audrie’s Bay, UK, Samples

Organic matter was liberated from the sediments using the acid digestion method
used for fossil charcoal abundance quantification studies at the wildFIRE Lab,
University of Exeter, by the author and M. Grosvenor; a detailed discussion of
this method is provided in Section 4.2.1. Bulk rock samples were treated with
37% hydrochloric acid and 40% hydrofluoric acid to remove all carbonate and
silicate material, respectively. The samples were then washed until neutral and
the remaining organic matter sieved using a 125 ym mesh into a coarse fraction
and a fine fraction.

Up to ten phytoclasts from the coarse fraction (>125 um) of each sample were
described, photographed, and picked (Figure 4.1). A Wild Heerbrugg binocular
stereo microscope with reflected and transmitted light sources, located at
Camborne School of Mines, University of Exeter, was used. The picked
phytoclasts were assigned a new sample number each and stored separately

until analysis.

A newly-developed technique combining laser ablation, nano-combustion gas
chromatography and isotope ratio mass spectrometry (LA/nC/GC/IRMS) by van
Roij et al., (2017) was used to measure the carbon-isotope ratios of the individual
phytoclasts at the Department of Earth Sciences, Utrecht University (Figure 4.2).
Prior to the actual measurements being made, the phytoclasts were prepared for
analysis. Fourteen phytoclasts were placed and then pressed onto a nickel disc
using a hydraulic press at a pressure of ~1 bar. The remaining eleven phytoclasts

were placed directly onto the nickel disc and were not pressed (Table 4.1).

A piece of polyethylene (PE) film standard was then placed next to the phytoclast
on the nickel disc. The standard material used for the analyses is the international
IAEA-CH-7 polyethylene standard. The PE standard has a certified 513C value of
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Figure 4.1 Photographs of St Audrie’s Bay phytoclasts suspended in water under reflected and
transmitted light. A) StAB1, fragment 3, non-structured amorphous phytoclast; B) StAB40,
fragment 2, non-structured amorphous phytoclast; C) StAB205, fragment 5, non-structured
amorphous phytoclast; StAB206, fragment 6, non-structured amorphous phytoclast. Non-

structures amorphous phytoclasts are thought to be derived from woody plant parts.

-32.151 £ 0.050%0 (10), relative to the international Vienna Pee Dee Belemnite
(VPDB) standard (Coplen et al., 2006).

An individual nickel disc holding both a phytoclast and piece of PE film was placed
into the sample chamber and flushed with helium until the background argon and
carbon dioxide levels stabilised. Once the background gas levels were stable, the
ablation sequence was started. A range of different ablation sequences were
used during this pilot study; each involved bookending the sequence with three
measurements of reference gases and at least one measurement of the PE
standard. Multiple ablations and measurements of both the PE film and phytoclast

were made in each ablation sequence.

The laser energy setting was varied between low energy (~25 kV) and high
energy (~27 kV) during the pilot study (Table 4.1). Phytoclasts were approached

from the side with the laser during ablation.

The peak areas measured from the ablation of the reference gases, PE film, and

phytoclast sample were converted into 513Cinstrument values. The &3Cinstrument

94



Chapter 4 - Methods

oxidation
oven
GC \
Ref. gas —» / column o
He _ GC Il S
interface %
OZ—> 7]
+
laser £
&/ o %
of £ N
o] £
of & o) v
+ * <
2 ¢
He — | ablation
chamber
O, valve
IRMS instrument
pump

Figure 4.2 A schematic diagram of the LA/nC/GC/IRMS system deweloped by van Roij et al.
(2017). GC = gas chromatography; He = helium; Ref. gas = reference gas. Redrawn from Figure

S1 (van Roij et al., 2017).

values calculated by the software were detrended (8'3Cdetrend) and then corrected
for instrument drift (8'%Ccorr). The final corrected 3'3C values (33Ccorr) are

reported and discussed in this thesis.

A total of 155 PE standard measurements were taken during the pilot study and
were found to show a nonlinear relationship with peak size. These 32Cinsturment
values were detrended relative to peak size to avoid the effect of peak size
distorting reported &'3C values. The PE standard &3Cinsturment values were
detrended using the nonlinear least squares fit method (obtained using R
software package), resulting in Equation 4.1:

(4.1) B'BCdetrend = 8 3Cinstrument — log(peak area, base = 3.068396)
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Sample Height Phytoclast Phytoclast pressed? Laser energy

1A Yes Low

2A Yes Low

3A Yes Low

StAB205 12.7 2B No Low
3B No Low

4B No Low

5B No Low

1 No Low

2 No Low

3 No Low

3 No High

StAB206 13.0 3 No Low
1 Yes Low

2 Yes Low

5 Yes High

4 Yes High

6 Yes High

StAB1 16.1 L No -ow
3 No Low

1 Yes High

2 Yes High

StAB40 24.2 3 ves H!gh
4 Yes High

5 Yes High

6 Yes High

Table 4.1 Pressing and laserenergysettings used for the St Audrie’s Bay phytoclasts analysed in the pilot
study.

This detrending calculation (Equation 4.1) was then applied to all 33Cinstrument
measurements (standards, reference gases, samples) in the pilot study to

eliminate the influence of peak area on 5'3C value.

The PE standard has a certified 33C value of -32.151%o.. Reported PE standard
O13Cudetrend Values deviated from the certified value as a result of instrument drift.

By correcting the PE 8'3Cudetrend vValues for instrument drift, it was then possible to
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correct the reference gas and sample 33Cdetrend values for instrument drift. All
O13Cudetrend values were then corrected for this drift using Equation 4.2:

4.2) 013Ccorr = B13Cdetrend — (513CPE(av) +32.151)

The average PE 5'2C value (5'3Creav)) of all detrended PE 5'3C measurements
in a sample run was calculated to measure the deviation from the certified value.
The certified 313C absolute value of the PE standard, 32.151, was then added to
the average PE 0!3Cudetrend Value. Following this step, Equation 4.2 could then be
used correct all 5'3Cdetrend Values in a run for instrument drift. The value of
B13Cprav) + 32.151 was then subtracted from all of the 313Cdetrend Values in a run
to calculate the corrected d13C value (8'3Ccorr). After drift correction, the average
value of the PE 33Ccorrvalues measured in a run should now be -32.151%o. While
detrending the data involved processing all measured PE &3Cinstrument values
from every run together, correcting the 8'3Cdetrend Values had to be processed per

run as the extent of instrument drift varied between runs.

Following the process of measuring > detrending > correcting, the 813C values

were then ready for analysis and interpretation. The full results are discussed in
Chapter 5, Section 5.5.1.

4.1.2. Llanbedr, Wales, UK, Samples

Ten bulk rock sediment samples were processed at the wildFIRE Lab, University
of Exeter, by S. Baker and M. Grosvenor, using the method described in Section

4.2.1. Standard acid maceration techniques were used to liberate organic matter
from sediment samples (Baker et al., 2017). The organic matter particles were

sieved using a 125 ym mesh into a coarse fraction and a fine fraction.

Fifteen phytoclasts were described, photographed and picked from the coarse
fraction (>125 um) of each of the 10 samples (Figure 4.3). A Wild Heerbrugg
binocular stereo microscope with reflected and transmitted light sources, located
at Camborne School of Mines, University of Exeter, was used. Each phytoclast

was given a new unique sample number and stored individually until analysis.

Phytoclasts were prepared before 512C measurement using the LA/nC/GC/IRMS
system. An individual phytoclast was placed in the centre of a nickel disc (6 mm

diameter) before an additional disc was placed on top of the phytoclast-bearing
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Figure 4.3 Photographs of Llanbedr phytoclasts suspended in water under reflected and
transmitted light. A) M2560311; B) M2592714; C) M2729212; D) M276547. Phytoclasts are
thought to be derived from woody plant parts.

disc. The two discs were then placed in a hydraulic press and pressed together
at a pressure of ~1 bar, to stick the phytoclast to the surface of one of the nickel
discs. A piece of polyethylene film standard was then placed onto the nickel disc
next to the pressed phytoclast.

A single nickel disc holding both a pressed phytoclast and piece of PE film was
placed into the sample chamber, which was then flushed with helium until the
background argon and carbon dioxide levels stabilised. Once the background
argon and carbon dioxide levels were stable, the ablation sequence was initiated.
Three reference gases were run first, followed by one ablation of the PE film, one
ablation of the phytoclast sample, a second ablation of the PE film, and the 3

reference gases again.

The peak areas measured during the ablation sequence were then converted to

O13C values and drift correction calculations performed (Equation 4.3).
(4.3) O BCcorr = 83Cinstrument — (33Cpeav) + 32.151)

03C measurements of the Mochras PE standards did not show a relationship
with peak size and therefore did not require detrending. The reason for this lack

of relationship is currently unknown; it may relate to improved ablation quality, or
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perhaps the composition of the phytoclasts. The drift-corrected 313C values are
the values reported for the Llanbedr samples in this thesis, unless stated

otherwise.

A random number generator was used to create carbon-isotope curves for the
Mochras study section to determine whether the Toarcian OAE negative CIE
could be reproduced using one single-phytoclast 33C measurement from each
sample horizon. Each 33Cphytoclast measurement within a sample was assigned a
number, ordered sequentially starting at 1. Using the =RANDBETWEEN function
in Microsoft Excel 2013, a random 313Cphytoclast measurement was selected from
each sample. The randomly-selected &'3Cphytoclast measurements were then

plotted against depth. This process was repeated 20 times.

The full results are discussed in Chapter 5, Section 5.5.2. (p. 129) The raw data
generated is provided in Appendix A (p. 308); the full results of the random
number generator study is provided in Appendix B (p. 356).

4.2. Fossil Charcoal Quantification

4.2.1. Acid Maceration & Sieving

Standard palynological acid maceration techniques were used to extract fossil
organic matter from bulk sediment samples (e.g. Belcher et al., 2010; Baker et
al., 2017). Hydrochloric (HCI) and hydrofluoric (HF) acids were used to remove

carbonate and silicate material, respectively, leaving only fossil organic matter.

Approximately 10 g of bulk sediment sample was placed in a polypropylene
sample pot (resistant to HF; 180 ml total volume); samples were kept as whole
as possible so as to avoid breaking up organic matter particles into smaller
fragments. Samples were initially wetted with ~10 ml of 10% HCI to acidify the
samples, before ~50 ml of 37% HCI was added in two stages. The stronger HCI
was added in two stages to avoid producing a violent reaction; ethanol was used
to slow any reaction that was too violent. The sediment and HCI mixture was then
left overnight at room temperature to react, before being topped up with deionised

(DI) water and left overnight at room temperature for the particles to settle.
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The supernatant liquid was then carefully poured away, leaving only sediment in
the sample pot. Approximately 50 ml of 40% HF was then added to the sample
in two stages, again, to avoid causing too violent a reaction. Ethanol was used to
slow down any reaction that was too violent. The HF and sediment mixture was
then agitated for 1 hour at room temperature on a shaker. After this, the samples
were left for 72 hours at room temperature to react, before being topped up with
DI water and left to settle. The solute would usually settle at the bottom of the

sample pot within 1-2 hours, though some samples took up to 24 hours.

The supernatant liquid was then carefully decanted and ~10-20 ml of 37% HCI
added to the sample pot to prevent the formation of gels, along with enough
deionised water to top up the pot. The samples were then left to settle again (1-
24 hours) before the supernatant liquid was decanted and the washing process
started. Sample pots were topped up with deionised water and the solute left to
settle out of the solution (between 1 and 24 hours) before the supernatant liquid
was decanted carefully, avoiding pouring out the particles of organic matter. The
washing step was repeated until the solution in each sample pot had reached a
neutral pH. Samples were washed between six and fourteen times to become
neutral. Neutralised samples were sieved using a 125 um mesh, collecting both
the coarse (>125 ym) and fine fractions (<125 pm) for analysis, with the coarse
and fine fractions reflecting local and regional wildfire activity, respectively (e.g.
Whitlock, 2001; Sadori and Giardini, 2007; Kawano et al., 2012).

Up to twenty bulk rock samples were processed at a time, with the acid

maceration and sieving process taking up to three weeks.

4.2.2. Coarse Fraction Preparation & Particle Quantification

The coarse fraction (>125 um) of each sample was analysed using a Wild Herring
binocular stereo microscope at Camborne School of Mines, University of Exeter,
by the author. Under transmitted and reflected light at x50 magnification, the
entire sample (organic matter particles suspended in deionised water) was
analysed, and the number of charcoal particles in each field of view counted; this
process could take up to an hour per sample. Non-charcoal organic matter
particles and inorganic matter particles were not counted. The number of charcoal
particles per sample was then standardised and expressed as the number of

particles per 10 g of bulk rock sediment.
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The full results are discussed in Chapter 6, Section 6.5.1.1. and Chapter 7,

Section 7.5.1. The particle counts from all samples is provided in Appendix C.

4.2.3. Fine Fraction Preparation & Particle Quantification

The fine fraction (<125 um) of each sample was used to produce a microscope
slide for analysis. The fine fraction was sieved again using a 15 ym mesh to
remove the finest material (e.g. clay and pollen) from each sample, allowing for
easier analysis of the microscope slides. The organic matter fragments were
suspended in a known amount of deionised water and 58 pl of this mixture was
dropped onto a glass slide. A cube of glycerine jelly was added to the mixture on
the slide before being heated until the glycerine jelly had melted. The melted
glycerine jelly and sample were mixed together and heated for a few seconds
before a glass cover slip was placed on the sample/jelly mixture, taking care to
spread the sample/jelly mixture evenly and to minimise air bubble formation under
the cover slip. The whole slide was briefly heated for a third time, and the slide
left to set for ~24 hours. The edges of each cover slip were sealed with clear nail

varnish.

The fine fraction slides were analysed using a Nikon Polarizing Microscope
(model: ECLIPSE E600 POL). Under transmitted light at x20 magnification, ~80-
90 fields of view were analysed (~15-46% of total sample area) and the number
of both charcoal and non-charcoal organic matter fragments in each field of view
were counted; this process took ~1-1.5 hours per slide. Inorganic matter was not
counted. After ~50 fields of view, the ratio of charcoal to non-charcoal organic
matter fragments stabilised. The total number of charcoal and non-charcoal
organic matter fragments counted per slide was then scaled up to express the
number of fragments per 10 grams of bulk rock (Belcher et al., 2005). Two
individual slides were prepared and analysed for each sample, with the two sets

of particle counts being averaged and presented in this thesis.

The full results are discussed in Chapter 6, Sections 6.5.1.2. —6.5.1.4. (p. 154)
and Chapter 7, Section 7.5.1. (p. 185). The particle counts from all slides is
provided in Appendix C (p. 360).
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4.3. Polycyclic Aromatic Hydrocarbon Quantification

4.3.1. Extraction & Separation of Polycyclic Aromatic Hydrocarbons from

Sediments

Samples were prepared at the University of Southampton, Organic Geochemistry
and Compound Specific Isotope Ratio Mass Spectrometry Laboratory, under the
supervision of J. Whiteside, using a standard extraction technique (e.g. Jiang et
al,, 1998). Approximately 15 g of bulk rock sample was crushed to a fine,
homogeneous powder using an agate pestle and mortar. The total lipid extract
(TLE) was taken from the powdered samples using a Dionex ASE 350
Accelerated Solvent Extractor. Approximately 5 g of powdered sample was mixed
with clean sand and then placed into an ASE sample chamber. A 1:1 mix of
dichloromethane & methanol were then used to obtain the total lipid extract from
the samples. The TLE and solvent solution was collected in a large vial (Figure
4.4) which was then dried down using a Genevac EZ-2 Centrifugal Evaporator.
The dried TLE samples were then transferred to smaller, working vials using ~5
ml of dichloromethane, before being dried down under a constant stream of

nitrogen.

The total lipid extract was then separated into three fractions (non-polar,
aromatic, and polar molecules) using column separation. The non-polar fraction

was separated out first, followed by the aromatic fraction, and then finally the

!
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Figure 4.4 TLE after extraction using the Dionex ASE 350 Accelerated Solvent Extractor.
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Figure 4.5 Aromatic fractions drying under the nitrogen blow-down system.

polar fraction. The columns used were glass pipettes with a piece of glass cotton
at the bottom of the column, and then filled with silica gel. The columns were then
saturated with hexane. For each fraction, ~1 ml of solvent was added to the TLE
vial, and then slowly dripped through the column using a pipette. An additional
~3 ml of the same solvent was then added to the column, and a constant stream
of nitrogen used to push the solvent through the column. The extracted fractions
were collected in separate small vials placed underneath the column. A single
column was used for the extraction of each fraction from each sample. Pure
hexane was used to extract the non-polar fraction from the total lipid extract. A
4:1 mix of hexane and dichloromethane was used to extract the aromatic fraction,
and a 1:1 mix of dichloromethane and methanol was used to extract the polar

fraction from the TLE.

The separated aromatic fractions (Figure 4.5) were dried down until <1 ml of
solvent was left in the vials, which was then transferred to a GC-MS vial. The GC-
MS vials were then dried down under a constant stream of nitrogen before 200
gl of dichloromethane was added to each GC-MS vial. The GC-MS vials were
capped immediately after adding the dichloromethane and stored in a freezer

until analysis.
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4.3.2. Analysis & Quantification of Extracted Polycyclic Aromatic Hydrocarbons

GC-MS analyses were carried out on a Thermo Scientific TRACE 1310 Gas
Chromatograph coupled with a Thermo Scientific TSQ 8000 Triple Quadrupole
Mass Spectrometer. A 1 pyl sample was injected into the coupled GC-MS system

for analysis.

Peak identification of the mass chromatograms was carried out by the
comparison of retention times and mass spectra with known standards (Figures
4.6 —4.8).

A total of fifteen different polycyclic aromatic hydrocarbons were identified,
including those produced during the pyrolysis of organic matter (8; pyrolytic
PAHSs), PAHs from a petroleum/bituminous source (6; petrogenic PAHS), and the
higher-plant biomarker, retene (see Table 4.2 for complete list of PAHs identified

and quantified).

The abundances of the chosen compounds were calculated by comparison of the

peak areas of a known standard (anthracene) with the peak areas of the PAHs
from the GC-MS chromatograms (Equation 4.4).

The PAH concentration (ng/1 g sediment) was corrected to account for material
loss during sample processing. New samples containing only known amounts of
anthracene standard were subjected to the same extraction, separation and GC-
MS processes as the Polish Basin samples. The abundance of anthracene in

these samples was then calculated using the peak areas from the GC-MS
chromatograms and Equation 4.4.

The concentration of anthracene, as quantified using the GC-MS data, was then
compared to the known amounts of anthracene in the starting samples. The loss
of anthracene was found to be 20%. The Polish Basin samples were assumed to
have lost this proportion of PAHs as well. The PAH concentrations calculated
using the peak areas from the GC-MS chromatograms have been corrected for
this loss of material (Equation 4.5). Any mention of PAH concentration from this

point forward refers to the corrected PAH concentrations unless otherwise stated.
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Polycyclic aromatic Retention Molecular Number of Source
hydrocarbon time (min) weight aromatic
rings
fluorene 18.11 166 3
phenanthrene 21.65 178 3
fluoranthene 26.28 202 4
pyrene 27 01 202 4 Combustion of organic
matter
benz-anthracene 31.96 228 4
benzo(k)fluoranthene 36.64 252 5
indeno[1,2,3-cd]pyrene 40.90 276 6
Combustion of organic
coronene 44.8 300 7 matter AND
petroleum/bitumen
2-methylnaphthalene 12.16 142 2
1,7-
dimethylnaphthalene 14.93 156 2
2-methylphenanthrene 23.80 192 3
Petroleum/bitumen
9-methylphenanthrene 24.10 192 3
2,5-
dimethylphenanthrene 26.04 206 3
1-methylpyrene 28.58 216 4
retene 28.91 234 3 Higher-plant
biomarker

Table 4.2 Polycyclic aromatic hydrocarbons identified in this study, including retention time

(minutes), molecular weight, number of aromatic rings, and source of the PAHSs.

(4.4)

(4.5)

PAH concentration (ng /1 g sediment) =

Corrected PAH concentration (ng/1 g sediment) =

k 20000000
peak area+ ¥200

20000000

grams of sediment processed

PAH concentation (eqtn 1)

0.8

The full results are discussed in Chapter 6, Section 6.5.2. (p. 160) and Chapter

7, Section 7.5.2. (p. 195). The peak areas, uncorrected PAH concentrations, and

corrected PAH concentrations is provided Appendix D (p. 365).
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Figure 4.7 TIC mass spectra of sample kk_34 showing the peaks associated with the six petrogenic PAHs identified, along with their chemical structures

and retention times (R/T).
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Figure 4.8 TIC mass spectra of sample kk_34 showing the peak associated with the higher-plant biomarker retene, along with its chemical structures and
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4.4. Carbon-isotope Measurements
4.4.1. Terrestrial Bulk Organic Matter 513C Measurements

Bulk rock samples were collected from the Niektan PIG-1 core for bulk organic
matter 813C analyses; samples were processed at Camborne School of Mines,
University of Exeter. Between 240 and 280 milligrams of each bulk rock sample
was crushed to a fine powder using an agate pestle and mortar before
decarbonation. Approximately 5 ml of 10% HCl was added to each sample, which
was then agitated to ensure thorough mixing of the powder and HCIl. Samples
were left to react for 24 hours at room temperature before being topped up with
deionised water to a total volume of 50 ml. Each sample was centrifuged for 2
minutes at 2500 rpm and then the liquid poured off. The samples were then
topped up with deionised water again, and the centrifuge step repeated, bringing
the powders to a neutral pH. The neutralised powders were then dried at 40°C
for 24 hours to remove all remaining liquid. The dried powders were then
reground to a fine homogeneous powder using an agate pestle and mortar for
analysis. Carbon- and nitrogen-isotope measurements were carried out at the
British Geological Survey Stable Isotope Facility using a Finnigan DELTAplusXP
stable-isotope ratio mass spectrometer. Approximately 100 mg of treated powder
was measured out into a tin capsule and then analysed using the mass
spectrometer. A relatively large quantity of treated powder was analysed due to

a lack of carbon-content data; TOC was not determined.
The raw data are provided in Appendix E (p. 378).
4.4.2. Macrofossil Plant Material 813C Measurements

Macrofossil plant samples were collected from the Niektann PIG-1 core for carbon-
isotope analysis; the samples were processed at Camborne School of Mines,
University of Exeter. The macrofossil plant samples are thought to represent
vascular plant material from a range of different plant types. The samples were
crushed to afine powder using a porcelain pestle and mortar before being treated
for 24 hours at room temperature with ~5 ml of 10% hydrochloric acid to remove
any carbonate material present. Samples were then washed several times with
deionised water untii a neutral pH was reached. The decarbonated and

neutralised powders were then dried for 24 hours at 50°C to remove all remaining
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liquid. Approximately 1 mg of treated powder was measured out into atin capsule
before placing into an Integra2 combined isotope ratio mass spectrometer and

elemental analyser for carbon- and nitrogen-isotope analyses.

4.4.3. Woody Phytoclast 613C Measurements

Bulk rock samples were collected from the Niektan PIG-1 core for carbon-isotope
analysis of picked woody phytoclasts. The samples were prepared by M. Hodbod
at the Polish Geological Institute — National Research Institute. Approximately 30-
50 mg of bulk rock was crushed and then underwent two rounds of acid digestion,
first using cold 30% hydrochloric acid then using 38% hydrofluoric acid. The
samples were then washed with a water and hydrogen iodide solution. Cadmium
iodide and potassium iodide salt solutions were then used to separate out heavy
minerals before the samples were washed with distilled water until neutrality was
reached. Woody phytoclast particles were then picked from the remaining organic
matter using an optical microscope. The assemblages of picked woody
phytoclasts were then analysed at the British Geological Survey Stable Isotope
Facility using a Finnigan DELTAplusXP stable-isotope ratio mass spectrometer.
All picked woody phytoclasts (<1 mg) from each sample were placed in a tin

capsule and then analysed for carbon- and nitrogen-isotope values.

4.5.BIT & MBT’-CBT Indices
4.5.1. Sample Preparation & Analysis

Bulk rock samples were collected from several sites located in the Polish Basin
and prepared using a standard extraction method (Lopes dos Santos and Vane,
2016). Samples were cleaned and powdered at Camborne School of Mines,
University of Exeter, and the remaining processing and analysis was carried out
at Organic Geochemistry Facility at the British Geological Survey.

The surfaces of most bulk rock samples were initially scraped off to reduce the
possibility of contamination from modern soil bacteria. The bulk rock samples
from the Koztowice outcrop were highly friable and simply disintegrated when

trying to remove the outer surface of the sample. Contamination of the Koztowice
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samples by modern-day soil bacteria is highly likely and have to be taken into

consideration when interpreting the results.

Approximately 15 g of bulk rock sample was crushed into a fine homogeneous
powder using an agate pestle and mortar prior to extraction using a Dionex 200
automated solvent extractor (ASE). A 9:1 mixture of dichloromethane and
methanol was used with the ASE to extract the total lipid extract (TLE) from the
powdered samples. The TLE was separated into apolar and polar fractions using
column separation. The column separation was carried out using glass pipettes
containing aluminium oxide (Al203). The apolar fraction was extracted using a 9:1
mixture of hexane and dichloromethane, and the polar fraction extracted with a

1:1 mixture of dichloromethane and methanol.

The polar fraction of the TLE was filtered using a polytetrafluoroethylene filter
(PTFE, 0.45pum) prior to analysis using a high-performance liquid
chromatography—mass spectrometry (LC—MS) with a Thermo TSQ Quantiva MS
instrument coupled to an Ultimate 3000 series HPLC instrument. GDGTs were
identified from the chromatograms and converted to concentrations by

comparison of the GDGT peak areas with that of an internal standard.
4.5.2. BIT Index Calculations

The Branched and Isoprenoid Tetraether (BIT) Index is a proxy used for
estimating the input of terrestrial organic matter in sediments, developed by
Hopmans et al. (2004). The BIT Index is based on the relative abundance of 3
branched GDGTs (la, lla, llla) in comparison to the isoprenoid GDGT
crenarchaeol. The BIT Index is calculated using the following equation (4.6):

la+ lla+ llla
la+ lla+ Illa + crenarchaeol

(4.6) BIT =

4.5.3. MBT’-CBT Palaeothermometer & Soil pH Reconstructions

The MBT'-CBT proxy is a revision by Peterse et al. (2012) of the original MBT-
CBT proxy by Weijers et al. (2007) and is used for reconstructing
palaeotemperature and soil pH. Weijers et al. (2007) developed the Methylation
index of Branched Tetraethers (MBT) and Cyclisation ratio of Branched
Tetraethers (CBT) to quantify the relative amounts of methyl groups and

cyclopentane moieties, respectively, in branched GDGTs. Peterse et al. (2012)
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revised these original indices using additional data from soil studies to produce
the updated MBT' and CBT indices (Equations 4.7 and 4.8).

4.7) MBT'= la+1Ib+Ic
' la+ b+ lc+ lHa+ b+ lc+llla
(4.8) CBT = —log(‘2* 10y
la+ lla

Peterse et al. (2012) also updated the equations used to calculate mean annual
air temperature (Equation 4.9) and soil pH (Equation 4.10) using their revised

MBT' and CBT indices. The revised equations by Peterse et al. (2012) are now
the standard formulae used for reconstructing MAAT and soil pH from branched
GDGTs.

(4.9) MAAT =0.81 —(5.67 X CBT) + (31.0 x MBT")

(4.10) pH = 7.9 — (1.97 X CBT)
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CHAPTER 5 TERRESTRIAL CARBON-ISOTOPE
STRATIGRAPHY FOR KEY INTERVALS OF THE EARLY

JURASSIC

5.1. Introduction

Carbon-isotope (C-isotope) stratigraphy of the Early Jurassic is a well-studied
topic, with much focus on key intervals, such as the Triassic-Jurassic Boundary
(201.3 £ 02. Ma; T-J Boundary) and Toarcian Oceanic Anoxic Event (~183 Ma;
Toarcian OAE). Notable negative carbon-isotope excursions (CIEs) occur during
both of these times, and are recorded in both marine and terrestrial settings from
sites across the globe (e.g. Jenkyns, 1988; Hesselbo et al., 2002; Hesselbo,
Jenkyns, et al.,, 2007; Palfy et al., 2007; Al-Suwaidi et al., 2010; Hesselbo and
Pienkowski, 2011).

It is well known that the carbon-isotope composition of plants is influenced by a
number of different factors, but most importantly by the carbon-isotope
composition of the atmosphere and C-isotope discrimination during
photosynthesis (Farquhar etal., 1982, 1989). However, little work has been done
to determine how much carbon-isotope values (312C) in fossil terrestrial organic
matter vary within a sample, and how much this affects the magnitude of carbon-

isotope excursions.

A newly-developed technique combining laser ablation, nano-combustion gas
chromatography and isotope ratio mass spectrometry (LA/NnC/GC/IRMS) (van
Roij et al., 2017) provides the opportunity to study d13C variations of terrestrial
organic matter within samples. By using this new method to analyse 53C values
of individual particles of terrestrial organic matter from key Early Jurassic
intervals, it will be possible to evaluate the effect of terrestrial plant matter

composition on overall bulk organic matter 33C values.

This newly-developed technique could prove invaluable when investigating the
carbon-isotope signatures of organic matter from sediments deposited in
environments which experience(d) both marine and terrestrial influences. This

new technique could allow for the disentangling of marine and terrestrial organic
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matter records. Carbon-isotope analysis of individual organic matter particles
could support other methods of organic matter classification and quantification
(e.g. hydrogen index), providing a better understanding of organic matter input to
marine- and terrestrial-influenced deposition sites. In addition, the coupling of
single-phytoclast carbon-isotope data with palynology records could also allow
for the generation of carbon-isotope profiles for different types of plants and plant
matter. Single-phytoclast carbon-isotope measurements could also prove useful
for samples with extremely low organic matter content, where traditional

techniques would fail to provide reliable data.

5.2. Aims

This study attempts to capitalise on the use of a recently-developed, novel
technique to investigate a number of objectives. With the new data generated

using this technique, the following questions are addressed:

e How isotopically-homogeneous are individual phytoclasts?

e How much variation in carbon-isotope values is there between single
phytoclasts from the same sediment sample?

e Can single-phytoclast carbon-isotope values be linked to phytoclast
appearance?

e How do single-phytoclast carbon-isotope measurements compare against
bulk organic matter carbon-isotope measurements from the same
sediments?

e How do single-phytoclast carbon-isotope measurements compare against
macrofossil wood carbon-isotope measurements from the same time
period?

e Is it possible to reproduce the characteristic T-J Boundary negative
carbon-isotope excursions and Toarcian Oceanic Anoxic Event negative
carbon-isotope  excursion  with  single-phytoclast  carbon-isotope

measurements?
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5.3. Study Sections
5.3.1. Triassic-Jurassic Boundary: St Audrie’s Bay, Southwest UK

5.3.1.1. Geological Setting

A mainly marine sedimentary sequence can be found at St Audrie’s Bay in the
southwest United Kingdom (Figure 5.1). The sediments at St Audrie’s Bay
consist of a thick succession of mudstones and limestones, deposited during the
Late Triassic and Early Jurassic. The mudstones and limestones record the upper
Rhaetian, entire Hettangian, and lower Sinemurian stages. The Triassic-Jurassic
Boundary (201.3 = 0.2 Ma (Cohen et al., 2013; T-J Boundary) is signified by the
first appearance of the Early Jurassic ammonite Psiloceras spelae (Hillebrandt
and Krystyn, 2009) though it is not present at St Audrie’s Bay.

During the Late Triassic-Early Jurassic, the Bristol Channel Basin was located at
a mid-palaeolatitude in a shallow sea on the northwest margin of the Tethys
Ocean (figure 1; Korte et al., 2015). Sediment deposition occurred in a shallow
marine environment (Hesselbo et al., 2004), though the abundance of mudstones

suggests that water depth was sufficient enough that the seafloor was below the

]

Panthalassa Tethys Ocean

9

Y% StAudrie’s Bay Site

Cratonic landmasses
30°N

Marginal marine - fluviolacustrine %
Deep ocean

- CAMP basalts

Figure 5.1 Palaeogeography from the Late Triassic. A) Location of St Audrie’s Bay on the

northwest margin of the Tethys Ocean. B) Detailed palacogeography of, and depositional settings
around, the St Audrie’s Bay site within the shallow epicontinental sea on the northwest margin of

the Tethys Ocean. Redrawn in part from Quan et al. (2008).
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wave base of all but the largest storms. The presence of non-marine
palynomorphs in the sediments also suggests that there was not an insignificant

terrestrial influence on deposition at the St Audrie’s Bay site (Bonis et al., 2010).

Evidence of Milankovitch forcing is seen in both the sedimentology and
palynology of St Audrie’s Bay. Cyclic changes in palynomorph records show
evidence of the ~20-kyr precession cycle (Bonis et al., 2010). Evidence of both
~20-kyr precession and ~100-kyr eccentricity cycles have also been found in

sedimentological and geochemical records (Ruhl etal., 2010).

5.3.1.2. Carbon-isotope Stratigraphy

Carbon-isotope stratigraphy across the Triassic-Jurassic Boundary has been
extensively studied in the northern hemisphere, particularly in Europe and North
America; the southern hemisphere record is poor due to the lack of suitably-aged
successions. Negative carbon-isotope excursions, termed ‘precursor’, ‘initial’ and
‘main’, across the T-J Boundary have been reported in organic matter from
multiple sites worldwide (Hesselbo et al.,, 2002; Guex et al., 2004; Ruhl et al.,
2009). The carbonate record is less definitive, with both negative and positive
CIEs recorded across the T-J Boundary at different sites (Palfy et al., 2007;
Bachan et al., 2012; Al-Suwaidi et al., 2016).

The earliest published marine 313Croc record from St Audrie’s Bay identifies two
negative excursions, separated by a short positive excursion (Figure 5.2;
Hesselbo et al., 2002). The first, ‘initial’, negative CIE is a stratigraphically
confined and presumably short-lived excursion of ~-5%0 and is followed by an
apparently short-lived return to positive values. The second, larger negative
excursion is termed the ‘main’ CIE and is characterised by a long-term excursion
of ~-4%o.. The ‘main’ CIE is also characterised, at St Audrie’s Bay, by smaller scale
fluctuations superimposed on the long-term negative trend. The sediments at St
Audrie’s Bay provide an excellent opportunity to study the 33C values of
individual phytoclasts.

116



Chapter 5 — Single Phytoclast 613C Records

Age &
Ammonite

-31 -29 -27 -25 -23 Zones
30 T T T T T

25 - -1

Hettangian
Early Jurassic

B main .
- CIE .

Psiloceras planorbis

20 —

o - \ |
9 - -4
©
E 15 | -
E - -4
= i ]
(0]
T B / 42
[o]
| N
o b initial |2
CIE g
B 1E
(]
B 12 2
! IQHE
R 1 |g|¢
]
o -—
5 |- - 5
0 ] | ] | | ] |
31 -29 -27 7] 23

5'3C.__ (%o VPDB)

TOC

Figure 5.2 Marine bulk organic matter carbon-isotope cune from the Triassic-Jurassic Boundary

section of St Audrie’s Bay, southwest UK. Redrawn from Hesselbo et al., (2002).

5.3.2. Toarcian Oceanic Anoxic Event: Llanbedr, Wales, UK

5.3.2.1. Geological Setting

The Llanbedr (Mochras farm) borehole (henceforth referred to as Mochras) was
drilled onshore in northwest Wales (Figure 5.3), between 1967 and 1969 in a
joint venture between the British Geological Survey and Aberystwyth University,
recovering ~1300 metres of marine sediments of Early Jurassic age (~201 — 174
Ma). This Early Jurassic sequence of sediments is much thicker than many other

contemporaneous deposits in Europe, except for the Kaszewy-1 core from the
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Mochras site
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Figure 5.3 Palaeogeography of the Late Early Jurassic. A) Location of Mochras site on the
northwest margin of the Tethys Ocean. B) Detailed palaeogeography of, and depositional settings
around, the Mochras site within the shallow epicontinental sea on the northwest margin of the

Tethys Ocean. Redrawn in part from Korte et al. (2015).

Polish Basin. The Mochras core has a well-constrained biostratigraphy, and has
been studied extensively, including its carbon-isotope stratigraphy, making it an
excellent candidate for this study.

During the Early Jurassic, the Cardigan Bay Basin was located on the northwest
margin of the Tethys Ocean, in a shallow seaway connecting the Tethys Ocean
to the Boreal Sea (Figure 5.3). Western Europe, including the Mochras site, was
located at a mid- palaeolatitude during this time (Sellwood and Jenkyns, 1975).
At the Mochras

site, sediments were deposited in a shallow-marine setting and consist mostly of
marine mudstones; coarser siliciclastic material can also be found in minor
amounts (Hesselbo et al., 2013; Xu et al., 2018). The Toarcian (182.7 — 174.1

Ma) section of the Mochras core consists of ~260 metres of marine mudstones.
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5.3.2.2. Carbon-isotope Stratigraphy

Toarcian carbon-isotope stratigraphy has been well studied within Europe. A
large negative carbon-isotope excursion, preceded and followed by positive
excursions, in the Early Toarcian has long been documented in organic and
carbonate matter, from both marine and terrestrial settings (Jenkyns and Clayton,
1986; Jenkyns et al., 2002; Hesselbo et al., 2007; Al-Suwaidi et al., 2010; Kemp
and lzumi, 2014; Them et al., 2017). The Early Toarcian negative CIE is thought
to be indicative of the Toarcian Oceanic Anoxic Event (OAE), occurring during

the tenuicostatum-serpentinum ammonite zones.

A recently-published high-resolution bulk organic matter carbon-isotope curve
(013Croc) from the Mochras core shows a large negative excursion of ~-7%o
between depths ~800-840 m, beginning in the tenuicostatum ammonite zone,
and continuing into the serpentinum zone (Figure 5.4; Xu et al., 2018). The d13C
values drop in a stepwise fashion from pre-excursion values of ~-24%., before
reaching a minimum of ~-31%. at the beginning of the serpentinum ammonite
zone. Recovery to post-excursion values of ~-25%o also occurs in a somewhat

stepwise fashion. Small-scale fluctuations in 3'3Croc values can be seen super-
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Figure 5.4 Bulk organic matter carbon-isotope curve from the Toarcian Oceanic Anoxic Event

section of the Mochras core. Redrawn in part from Xu et al. (2018).
119



Chapter 5 — Single Phytoclast 83C Records

imposed over the long-term trend. This recently-published 3'3Croc curve provides
an excellent record to compare the new single-phytoclast carbon-isotope

measurements to.

5.4. Materials & Methods

5.4.1. St Audrie’s Bay, Southwest UK

5.4.1.1. Materials

Four samples were studied from across the Triassic-Jurassic transition zone, and
Hettangian section of the St Audrie’s Bay outcrop. The four samples were
collected for this study between heights 12.7 m and 24.2 m and were chosen to
coincide with high and low points of the Hesselbo et al., (2002) 6'3Croc curve.
The samples chosen for this study consist of a mixture of limestones and
mudstones that were thought to have been deposited in a marine environment.
Phytoclasts were chosen based on their appearance, size and fragility. The
largest phytoclasts from each sample, providing they did not disintegrate upon
contact with the picking brush. Phytoclasts similar in appearance were chosen to
minimise the effect of composition variability amongst the measured carbon-

isotope values.

5.4.1.2. Methods

A detailed discussion of the methods used to prepare and analyse the samples

is provided in Section 4.1. and Section 4.2.1.
5.4.2. Mochras, Wales, UK

5.4.2.1. Materials

Ten samples from across the Toarcian Oceanic Anoxic Event, between depths
780.36 — 842.87 m, were originally collected for fossil charcoal abundance
studies (Baker et al.,, 2017). The samples chosen consist of marine mudstones,
deposited in a shallow marine environment. The 10 samples were chosen to
correspond to key points of the Xu et al. (2018) bulk organic matter carbon-
isotope curve. Again, phytoclasts were chosen based on their appearance, size

and fragility, comparable to the St Audrie’s Bay samples.
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5.4.2.2. Methods

A detailed discussion of the methods used to prepare and analyse the samples
is provided in Section 4.1. (p. 93) and Section 4.2.1. (p. 99).

5.5. Results & Discussion
5.5.1. Pilot Study: St Audrie’s Bay, UK

5.5.1.1. Ideal Preparation & Analysis Settings

Samples which were pressed into the nickel disc were less often moved by the
laser during ablation than those that were not pressed. Phytoclasts were also less
likely to be blasted away by the laser if they were approached from the side during
ablation rather than directly.

The laser energy has to be sufficiently high that the sample and standard material
ablates well, but a higher-energy laser also risks moving the sample, or blasting
itaway. It was found that the phytoclasts ablated with a lower laser energy setting
were less likely to move during the ablation, but ablate less material, resulting in
an unreliable 33C measurement. In contrast, phytoclasts that were ablated at a
higher energy setting ablated better, but were more likely to be moved by the
laser during the ablation. Too high an energy setting could also result in the
ablation of too much material, leading to the peak tails overlapping with the next

peak in the mass spectrum, and producing an unreliable 53C value.

From the results of the pilot study, pressing the phytoclasts into the nickel disc
and using a moderate-high laser energy setting (~25 kV) appears to be the ideal
preparation and settings to use for the ablation of phytoclasts. These settings

were then used going forward with the larger Mochras study.

5.5.1.2. Size-sample Relationship

During the St Audrie’s Bay pilot study, 155 PE standard 5'3C measurements were
made. The instrument &13C values of the PE standard measurements show a
logarithmic relationship with peak area, which corresponds to amount of material
ablated (Figure 5.5). The R-squared value of this dataset is 0.3512 for the
regression line y = 0.8919In(x) — 35.64. The 313C values of all PE standards and
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Figure 5.5 Peak area (in the mass spectra) plotted against PE standard &13C measurements
showing the logarithmic relationship between the 313C values as measured by the instrument and
peak area, as well as the relationship with the detrended data. Shaded region highlights samples

with peak areas <4 Vs.

samples measured have been corrected for this size-sample relationship and for

instrument drift.

5.5.1.3. Reliability of d13Cphytoclast Measurements

A total of 130 individual 313Cphytoclast measurements were made on the St Audrie’s
Bay phytoclast samples (Table 5.1). However, only 64 of these measurements
(49%) are reliable; samples which were ablated using a high laser energy setting
ablated enough material for a reliable 313Cphytociast Value. Sixty six of the 130
O3Cphytoclastmeasurements were made using a low laser energy setting, resulting
in insufficient material being ablated (as determined by peak sizes (<4 Vs) in the

mass spectra), and the measured &3Cphytoclast Value being unreliable.

Reliable d%3Cphytoclast measurements were made on 10 phytoclasts from samples
StAB40 and StAB206, and show a range of values. These reliable 53Cphytockst

measurements are the ones discussed in the rest of this section.

A total of 29 measurements were made across 6 different phytoclasts from

sample StAB40, with a minimum average d3Cphytoclast Value of -29.64%o and a
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Detrended &

Instrument drift-corrected
-~ g measurements values

Sample 0 N 5 ? 5 £
= 8 % S5 BS suc sidev. 89 St dev
S & & SE EE® e  Ch () 9

1 & S T2 Z2¢
N Low al 4 2742 0.72 2609  0.69
StABL 61 N Low 1 2 27.95  0.67 2628  0.93
N Low 3 2 2689  0.03 2591  0.65
Y Low al 10 3164 242 3015  2.30
Y  Low 1A 2 2815 151 2716 122

StAB205  12.7
Y  Low 2A 3 3384  2.00 3257  1.85
Y Low 3A 5 3172 0.95 29.88  0.94
N Low all 15 2721 241 2576 2.24
N Low 2B 3 2943 222 2784 210
StAB205 127 N  Low 3B 1 2512 0.00 2219 0.00
N Low 4B 5 2896  0.92 2735  0.70
N Low 5B 6 2499 092 2399  0.68
N Low al 63 2728  3.16 2662 242
N  Low 1 12 3308 134 3083  1.73
StAB206 130 N Low 2 5 2956 1.08 27.95  0.98
N Low 3 22 2580 047 2511 091
N  High 3 24 2519 071 2561  0.76
Y Low al 9 2782 143 2581  1.49
StAB206 130 Y Low 1 7 27.96  0.89 2602 072
Y  Low 2 2 2731  3.33 2507  3.65
Y  High all 11 2946  1.39 2850  1.83
Y High 5 6 2863  1.06 2710  0.86
StAB206  13.0

Y High 4 3 2981 0.29 2956 0.06
Y High 6 2 3139 1.24 3108 116
Y  High all 29 2856  2.14 27.64  2.06
Y  High 1 10 3016 057 29.64  0.33
Y High 2 7 2989 197 2834 156
StAB40 242 Y High 3 3 2712 081 2607  0.74
Y High 4 2 2651  1.87 2637  1.38
Y  High 5 5 2634 0.66 2518  0.35
Y  High 6 2 2562  0.42 2491 012

Table 5.1 Results from the St Audrie’s Bay pilot study. Rows in bold indicate reliable 313Cphytockst

measurements.
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maximum average 813Cphytoclast Value of -24.91%o. The average d3Cphytoclast Value
shows a 4.5%. range between the individual phytoclasts of sample StAB40. The
average d13Cphytoclastofthe 6 313Cphytociast values is -27.64%o, with a 10 uncertainty
of 2.06%o.

Four individual phytoclasts from sample StAB206 ablated sufficient material for
reliable d313Cphytoclast measurements. One of these phytoclasts was not pressed
prior to ablation with a high energy laser. Phytoclast number 3 was measured a
total of 24 times, resulting in a 313Cphytociast value of -25.61%o, with a 10 uncertainty
of 0.76%o. Phytoclasts 4-6 were measured a total of 11 times, with a minimum
O3Cphytoclast value of -31.08%o, and a maximum value of -27.10%o, showing a
range of ~4%o. The average 53Cphytoclast Value of phytoclasts 4-6 is -28.50%o, with

a 10 uncertainty of 1.83%o

5.5.1.4. Intra-phytoclast Variability

A total of 29 measurements were made across 6 phytoclasts from sample
StAB40, and 35 measurements were made across 4 phytoclasts from sample

StAB206 to investigate the homogeneity of carbon-isotopes within individual
phytoclasts (Table 5.2; Figure 5.6). Phytoclasts were described & characterised

6lscphytoclast (%o VP DB)

a
c
@
Sample s [ o &
c E S 2 § Average 1o Maximum  Minimum  Range
= SE EGS
(] > >
T o c ZE
1 10 -29.64 0.33 -29.10 -30.02 1
2 7 -28.34 1.56 -25.76 -30.71 5
3 3 -26.07 0.74 -25.63 -26.92 1
StAB40 24.2
4 2 -26.37 1.38 -25.40 -27.35 2
5 5 -25.18 0.35 -24.76 -25.62 1
6 2 -24.91 0.12 -24.83 -24.99 0.1
3 24 -25.61 0.76 -24.31 -27.59 3
4 3 -29.56 0.06 -29.52 -30.09 0.5
StAB206 13.0
5 6 -27.10 0.86 -27.52 -30.04 3.5
6 2 -31.08 1.16 -30.52 -32.27 15

Table 5.2 Number of measurements, average, maximum and minimum &12Cphytoclast Values for the
St Audrie’s Bay samples with reliable 313Cphytoclast measurement.
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Description

Dark grey/black, sub-angular woody
phytoclast

Dark grey/black, sub-angular woody
phytoclast

Dark grey/black, sub-angular, elongate

woody phytoclast

Dark grey/black, elongate tapered
woody phytoclast

Dark grey/black, sub-rounded woody
phytoclast

Dark grey/black, sub-angular woody
phytoclast

Phytoclast
Sample number
StAB40
StAB206

Dark grey/black, sub-angular woody
phytoclast

Dark grey/black, sub-rounded woody
phytoclast

Table 5.3 Phytoclast descriptions and images. Descriptions are based on view under microscope

and not on images.
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Phytoclast .
Sample number Description
me
5 Dark grey/black, sub-angular, elongate
woody phytoclast ‘\
StAB 206
6 Dark grey with brown translucent edges,

sub-rounded woody phytoclast

250 pm

Table 5.3 (cont.) Phytoclast descriptions and images. Descriptions are based on view under

microscope and not on images.

based on their appearance (shape, colour, reflectivity, woody phytoclast,
charcoal) and photographed prior to analysis (Table 5.3).

The measurements of the individual StAB40 phytoclasts generally show a low
range of 313Cphytociast values, with a ~0.1-2%o. difference between the minimum and
maximum 33Cphytoclast values. This low range of d2Cphytoclast values shows that
the carbon-isotope signature of an individual phytoclast does not vary by a
significant amount in most cases. However, the 7 measurements of phytoclast 2
show a d3Cphytoclastrange of ~5%o, with a minimum and maximum of -30.71%. and
-25.76%o, respectively. There is no obvious apparent reason for this large range
of 313Cphytoclast Values compared to the other phytoclasts from sample StAB40;
phytoclast 2 has a similar appearance, and therefore likely a similar composition,

to the other phytoclasts from sample StAB40.

The measurements of the individual StAB206 phytoclasts show a range of
O3Cphytoclast values, with a ~0.5-3.5%0 difference between the minimum and
maximum values. The phytoclasts of sample StABG206 show a greater range of
O013Cphytoclast Values than the StAB40 phytoclasts. Again, there is no obvious
apparent reason for this: the phytoclasts analysed from sample StAB206 have a
very similar visual appearance to each other, and are likely to have a similar

composition.
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The multiple 513Cphytoclast measurements of individual phytoclasts show that, in
most cases, a single measurement is sufficient to obtain a reliable d3Cphytockst
value. However, it would be wise to always check intra-phytoclast &'3C variability

prior to investigating inter-phytoclast.

5.5.1.5. Comparison with the Bulk Organic Matter §13C Record

The small number of phytoclasts measured reliably in the St Audrie’s Bay pilot
study do not show any long-term trends, but can be compared to the bulk organic
matter C-isotope curve published by Hesselbo et al. (2002). Comparison with this
previously-published record allows us to see how 313Cphytociast Values differ from
the carbon-isotope signature of the bulk organic matter at the same, or similar,
horizons (Figure 5.7).

Sample StAB206 (height: 13.0 m) shows a wide range of 813Cphytoclast values that
are both more positive and more negative than the bulk OM curve. At the height
of 13.0 m, the d313Croc value is -29.30%o, and the average &2Cphytoclast Value is -
28.34%o, a difference of ~1%eo.

Sample StAB40 (height: 24.2 m) also shows a wide range of 313Cphytoclast values
that are more positive and more negative than the bulk OM curve. No samples
are available for the height of 24.2 m from the bulk OM curve, but there are
03Croc measurements from heights 24.1 m and 24.3 m, which are -26.91%. and
-27.46%o, respectively. The average 33Cphytociast Value is -26.75%o, similar to the
013Croc values at heights 24.1 m and 24.3 m.

Modern terrestrial C3 plant 513C values are generally more negative than marine
bulk organic matter (Lamb et al., 2006). Mesozoic terrestrial plant 33C values
have been shown to have more positive signals than bulk marine OM (Bocherens
et al., 1993; Nordt et al., 2016). There is a wide range of 513Cphytoclast Values from
both St Audrie’s Bay samples, both above and below then &'3Croc curve; the
average 813Cphytociast values of the St Audrie’s Bay samples are more positive than

the mixed marine-terrestrial d3Ctoc curve of Hesselbo et al. (2002), as expected.
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Figure 5.7 Reliable awerage &3Cphytoclast measurements from the St Audrie’s Bay pilot study
plotted against the bulk organic matter carbon-isotope cune (32Croc) of Hesselbo et al., (2002).

Grey error bars show 2o error.

5.5.2. Reproducing the Toarcian Oceanic Anoxic Event Negative Carbon-
isotope Excursion Using Single Phytoclast §13C Measurements: Mochras,
UK

5.5.2.1. Size-sample Relationship

A total of 137 polyethylene standard 3'3Cstandard measurements were made

across all of the Mochras sample runs. The drift-corrected values of these 137
O3Cstandard measurements show very little correlation with peak area (Figure 5.8).
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Figure 5.8 Peak area plotted against PE 8!3Cstandard measurements showing the lack of

relationship between the 33C values as measured by the instrument and peak area.

The R-squared value of this dataset is 0.0047 for the regression line y = 0.0059x
—32.2, where y = 813C and x = peak area. The R-squared value is so low that
there is effectively no relationship between drift-corrected 3'3Cstandard values and
peak areas. For this reason, all following reported 33C values from the Mochras

sample set have only been corrected for instrument drift.

5.5.2.2. Intra-phytoclast Variability

Multiple 8'3C measurements of the same phytoclast were performed for the first
two Mochras samples analysed to investigate carbon-isotopic homogeneity. Four
013C measurements of sample M256037 and six 513C measurements of sample
M270161 were made. Both sets of measurements show a narrow range in

B13Cphytoclast Values, with low 10 values.

Drift-corrected 813Cphytoclast measurements of sample M256037 give values of -
26.174%o, -26.156%o, -26.252%o0, and -26.024%. (Figure 5.9). The average of the
four drift-corrected values from sample M256037 is -26.152%., with a 10
uncertainty of 0.09. Five measurements of the PE standard were made during
the same run, producing a drift-corrected average d13Cstandard Value of -32.151,
with a 10 uncertainty of 0.24%o.

Drift-corrected 313Cphytoclast measurements of sample M270161 give values of
-30.546%o, -30.544%, -30.587%o, -30.286%o, -30.150%o, and -30.497%. (Figure
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Figure 5.9 33Cphytoclast Values as measured multiple times on sample M256037. Standard

deviation calculated using the measured &'3Cstandard values from this sample run.
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Figure 5.10 33BCphytoclast Values as measured multiple times on sample M270161. Standard

deviation calculated using the measured &3Cstandard Values from this sample run.

5.10). The average of the six drift-corrected &3Cphytoclast measurements from
sample M270161 is -30.435%o, with a 10 uncertainty of 0.18. Five 33Cstandard
measurements of the PE standard were also made during the same run, with a
drift-corrected average 0'°Cstandard Value of -32.151%o. and 10 uncertainty of
0.27%o.

The low 10 uncertainties of the two sets of drift-corrected &3Cphytoclast Values
suggest that both phytoclasts are isotopically-homogeneous. The 10

uncertainties of the 313Cphytoclast values are both less than the 10 uncertainties of
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their respective PE standard measurements, suggesting that the phytoclasts are
more isotopically-homogenous than the standard used. For these reasons, and
coupled with the data from the St Audrie’s Bay samples, only one &3Cphytocst
measurement of subsequent Mochras samples was made, bracketed by two

O13Cstandard measurements of the PE standard.

5.5.2.3. Single-phytoclast Carbon-isotope Curve

The Mochras single-phytoclast 313Cphytoclast dataset shows that 613Cphytoclast can
vary greatly within a sediment sample (Figure 5.11; see Appendix A (p. 308) for
phytoclast descriptions and images; raw carbon-isotope data). Variation between
single-phytoclast measurements is expected, considering that whole plant
O13Cphytocliast Values are not homogeneous (e.g. Leavitt and Long, 1991; see
Chapter 3, Section 3.4 (p. 64) for a detailed discussion). The Mochras dataset
also shows that the single-phytoclast measurements record a negative carbon-
isotope excursion. A small number of 313Cphytoclast measurements fall outside of
the normal range of ®3Cphytociast, and are not considered in the following
discussion, but are included in figures. Here, an outlier is defined as any value
falling further than 1.5 x interquartile range from either the first or third quartile
(Tukey, 1977).

The negative carbon-isotope excursion recorded by the single-phytoclast data
occurs between depths 831.85 m and 805.18 m and had a magnitude of ~-4%o.
The average d3Cphytoclast Values pre-excursion range between ~-25-26%o, before
dropping to excursion values of ~-30%o. Post-excursion, the average 5'3Cphytockst
values fluctuate between -26%o and -27%o, and do not recover to as heavy values
as prior to the negative excursion. The negative excursion recorded by the single-
phytoclast 33Cphytoclast measurements corresponds to the Toarcian Oceanic
Anoxic Event. The Toarcian OAE has previously been recorded in terrestrial
material from other sites (Hesselbo et al.,, 2007), so it was expected that the new
Mochras single-phytoclast &'3Cphytociast dataset would also show a negative

carbon-isotope excursion of some magnitude.

There are only three &'3Cphytoclast measurements (and one outlier) for sample
M26418, which has an intra-sample 813Cphytociastrange of 0.56%o. Sample M26418
is not considered in this discussion due to the small number of data points; it is

likely that the d13Cphytociast range will increase as more single-phytoclast
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algcphyto clast (%o VPDB)

Sample Depth Number of

(m) measurements  ayerage  Maximum  Minimum Range
M25603 780.36 9 -26.30 -25.05 -28.09 -3.04
M25927 790.22 8 -26.25 -24.60 -28.53 -3.93
M26314 802.03 6 -26.85 -24.56 -28.50 -3.94
M26418 805.18 3 -25.59 -25.33 -25.89 -0.56
M2670 813.82 6 -29.58 -28.13 -30.70 -2.57
M27016 823.42 8 -30.17 -29.64 -30.91 -1.27
M27292 831.85 7 -26.17 -25.11 -27.62 -2.51
M27654 842.87 6 -24.93 -22.97 -26.57 -3.60

Table 5.4 Awerage, maximum and minimum &%3Cphytoclast Values, and &'3Cphytoclast intra-sample

ranges from the Mochras samples. Outliers are excluded from the calculations in this table.

measurements are made from sample M26418, in line with the other Mochras

samples analysed.

Within a sample, the 313Cphytoclast range varies between ~1%o and ~4%o, excluding
outliers (Table 5.4). The intra-sample 33Cphytociast range is greater both before
and after the negative carbon-isotope excursion. In the pre-excursion samples
M27654 and M27292 (depths 842.87 m and 831.85 m), &13Cphytoclast Varies
between ~-23%0—26.5%0 and ~-25%0—27.6%0, respectively. The magnitude of
variation in samples M27654 and M27292 is ~3.6%o and ~2.5%o. As d13Cphytockst
values become lighter, the intra-sample 513Cphytociast range becomes narrower:
samples M27016 and M2670 record d13Cphyto values ~-29-31%o and ~-28-31%o,
ranges ~1.3%0 and ~2.6%0 in magnitude, respectively. Post-excursion, intra-
samples d3Cphytoclast ranges vary between ~3-4%o in magnitude, with minimum

O13Cphytoclast Values of ~-28%o0 and maximum &13Cphytoclast Values of ~-24%e.

It has been well-established that different types of plant tissue within a plant have
different carbon-isotope signatures; whole-plant C-isotope signatures are
typically heavier than leaf signatures which, in turn, are heavier than cellulose,
lignin, lipids and alkanes (Leavitt and Long, 1991; Hobbie and Werner, 2004).
The phytoclasts analysed for as part of this study are mostly woody phytoclasts,
with a small number of charcoal phytoclasts, from undetermined plants, and
therefore should consist of mostly lignin-derived organic molecules. There

appears to be no relationship between the type or appearance of phytoclast and
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Figure 5.12 Spread of 813Cphytoclast Values, grouped by appearance and classification.

its 0'3Cphytoclast Value (Figure 5.12); the colour, shape or structure of the
phytoclasts do not correlate with 813Cphytociast values, though it isimportant to note
that some categories of phytoclasts are only represented by a small nhumber of
samples. It is unlikely that the range of 82Cphytociast values within a sample is due

to the presence of different tissue types.

The range of 313Cphytociast Values seen within a sample are most likely to reflect
different sources for the phytoclasts. The same parts of different plants can have
different carbon-isotope signatures. It is more probable that the phytoclasts from
the Mochras core represent material originating from a variety of sources,

producing the range in intra-sample 313Cphytoclast Values reported here.

The carbon-isotope values of plant material are known to vary dependent on the
type of plant and the type of plant tissue (Hobbie and Werner, 2004), so it is
unsurprising that within each sample, a range of 13Cphytociast values are recorded.

The recorded values all fall within the range for modern C3 plants (Figure 3.8;
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Lamb et al., 2006), as expected. Two mechanisms are proposed for the
decreased range in dCphytociast Values during the negative CIE: increased
carbon-isotope discrimination during photosynthesis, and/or a change in plant

assemblage.

Carbon-isotope discrimination during C3 photosynthesis is mostly controlled by
the ratio of ambient COz2 pressure (pa) to intercellular CO2 pressure (within the
plant; pi) (Farquhar et al., 1989). However, plants prefer to maintain a constant
pa/pi ratio, altering factors such as stomatal conductance to achieve this
(Ehleringer and Cerling, 1995). A constant pa/pi ratio would result in a constant
level of C-isotope discrimination, regardless of atmospheric CO2 levels. It is
possible that plants altered their carbon-isotope discrimination during the
Toarcian OAE, due to changes in the isotopic composition of carbon in the
atmosphere. Without being able to measure the pa/piratio of Toarcian plants, itis
impossible to quantify their rate of carbon-isotope discrimination. Changes in
plant discrimination of carbon during photosynthesis cannot be ruled out as

contributing towards the CIEs observed across the Toarcian OAE.

A change in plant assemblage during the Toarcian OAE could also explain the
narrower range of intra-sample d3Cphytoclast values seen in samples M27016 and
M2670. Rising atmospheric carbon dioxide levels could, indirectly, alter the plant
assemblage from which plant material at the Mochras site originated by
increasing atmospheric temperatures, leading to a dominance of thermophilic
taxa, such as Classopollis (Vakhrameev, 1981). It is known that different plants
have different carbon-isotope signatures, therefore a change in plant assemblage
could lead to a change in carbon-isotope values, and the range between them. It
is likely that the decreased range in 813Cphytociast Values across the most negative
part of the CIE are partly a result of a change in plant assemblage. New
palynology studies of the Mochras core would allow for this relationship to be

investigated.

The C-isotope curve produced from the analysis of single phytoclasts from the
Mochras core shows that the C-isotopic signatures of individual components of a

bulk terrestrial organic matter sample can vary greatly.
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5.5.2.4. Comparison with the Bulk Organic Matter 513C Record

The new Mochras 33Cphytociast data clearly show a negative carbon-isotope
excursion during the Early Toarcian which corresponds to the Toarcian Oceanic
Anoxic Event. The Toarcian OAE has previously been recorded by a number of
geological materials at numerous sites around the world, including at the Mochras
site in bulk organic matter. Comparison of the new Mochras 513Cphytoclastdata with
the most recent, and highest resolution, bulk organic matter 53C record (5'3Croc;
Xu et al., 2018) shows that new d2Cphytoclast record correlates well with the bulk
OM record, accurately reproducing the Toarcian OAE negative carbon-isotope

excursion (Figure 5.13).

The &'3Croc curve shows a negative CIE of ~-7%o beginning at the end of the
tenuicostatum ammonite zone, and continuing into the serpentinum ammonite
zone. dCroc values fall from ~-24%. to ~-31%0 in a stepwise fashion before
returning to more stable values. Small fluctuations in 32Cvoc values can be seen
superimposed on the long-term trend. Similarly, the 313Cphytoclast curve also shows
a negative CIE of ~-5%o, from an average value of ~-25%o to ~-30%o., which when

superimposed over the Xu et al. (2018) data, correlates well.

The most noticeable difference between the new 813Cphytoclast dataset and the
previously published 5'3Croc dataset is the divergence of the two carbon-isotope
curves both pre- and post-excursion. The difference between the d2Croc and
average 013Cphytoclast values (AToc-phytoclast) at a given horizon ranges from ~0-2%eo.
AToc-phytoclast Values are greatest in the recovery phase after the negative CIE,
where d3C values return to more positive values. Some disparity between the
two C-isotope curves is expected; the 513Croc measurements reflect the carbon-
isotope signatures of all organic matter present in the sample, from both marine
and terrestrial sources. Considering that the Toarcian-aged Mochras sediments
were deposited in a shallow-marine environment, the bulk OM samples will reflect
a mixture of both marine and terrestrial organic matter and it is not surprising that
the 813Croc and 313Cphytociast Values differ at a given horizon. It should be noted,
however, that while the average 313Cphytociast values deviate from the d3Croc
curve, the individual phytoclast 313C measurements from each sample show a
range of values, including those which are much closer to the 5'3Croc values at

their respective horizons.

137



Chapter 5 — Single Phytoclast 613C Records

-32 -31 -30 -29 -28 -27 -26 -25 -24 -23
L o B O
780 |— —— 8"C, tocaxt (this study) ]
[~ —e— 5°C_ (Xuetal, 2018) 7
790 —
w800 [— —
o
5 — }?‘f |
£ 810 - —]
£ - |
®
8 820 |- —
830 |— —
—
840 |— \%-; —
e A T A
-32 -31 -30 -29 -28 -27 -26 -25 -24 -23

5'3C (%o VPDB)

Figure 5.13 Average 3'3Cphytoclast Values from this Mochras study plotted against the bulk organic

matter carbon-isotope curve of Xu et al. (2018).

Hydrogen Index (HI) data published by (Xu et al., 2018) shows that the HI of the
Mochras sediments varies between ~0 and ~350 mg hydrocarbons/g total
organic carbon across the Toarcian OAE negative carbon-isotope excursion,
indicating a change in organic matter composition and/or preservation throughout
the T-OAE Mochras core section (Figure 5.14). The authors suggest that the
increased HI values are the result of an increase in marine algal primary
productivity, and/or an increase in marine organic matter preservation.
Comparison of the two carbon-isotope curves with the HI curve shows that there
is little correlation between HI and Atoc-phytoclast. The poor correlation between Hi
and ATtocphytoclast sSuggests that the divergence between the phytoclast and TOC
C-isotope curves is not caused by a significant change in bulk organic matter

composition.

Similar to the wider range of 5'3Cphytociast values seen within both pre- and post-
excursion samples, the greater Atocphytoclast difference both pre- and post-
excursion could be explained by a change in plant assemblage. Different plant
assemblages will have different carbon-isotopic signatures, and it is possible that
the plant assemblage present during the most negative part of the Toarcian CIE

had an overall carbon-isotope signature that was more similar to that of other
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Figure 5.14 Average 513Cphytoclast(this study) and d13Croc (Xu etal., 2018) plotted alongside hydrogen
indexdata from Xu etal. (2018).

types of organic matter, compared to the plant assemblages present both pre-
and post-CIE.

The new Mochras 813Cphytoclast data correlate well with the 83Ctoc data of Xu et
al. (2018), showing that even using a small number of 313C measurements on
very small terrestrial phytoclast samples, it is possible to identify the Toarcian
OAE negative carbon-isotope excursion. The disparity seen between the average
O3Cphytoclastand d13Croc values could be caused by a number of factors, likely
working in combination: changes in C-isotope discrimination by plants during
photosynthesis, changes in plant assemblage, changes in composition and/or

preservation of TOC.

5.5.2.5. Comparison with a Fossil Wood &3C Record

The Mochras &13Cphytociast data show a good correlation with the bulk organic
matter 313C data of Xu et al. (2018), but the bulk OM samples analysed consist
of a mixture of both terrestrial and marine matter, as discussed previously. A

previously published fossil wood 3'3C record (5'3Cwood) from a Toarcian
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succession in Peniche, Portugal (Hesselbo, Jenkyns, et al., 2007), allows us to

compare the new Mochras 5'3Cyphyto data to a purely terrestrial record.

The Peniche '3Cwood record shows a negative carbon-isotope excursion of ~6%o
in the levisoni biozone, during the Early Toarcian, which correlates with the
negative CIE of the Mochras 33Cphytoclast record (Figure 5.15). The &13C values
between the two sites are consistent, further confirming that the new Mochras
O3Cphyto data show a genuine record of the Toarcian OAE. There are some

disparities, however, between the two datasets which require further discussion.

The magnitudes of the negative CIE recorded at the sites differs significantly by
~2%0 (~4%0 at Mochras; ~6%o. at Peniche). This could caused by a number of
factors such as differences in plant assemblage, differing plant responses to
climatic changes in the different locations, and/or differences in type of plant
material analysed (e.g. cellulose vs lignin). Without published palynology studies
of Mochras, it is not possible to compare plant assemblages at Mochras and
Penice. Similarly, without palynology data, it is not possible to investigate how
plants near the Mochras site adapted to climatic changes throughout the
Toarcian. The Mochras samples consist primarily of lignin whereas the Peniche
samples consist of a mixture of plant materials, including cellulose and lignin; this

could perhaps partly-account for the difference in CIE magnitude at the two sites.

Both the pre- and post-excursion 313C values are more negative in the Mochras
O 3Cphytoclast record than the Peniche d3Cwood record, though the negative CIE

O13C values at both sites are similar, ~-29%o to ~-31%o.

The more negative pre- and post-excursion Mochras &13Cphytoclast Values can be
explained by the sample material type. As discussed previously, whole
macrofossil wood &13C values tend to be more positive compared to lignin and
cellulose d'3C values, however cellulose decays easily and will likely be absent
in the fossil record (Scott, 2000). The Mochras 513Cphytociast values reflect samples
that consist mainly of lignin, whereas the Peniche 83Cwood values reflect samples
that consist of several different types of plant tissue, including lignin and cellulose.
The Peniche 813Cwood Values are the result of an averaging effect of the different
tissue types present in the samples, resulting in more positive overall 313C values.

The CIE 5'3C values at both sites are similar, most likely the result of increased
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Chapter 5 — Single Phytoclast 83C Records

carbon-isotope discrimination due to the input of massive amounts of 2C into the

atmosphere.

The Peniche d3¥Cwood curve also shows variation between fossil wood samples
from the same sample horizon, similar to the Mochras 313Cphytociast data. The
Peniche fossil wood samples, however, show a narrower range in 313C values,
with no greater than a ~2%o. difference between fossil wood samples from the
same horizon. In contrast, the Mochras &2Cphytoclast values vary by up to ~4%o
between samples from the same horizon; this is likely a result of the amount of
sample material analysed. Using the LA/nC/GC/IRMS method, several
nanograms of carbon from each phytoclast sample were analysed, whereas a
greater amount of carbon, on the order of micro- to milligrams, from each Peniche
wood sample was analysed. With such small sample sizes, itis far less likely that
the Mochras 33Cphytociast data represent values that have been averaged by the
different types of tissues present, such as in the Peniche wood samples. It is also
possible that the two sites, Mochras and Peniche, have different plant
assemblages present, which could also lead to the differences in 313C variation

seen in this study.

Despite their differences, the Mochras 313Cphytociast and Peniche 32Cwood isotope
curves show a good correlation. The new Mochras 513Cphytoclast demonstrate s
here that even extremely small samples can be used to successfully reconstruct

known large-magnitude carbon-isotope events.

5.5.2.6. Reproducing the Toarcian OAE Negative Carbon-isotope Excursion

Using Single 813Cphytoclast Measurements

A random number generator was used to produce single O'Cphytockst
measurement curves in order to determine how accurately single 513C
measurements could reproduce the known carbon-isotope pattern across the
Toarcian OAE interval. All carbon-isotope curves produced by the random
number generator show negative carbon-isotope excursions across the OAE,
however, the overall shape of the C-isotope curves vary significantly, along with

the magnitude.

The random number generator (RNG) C-isotope curves show negative CIEs
between depths 800-830 m (Figure 5.16), similar to the negative CIE seenin the
whole 513Cphytoclast dataset (Figure 5.11). The magnitude, however, of the RNG
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Figure 5.16 Carbon-isotope curves produced using a random number generator to select one
O13Cphytoclast measurement from each sample horizon. Outliers were included in the selection. See

Appendix B for the RNG carbon-isotope curves from runs 6-20.

C-isotope curves varies from ~-2%o to ~-7%o; the whole 313Cphytociast dataset shows
a negative CIE of ~-7%o.. The shape of the RNG C-isotope curves also differ
greatly between runs, e.g. run 4 shows a large initial negative CIE followed by a
second, smaller negative CIE, but run 3 shows a large negative CIE followed by

a small positive CIE, similar to the whole 313Cphytoclast dataset.

The RNG C-isotope curves show that even with one single phytoclast d13C
measurement from multiple horizons, itis possible to identify major, in length and
magnitude, carbon isotope excursions. Carbon-isotope curves generated from
single phytoclast measurements, however, are less accurate at reproducing
smaller fluctuations in 3'3C values. When &'3C values return to more stable,
normal values, it is much more likely that a single 313Cphytoclast measurement will
not accurately represent the average value of multiple single &3Cphytockst

measurements.
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5.6. Challenges Using the LA/nC/GC/IRMS Method

Using the LA/NC/GC/IRMS system presented a number of challenges, with only
60 out of a total of 118 samples resulting in a successful 313C measurement
(~51% success rate). This technique is both time-consuming and sensitive,
leading to a total of 58 samples which resulted in either no 33C measurement,
or an unreliable one (Table 5.5). Reasons for the failed 58 measurements are

discussed as follows.

One ofthe main difficulties of this technique is that itis extremely time-consuming,
and no part of the process is automatable. Each single phytoclast sample is
mounted on its own individual nickel disc, which can only be loaded into the
sample chamber one at a time. Each time the sample chamber is opened and
closed again, it must be flushed with helium gas until the background argon and
carbon dioxide levels stabilise within the acceptable limits. Dependent upon
several factors, it can take a minimum of ~30 minutes, and upwards of 2 hours,
for the background argon and carbon dioxide levels to stabilise at suitable levels
for analysis. The length of time that the sample chamber has been opened prior
to flushing, and the quality of the seal between the O-rings and glass both affect
how much time it takes for the background argon and carbon dioxide levels to
stabilise. Sometimes it is not obviously apparent why the background argon and
carbon levels are stabilising slowly, and one must simply wait until they have
stabilised before carrying out the ablation and isotope analysis. The sequence
used to measure the carbon-isotope values of the PE standard and phytoclast
sample is completed in ~20 minutes. Considering the length of time it takes to
prepare the phytoclast sample, the flushing of the sample chamber, and the
length of the analysis sequence, it can easily take more than 1 hour to measure

and analyse 1 single phytoclast.

The phytoclast samples are extremely fragile and it is not uncommon for them to
become damaged or lost whilst being transferred from the sample tube to the
nickel disc. Some phytoclasts had already broken in their sample tubes during
transit. Once the phytoclast has been transferred to the nickel disc, there is a risk
of dropping the disc and losing the phytoclast during each following stage of

sample preparation.
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No. of

Reason for failure
samples

13 Phytoclast lost during transfer to sample chamber
Poor ablation of PE standard
Phytoclast destroyed during picking

Phytoclast lost during transfer to disc

O N N @

Phytoclast moved away by laser during ablation

PE standard peak areas too small (i.e. not enough material
ablated

Laser settings not correct

No visible phytoclast in sample tube

Background Ar and CO2 levels not stabilising

PE standard moved by laser during ablation

PE standard took too long to ablate

PE standard o too high

Phytoclast too close to edge of nickel disc for ablation
Sample chamber not in correct position

Stopped to check background Ar and CO2 levels

e I = = = = T = T =S N SR

Wrong sequence started

[6)]
[e0)

Total

Table 5.5 Number of failed sample runs, and reasons for failure.

Applying too much pressure with the hydraulic press can also result in damaged
phytoclasts, breaking up the samples into a number of smaller fragments,
unsuitable for analysis. The pressed nickel discs must be separated carefully
after the hydraulic pressing to prevent the phytoclast moving out of its pressing;
phytoclasts that have moved out of their pressing are more likely to be blasted
away by the laser during ablation. In some cases, phytoclasts could be pressed
a second time prior to ablation, but this increases the risk of damaging the
phytoclast and fragmenting it into smaller pieces. During pressing, it is possible
for the phytoclasts to move from the centre of the nickel disc towards the edge; if

the phytoclast (or PE film) is placed too close to the edge of the nickel disc, it will
145



Chapter 5 — Single Phytoclast 83C Records

be harder to focus the laser on the material, and the ablation quality will be poorer,

sometimes failing.

Addition of the polyethylene film to the nickel disc with the phytoclast after
pressing also carries a risk of knocking the phytoclast out of its pressing if the PE
film is placed too close to the phytoclast. The PE film must also be placed onto
the nickel disc at flatly as possible to ensure a good ablation. If the surface of the
PE film is curved, there is an increased risk of the PE film not ablating properly.
Without good ablation of the PE film, it is not possible to correct the d13C

measurements for instrument error.

The nickel disc with the phytoclast sample and PE film must be loaded into the
sample chamber from underneath, a procedure that carries an increased risk of
dropping the disc. Care must also be taken not to knock the nickel disc on the
sides of the sample chamber when securing it in place, to avoid knocking either
the phytoclast out of its pressing, or the PE film towards the edge of the disc or
on top of the phytoclast. Knocking the nickel disc on the sides of the sample
chamber also carries a risk of the vacuum pump sucking up the phytoclast or PE

film, losing the sample.

The phytoclasts and PE standard are both sensitive to the laser settings used,
which can affect the quality of ablation and therefore, the carbon-isotope
measurement made. During ablation, the laser can sometimes move the
phytoclast or PE film, causing insufficient ablation; ifthe laser energy settings are
too high, the phytoclast or PE film can be launched away by the laser, and lost,
resulting in very little, or no, material ablated. In other cases, the laser can gently
move the phytoclast or PE film, resulting in less material being ablated. It is
extremely difficult to tell which phytoclasts might move during ablation, meaning
that the analysis must be run to determine whether a reliable measurement can
be made. Insufficient ablation of the material will result in a low peak area. Peak
areas >4 Vs are ideal for carbon-isotope measurements, and required for reliable
PE standard 513C measurements, though sample peak areas 1-4 Vs can be used
providing the PE standard ablations produce peak areas >4 Vs. Dirty glass on

the sample chamber can also result in low peak areas.
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There is a fine balance between the laser energy settings being too high, or too
low. Lengthy ablations result in the peak tail overlapping with the following

ablation peak; this will result in an unreliable carbon-isotope measurement.

5.7. Conclusions & Future Work

The following conclusions can be drawn from this study:

e The Mochras core samples show no relationship between the mass of
macrofossil wood analysed and 33Cphytoclast.

e Variations in intra-sample 3Cphytoclast Values are possibly caused by
phytoclasts originating from different types of plants, or phytoclasts
derived from different parts of the same plant taxon.

e The range of intra-sample 33Cphytociast Values is likely narrower during
times of high levels of atmospheric carbon dioxide, due to a change in
plant assemblage, either one with a dominance of a single taxon, or just
fewer taxa in general.

e Single-phytoclast d32C measurements can be used to reproduce large
excursions in bulk dC values (>4%o) but are unable to accurately
reproduce smaller variations (<2%o).

e Single-phytoclast d2C measurements can be used to reproduce large

excursions as recorded in whole wood samples.

The work presented here in this chapter is only a small glimpse of what is possible
using LA/nC/GC/IRMS method recently-developed by van Roij et al. (2017). The
LA/NC/GC/IRMS method has already proven beneficial in the study of
Palaeogene dinoflagellate cysts (Sluijs et al., 2018), and could prove extremely
useful in the study of organic matter from other time intervals, particularly for

samples with extremely low OM content.

The scope to continue this work further is huge and could include, but would not
be limited to: measuring additional phytoclasts from the Mochras samples
analysed in this study, measuring amorphous organic matter from the Mochras
samples analysed in this study; measuring single phytoclasts from additional
Mochras samples across the Toarcian OAE; further palynology studies of the T-

OAE section of the Mochras core, to compare with the new data presented here;
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measuring single phytoclasts from across other intervals with characteristic
carbon-isotope stratigraphy, such as the Triassic-Jurassic Boundary, measuring

single phytoclasts from different identified plant types, and tissues.
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CHAPTER 6 FIRE AND GLOBAL CHANGE ACROSS
THE TOARCIAN OCEANIC ANOXIC EVENT IN THE

CENTRAL POLISH BASIN

6.1. Introduction

The Pliensbachian to Toarcian time interval (190.8 + 1.0 —174.1 1.0 Ma; Meister
et al., 2006; Bordalo Da Rocha et al, 2016) was a time thought to have
experienced extreme climatic conditions, including the global Toarcian Oceanic
Anoxic Event (~183 Ma; Jenkyns, 1988) during which there was widespread
deposition of organic-rich shales and a widespread increase in temperatures and
rainfall/humidity (e.g. Jenkyns, 1988; Cohen et al., 2004; Korte et al., 2015).

Investigations of palaeoenvironmental conditions during the Pliensbachian and
Toarcian often focus on the Pliensbachian-Toarcian Boundary and for the
duration of the Toarcian Oceanic Anoxic Event. A significant number of 313C
records during the Toarcian have been generated from multiple sites around the
globe (e.g. Jenkyns et al., 2002; Hesselbo et al., 2007; Xu et al., 2018), as well
as other geochemical palaeoenvironmental proxy records (e.g. Cohen et al,
2004; Percival et al., 2016; Xu et al., 2018). A very small number of studies
investigating wildfire activity across the Toarcian Oceanic Anoxic event have
been published, these suggesting significant changes in wildfire activity levels
throughout the Toarcian. The deposition of a thick sequence of sediments in the
central Polish Basin during the Early Jurassic (Pienkowski, 2004) provides an
excellent opportunity to not only study wildfire activity in the Polish Basin during
the Pliensbachian and Toarcian, but also to examine this new record in a global

context, aiding understanding of the climate across the world during this time.

6.2. Aims

This study aims to investigate wildfire activity in the central Polish Basin across
the Toarcian Oceanic Anoxic Event, as well as identify geochemical

palaeoenvironmental signals. New data from the Polish Basin will complement
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published palaeoenvironmental data from other Tethyan realm localities, and will
help to ascertain the geographic extent and variability in magnitude of climatic
changes during the Toarcian. With the new data collected as part of this study,

the following questions are addressed:

e Is there evidence of wildfire activity at the Kaszewy-1 site across the
Toarcian Oceanic Anoxic Event?

e How does the wildfire activity history of the Kaszewy-1 site compare to
other palaeoenvironmental records from within the Polish Basin?

e How does the wildfire activity history of the Kaszewy-1 site compare to
other sites in the Tethyan realm across the Toarcian Oceanic Anoxic

Event?

6.3. Background
6.3.1. Study Section: The Kaszewy-1 Core, Poland

The Kaszewy-1 borehole is located in present day central Poland (52°11°59.00”N,
19°29°28.82"E), approximately 100 km west of Warsaw, and was drilled in 2008
as part of an investigation by the Polish government of potential CO2
sequestration reservoirs (Figures 3.4 and 3.7). A~1500 metre long core of Upper
Triassic-Middle Jurassic sediments was recovered. The Pliensbachian section of
the Kaszewy-1 core comprises ~220 m of terrestrial and shallow marine
siliciclastic sediments, while the Toarcian section is smaller, ~150 m, and also

consists of terrestrial and marine siliciclastic sediments.
6.3.2. Wildfire Activity Proxies

6.3.2.1. Fossil Charcoal

A detailed discussion of the use of fossil charcoal abundance as a wildfire proxy
is provided in Section 3.5.1.2. (p. 72).

Charcoal is formed during the pyrolysis (burning in the absence of oxygen) of
organic matter (OM; Scott and Jones, 1991) and is often found in the fossil record
due to its robustness (e.g. Scott and Glasspool, 2007). The presence of fossil

charcoal in sediments is used as an indicator of past wildfire activity (e.g.
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Carcalillet et al., 2002; Power et al., 2007), and it is thought that changes in fossil
charcoal abundance reflect changes in wildfire activity (e.g. Whitlock et al., 2006).
Generally, an increase in fossil charcoal abundance reflects an increase in
wildfire activity level. Different size fractions of fossil charcoal are thought to
reflect the wildfire activity signal from different areas; fine fossil charcoal
abundance reflects a more regional signal, while coarse fossil charcoal
abundance reflects a more local signal (e.g. Kawano et al., 2012). Other factors
should also be considered when interpreting fossil charcoal abundance records,
such as the lithology and inferred depositional environments of sediment samples
analysed (e.g. Belcher et al., 2010). The influence of pre-depositional transport,

preservation, reworking, and diagenesis should also be taken into consideration.

6.3.2.2. Pyrolytic Polycyclic Aromatic Hydrocarbons

A detailed discussion of the use of polycyclic aromatic hydrocarbons (PAHS) as

a wildfire proxy is provided in Section 3.5.2.2. (p. 79).

Polycyclic aromatic hydrocarbons are a group of organic molecules that have
ringed structures. Some PAHSs are formed during the pyrolysis of organic matter,
known as pyrolytic PAHSs, and can be used as a proxy for wildfire activity (e.g.
Jiang et al., 1998; Belcher et al., 2009). Generally, it is thought that an increase
in pyrolytic PAH abundance reflects an increase in wildfire activity, and vice versa
(e.g. Shen et al., 2011). There is conflicting evidence about the spatial extent of
pyrolytic PAH records; some studies suggest they record a local signal, while
others suggest pyrolytic PAHSs record a regional signal (Scott, 2009; Abdel-Shafy
and Mansour, 2016). Pyrolysis is not the only source of PAHS; some PAHSs
originate from petrogenic sources, though these typically have a different
structure to pyrolytic PAHs (e.g. Jiang et al., 1998; Shen et al., 2011). The land
plant biomarker retene is also a PAH that is not produced during pyrolysis of
organic matter (e.g. Peters et al., 2007). Similar to fossil charcoal as a proxy for
wildfire activity, other factors should be considered when interpreting pyrolytic
PAH data, such as lithology, depositional environments, and the occurrence, if
any, of petrogenic PAHs alongside pyrolytic PAHs (e.g. Venkatesan and Dahl,
1989; Abdel-Shafy and Mansour, 2016).
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6.3.3. Previous Work

A detailed discussion of previous studies of Toarcian sediments from the Polish
Basin and Toarcian wildfire records in general is provided in Sections 3.3.2.2.

(p. 52) and 3.5.4.2. (p. 89).

There are few studies published in the English language regarding the Toarcian
of the Polish Basin. The characteristic large negative CIE of the Toarcian OAE,
preceded and followed by smaller positive CIEs, is documented at a number of
sites in the Polish Basin (Hesselbo and Pienkowski, 2011). Clay mineral analyses
of Toarcian-aged sediments from the Polish Basin indicate changes in

weathering regime, humidity and temperatures (Branski, 2012).

A small number of published wildfire activity proxy datasets show evidence of
increased wildfire activity prior to the Toarcian OAE negative CIE, and during the
recovery period. Fossil charcoal abundance records from Portugal and the UK
correlate well with each other and carbon-isotope records from the same sites
(Baker et al., 2017). Another study of sediments from the UK shows elevated
concentrations of PAHSs priorto the Toarcian OAE and during the recovery period,
also correlating well with carbon-isotope records from the site (French et al.,
2014). Despite the lack of wildfire activity proxy records, the abundance and high-
resolution of accompanying carbon-isotope records allows for confident

correlations between these sites.

6.4. Materials & Methods
6.4.1. Materials

Nine samples from the Pliensbachian and Toarcian sections of the Kaszewy-1
core were collected for fossil charcoal abundance quantification and polycyclic
aromatic hydrocarbon analyses. The 9 samples were collected from between
depths 1169.10 m and 1297.20 m, at an average resolution of 1 sample per 14.23
m. All 9 samples comprise either mudstones thought to have been deposited in
terrestrial or shallow marine environments. Sediments of the same lithology were

chosen so as to minimise the bias caused by sedimentology.
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6.4.2. Methods

6.4.2.1. Fossil Charcoal Quantification

A detailed discussion of the method used for fossil charcoal quantification is
provided in Section 4.2. (p. 99). Samples were prepared by the author at the
University of Exeter, with the assistance of M. Grosvenor, and analysed by the

author.

Standard acid maceration techniques were used to liberate fossil organic matter
(OM) from bulk rock samples. Hydrochloric and hydrofluoric acids were used to
remove all carbonate and silicate material, respectively. The remaining fossil OM
was then sieved at 125 pym into a coarse (>125 pm) fraction and a fine (<125 pm)
fraction. Sub-samples of the fine fraction of each sample were used to create
microscope slides for fossil charcoal quantification. The number of fossil charcoal
particles in both the coarse and fine fractions were counted, along with the
number of fossil non-charcoal particles in the fine fraction. Final counts were

normalised per 10 grams of sediment.

6.4.2.2. Polycyclic Aromatic Hydrocarbon Quantification

A detailed discussion of the method used for polycyclic aromatic hydrocarbon
quantification is provided in Section 4.3. (p. 102). Samples were prepared and

analysed by the author at the National Oceanography Centre, Southampton.

Standard organic geochemical techniques were used to extract PAHs from
sediment samples and quantify them. The total lipid extract (TLE) was taken from
sediments using a 1:1 mix of dichloromethane and methanol. The TLE was
separated into three fractions (non-polar, aromatic, polar) using column
separation and 3 different solvents. The aromatic fraction was analysed using
GC-MS; a total of 20 different PAH molecules were identified and quantified using
the GC-MS chromatograms and reference material. Final concentrations of PAHs

were normalised per gram of sediment.
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6.5. Results & Discussion
6.5.1. Fossil Charcoal Abundance

6.5.1.1. Coarse Fossil Charcoal Abundance

The abundance of coarse fossil charcoal particles (>125 ym) in the Pliensbachian
and Toarcian sections of the Kaszewy-1 core is very low, ranging from O
particles/10 g sediment to 15 particles/10 g sediment (Figure 6.1). Three samples
(kk_42, depth: 1238.07 m; kk_42c, depth: 1215.75 m; kk_47, depth: 1169.10 m)
were lacking in coarse fossil charcoal particles. The coarse fossil charcoal
abundance of sample kk_35 (depth: 1289.70 m) was not counted due to excess

sediment clouding the sample and hindering counting.

Coarse fossil charcoal abundance is very low inthe two oldest samples from the
Pliensbachian part of the study section: 1 and O particles/10 g sediment. The
abundance of coarse fossil charcoal particles increases slightly just above the
Pliensbachian-Toarcian boundary, to 2 particles/10 g sediment. Coarse fossil
charcoal abundance then decreased to O particles/10 g sediment in the next two
Toarcian samples (kk_42, kk_42c), moving up the core. Peak coarse fossil
charcoal abundance is observed in sample kk_45y, with a value of 15 particles/10
g sediment, before abundance drops moving up the core, first to 4 particles/10 g

sediment in sample kk_46b and then O particles/10 g sediment in sample kk_47.

6.5.1.2. Fine Fossil Charcoal Abundance

Fine fossil charcoal particles (<125 ym) are much more abundant in all of the
Pliensbachian and Toarcian samples than coarse fossil charcoal particles
(Figure 6.2). Fine fossil charcoal abundance ranges from ~12,000 particles/10 g
sediment (sample kk_42c; depth: 1215.75 m) to ~256,000 particles/10 g
sediment (sample kk 39; depth: 1250.75 m). Fine fossil charcoal abundance is
generally low in the Pliensbachian part of the study section, ranging from ~59,800
particles/10 g sediment to ~130,000 particles/10 g sediment. Fine fossil charcoal
abundance peaksimmediately above the Pliensbachian-Toarcian Boundary, with
avalue of ~256,000 particles/10 g sediment. Fine fossil charcoal abundance does
not peak in the same sample as coarse fossil charcoal abundance. In the

following four Toarcian-aged samples, moving up the core, fine fossil charcoal
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Figure 6.1 Coarse fossil charcoal abundance through the study section of the Kaszewy-1 core.
PI-To = Pliensbachian-Toarcian Boundary. Lithological succession from Pienkowski (pers.

comm.).
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abundance drops to low values ranging from ~12,000 particles/10 g sediment to
~26,600 particles/10 g sediment. Fine fossil charcoal abundance increases inthe

uppermost sample of the study section (Late Toarcian age), with a value of
~175,000 particles/10 g sediment.

6.5.1.3. Fine Fossil Non-charcoal Abundance

Fine fossil non-charcoal particles (i.e. preserved organic matter that has not been
charcoalified; <125 ym) are more abundant than, and show a similar abundance
pattern to, fine fossil charcoal particles (Figure 6.2). The abundance of fine fossil
non-charcoal particles is an order or magnitude greater than fine fossil charcoal
particle abundance, and ranges from ~132,000 — ~8,160,000 particles/10 g
sediment. Fine fossil non-charcoal abundance is generally low in the
Pliensbachian part of the study section, ranging from ~154,000 particles/10 g
sediment to ~789,000 particles/10 g sediment. The abundance of fine fossil non-
charcoal particles peaks immediately above the Pliensbachian-Toarcian
Boundary, at a value of ~8,160,000 particles/10 g sediment; this is the same
sample in which fine fossil charcoal abundance peaks. Fine fossil non-charcoal
abundance then rapidly declines and remains low for the rest of the samples in
the Toarcian part of the study section. The abundance of fine fossil non-charcoal
particles in this part of the section ranges from ~132,000 particles/10 g sediment
to ~1,200,000 particles/10 g sediment.

6.5.1.4. Percentage of Fine Fossil Charcoal

The percentage of fine fossil charcoal particles, in terms of total fine OM particle
abundance, varies throughout the Pliensbachian-Toarcian study section from
3.0% to 16.1% and does not show a similar pattern to either coarse or fine fossil
charcoal abundance (Figure 6.2). The percentage of fine fossil charcoal particles
in the fine fraction is relatively high at the bottom of the study section (14.2%) but
then declines moving up the core towards the Pliensbachian-Toarcian Boundary.
The percentage of fine fossil charcoal particles present reaches a low of 3.0% in
sample kk 39 (depth: 1250.75 m), immediately above the Pliensbachian-
Toarcian Boundary. The percentage of fine fossil charcoal particles then
increases moving up through the Toarcian part of the study section, ranging from
6.1% to 16.1%, with some fluctuations at the top of the study section. The sample

containing the highest proportion of fine fossil charcoal particles is sample kk_45y
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(16.1%; depth: 1188.15 m); this is not the sample containing the highest absolute
value of fine fossil charcoal particles, though it is the sample containing the
highest absolute value of coarse fossil charcoal particles. The varying proportion
of fine fossil charcoal particles in the Pliensbachian-Toarcian Kaszewy-1 samples
shows that absolute fine fossil charcoal abundance is not controlled by the total
number of fine organic matter particles (i.e. fine fossil charcoal + fine fossil non-
charcoal), but is being controlled by another factor, such as changes in lithology,

depositional environment, or wildfire activity.

The percentage of charcoal in terms of total OM particles is rarely discussed in
published studies (see e.g. Baker et al. (2017) as an exception). It is generally
accepted that changes in absolute charcoal abundance are sufficient to assess
wildfire activity levels qualitatively, once other factors (e.g. lithology, depositional
environment) have been taken into consideration. Changes in absolute charcoal
abundance are usually interpreted qualitatively, discussing them in terms of
increased or decreased wildfire activity, rather than quantitatively. This presents
a challenge when comparing the new Polish Basin data to published records, and
for this reason, absolute fossil charcoal abundance is discussed when compared
to other published charcoal records, and other palaeoenvironmental records. This
does limit the interpretation of the data somewhat, and conclusions are made with
caveats. Refining the techniques involved with fossil charcoal studies is needed,
and as this area of work grows, the interpretation of fossil charcoal records will

improve and lead to more robust conclusions.

6.5.1.5. Total Fossil Charcoal Abundance

The total number of fossil charcoal particles (>125 ym and <125 pm) present in
each sample is heavily biased by the abundance of fine fossil charcoal particles
(Figure 6.2). Total fossil charcoal abundance is generally low in the
Pliensbachian part of the study section, before peaking immediately above the
PIl-To Boundary. The abundance of total fossil charcoal declines moving up
through the Toarcian section of the core, before increasing again at the top of

study section.
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6.5.1.6. Effect of Lithology & Depositional Environment on Fossil Organic Matter

Abundance

The depositional environment and lithology of the sediments in which charcoal is
eventually deposited in can affect the abundance of preserved charcoal in those
sediments (e.g. Scott, 2010). The sedimentology of the Kaszewy-1 core changes
frequently, and reflects sediment depositionin a range of terrestrial and shallo w-
marine environments. Sedimentary facies were assigned based on lithological,
sedimentary structural, trace fossil, and body fossil evidence, as well as

sequence stratigraphy (Pienkowski, pers. comm.).

The samples analysed for this study are all mudstones, therefore eliminating the
potential for variations in fossil charcoal abundance due to major changes in grain
size and lithology. The median and maximum grain size of the horizons sampled
show very weak correlations with coarse and fine fossil charcoal abundance, and
fine non-fossil charcoal abundance (Table 6.1); similarly, the lithofacies shows a

very weak correlation with organic matter abundance (Table 6.1).

The inferred depositional environments of the sediments sampled vary from
fluvial to shallow-marine, with different inferred energies. The abundance of
organic matter in the Kaszewy-1 samples does not appear to correlate with either

the inferred energy of the depositional environments, or the marine influence of

Coarse Fossil Fine Fossil Fine Fossil
Charcoal Charcoal Non-Charcoal
Abundance Abundance Abundance

Maximum grain size 0.112 0.024 0.259
Median grain size 0.181 0.030 0.086
Depositional setting —

o 0.224 0.123 0.057
marine influence

Table 6.1 R2 (coefficient of determination) values calculated from cross-plots of coarse and fine
fossil charcoal, and fine fossil non-charcoal abundances against various lithological properties for
the Kaszewy-1 samples. R? values range between 0 and 1, with lower values indicating a weaker
relationship between the two variables (Taylor, 1990). The lithological properties were assigned
a numerical value by the author in order to calculate the degree of correlation between pyrolytic

PAH concentration and lithology.

159



Chapter 6 — Toarcian Wildfire Activity History

the depositional environment (Table 6.1). The lack of strong correlations between
various lithological and depositional environment-related parameters and fossil
organic matter abundance suggests that another factor is responsible for
producing the changes in fossil organic matter abundance throughout the
Pliensbachian-Toarcian section of the Kaszewy-1 core. Changes in climatic
conditions and wildfire activity could explain the patterns seen here in the PIl-To
Kaszewy-1 samples (see Section 6.5.3. for further discussion).

6.5.2. Polycyclic Aromatic Hydrocarbon Concentrations

6.5.2.1. Pyrolytic PAH Concentrations

Pyrolytic PAHs were detected in all nine samples in concentrations ranging from
37 ng/g sediment to 985 ng/g sediment (Figure 6.3). Benz-anthracene,
benzo(k)fluoranthene, fluoranthene, indeno[1,2,3-cd]pyrene, phenanthrene and
pyrene were detected in all nine samples. Coronene was detected in quantifiable
amounts in seven samples and fluorene was detected in quantifiable amounts in

only six samples.

The most abundant pyrolytic PAH in every sample is phenanthrene, with
concentrations ranging from 55 ng/g sediment to 986 ng/g sediment. The least
abundant pyrolytic PAH in every sample is coronene (37-83 ng/g sediment),
closely followed by fluorene (46-147 ng/g sediment). The low concentrations of
coronene relative to the other pyrolytic PAHs in the Pliensbachian-Toarcian
samples of the Kaszewy-1 core suggest that coronene was produced during the
pyrolysis of organic matter, rather than originating from a petrogenic source (cf.

Belcher et al., 2005, and references therein).

The general shape of the pyrolytic PAH concentration records shows relatively
low concentrations (58-600 ng/g sediment) at the bottom of the study section, in
the Pliensbachian part, before a relatively large increase in concentrations (49-
985 ng/g sediment) in the last sample before the Pliensbachian-Toarcian
Boundary. The concentration of pyrolytic PAHs generally decreases sharply
above the PI-To Boundary to relatively low values (45-172 ng/g sediment). An
increase in pyrolytic PAH concentrations (49-430 ng/g sediment) is seen in

samples at the top of the study section, in the uppermost Toarcian part.
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Pyrolytic PAHs typically form at temperatures above 350°C, and will continue to
form at temperatures greater than 1200°C (Abdel-Shafy and Mansour, 2016),
with lower molecular weight (m/z) molecules forming prior to those with higher
m/z (Ledesma et al., 2006; Kislov et al., 2013). Fluorene and phenanthrene have
the lowest molecular weights (166 and 176, respectively) but differ greatly in
concentration throughout the study section; phenanthrene is the most abundant
pyrolytic PAH in each sample, whereas fluorene is one of the least abundant,
sometimes missing entirely. A number of studies suggest that phenanthrene can
also be produced during sediment diagenesis as well as during the pyrolysis of
organic matter (e.g. Jiang et al., 1998). Given the large discrepancy in
concentrations of phenanthrene and fluorene (both low m/z pyrolytic PAHS), it is
likely that diagenetic phenanthrene is present in these samples and is masking
the pyrolysis-derived phenanthrene signal. For this reason, phenanthrene is no
longer included as a pyrolytic PAH in the discussion of the Kaszewy-1

Pliensbachian-Toarcian samples.

D iti I
. Median epo§|t|ona
Maximum . setting —
grain size gram marine
size .
influence
Fluorene 0.308 0.051 0.057
Fluoranthene 0.016 0.013 0.050
Pyrene 0.006 0.045 0.096
Benz-anthracene 0.186 0.103 0.053
Benzo(k)fluoranthene 0.100 0.010 0.041
I 1,2,3-
ndenof1,2,3 0.162 0.014 0.028
cd]pyrene
Coronene 0.208 0.041 0.001

Table 6.2 R? (coefficient of determination) values calculated from cross-plots of pyrolytic PAH
concentrations against various lithological properties for the Kaszewy-1 samples. RZ2 values
range between 0 and 1, with lower values indicating a weaker relationship between the two
variables (Taylor, 1990). The lithological properties were assigned a numerical value by the author

in order to calculate the degree of correlation between pyrolytic PAH concentration and lithology.
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The concentrations of each pyrolytic PAH do not appear to correlate with
lithological or depositional environment-related parameters, suggesting that

another factor, such as wildfire activity controlled the changes in concentrations
of the pyrolytic PAHSs discussed here (Table 6.2).

6.5.2.2. Petrogenic PAH Concentrations

Significant concentrations of petrogenic PAHs were detected in all of the samples
from the Pliensbachian-Toarcian study section of the Kaszewy-1 core (Figure
6.4). In some samples, petrogenic PAHs are more abundant than pyrolytic PAHSs,
suggesting that the pyrolytic PAHs may not reflect particularly high levels of
wildfire activity (cf. Venkatesan and Dahl, 1989). The high total concentration of
PAHs with additional alkyl chains suggests that there is/was a significant source
of hydrocarbons proximal to the Kazewy-1 site. Unpublished Rock-Eval data
suggest that the sediments between ~1250 m and ~1275 m depth have a good
source rock potential, with relatively high TOC values (~3.3% — ~5.8%) and Tmax

values indicating mature organic matter (437-441°C) (Pienkowski, pers. comm.).

PAH concentration (ng/g sediment)
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Figure 6.4 Total concentration of petrogenic PAHs plotted alongside total concentration of

pyrolytic PAHs for the Kaszewy-1 core Pliensbachian-Toarcian section.
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Sample kk_38 (depth: 1265.90 m) has an extremely high total concentration of
petrogenic PAHs (~3878 ng/g sediment) which, along with the unpublished Rock-
Eval data, suggests that this sample is likely contaminated with PAHs derived
from petrogenic sources. Rock-Eval data from the rest of the study section
suggests that only sediments between ~1250 — 1275 m depth have a good source
rock potential. It is likely that the Pliensbachian-Toarcian PAH sediment samples
are contaminated with petrogenic PAHs that possibly formed during burial of
sediments containing organic matter. Comparison of the new pyrolytic PAH data
with new fossil charcoal abundance data, and with wildfire activity records from

other sites should help to clarify the originand interpretation of the pyrolytic PAHSs.

6.5.3. Wildfire Activity History at the Kaszewy-1 Site

Increases in both fossil charcoal abundance and pyrolytic PAH concentration
throughout a sedimentary succession are thought to indicate periods of increased
wildfire activity (e.g. Jiang et al., 1998; Carcaillet et al., 2002; Belcher et al., 2009;
Scott, 2010). Distance from wildfire activity can be indicated by comparing the
records of different size fractions of fossil charcoal and geochemical data (e.qg.
Tinner et al., 1998; Carcaillet et al., 2001; Abdel-Shafy and Mansour, 2016).
Fossil charcoal abundance and pyrolytic PAH concentration data indicate up to
six potential levels and three overall periods of increased wildfire activity recorded
at the Kaszewy-1 site during the Pliensbachian and Toarcian (Figure 6.5).

The levels of increased wildfire activity indicated here do not appear to be biased
by depositional environment (as discussed in Section 6.5.1.6., p. 159). Samples
were sieved at 125 pym, sorting the particles into a coarse fraction, representing
material derived from the local area (short transport distance), and a fine fraction,
representing material derived from the wider region (larger transport distance).
There was not sufficient time to sieve the samples at additional size thresholds;
sieving at 125 ym is the accepted standard, though sieving at additional
thresholds would provide a more complete picture of size sorting and therefore
transport distance. The addition of TOC and microfossil data would also allow for
a better understanding of changes in sedimentation rate and reworking,

respectively.
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The first level of increased wildfire activity is indicated by increased fine fossil
charcoal abundance and total pyrolytic PAH concentration at the bottom of the
study section (sample: kk_34; depth: 1297.20 m). A significant lack of coarse
fossil charcoal inthe same sample suggests that the Kaszewy-1 site itself did not
experience increased wildfire activity, but instead that the fine fossil charcoal
abundance and pyrolytic PAH concentration records have recorded a more
regional wildfire signal (cf. Scott, 2010; Abdel-Shafy and Mansour, 2016).

A second level of increased wildfire activity is indicated by only increased pyrolytic
PAH concentrations in sample kk_38 (depth: 1265.90 m) prior to the inferred
Pliensbachian-Toarcian boundary. Neither coarse nor fine fossil charcoal
abundance is particularly high in this sample, perhaps suggesting that wildfire
activity occurred further from the Kaszewy-1 site than during the previous level of

increased wildfire activity.

Fine fossil charcoal abundances peaks in sample kk_39 (depth: 1250.75 m),
immediately after the inferred Pliensbachian-Toarcian Boundary;, there is also a
relatively small increase in coarse fossil charcoal abundance. Pyrolytic PAH
concentrations for this sample could not be analysed due to insufficient sample
material. The increase in fine fossil charcoal abundance and, to a much lesser
extent, coarse fossil charcoal abundance suggests a third level of increased
wildfire activity, perhaps closer to the Kaszewy-1 site than the two previous levels
of increased wildfire activity. This third level of increased wildfire activity coincides
with the beginning of the Toarcian OAE negative carbon-isotope excursion, as
O13Cwp values begin to shift towards more negative values from relatively positive

ones.

During the negative carbon isotope excursion associated with the Toarcian OAE,
there is a significant decline in both coarse and fine fossil charcoal abundance.
Similarly, the total concentration of pyrolytic PAHs declines and remains low for
the duration of the negative carbon-isotope excursion. A lack of fossil charcoal
and low pyrolytic PAH concentration in this section suggests that there was a
significant decline in wildfire activity during the Toarcian OAE. Contemporaneous
wildfire activity records from other European sites also indicated a period of
suppressed wildfire activity associated with the negative CIE of the Toarcian OAE
(Section 6.5.3.2.).
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At the end of the Toarcian OAE negative CIE, during the recovery period as
013Corg values become more positive, a potential fourth level of increased wildfire
activity is indicated by an increase in coarse fossil charcoal abundance (sample:
kk_45y; depth 1188.15 m). An increase in fine fossil charcoal abundance is also
observed in the same sample, though this is relatively small. The total
concentration of pyrolytic PAHSs in this sample is also very low. Considering these
three separate wildfire activity records together, itis possible that sample kk_45y
does not record a fourth level of increased wildfire activity, but is the result of
sedimentary bias. Sample kk_45y is a mudstone thought to have been deposited
in an offshore environment; it is possible that the charcoal found at this horizon
has been transported a large distance by water (charcoal is extremely buoyant)
prior to deposition at the Kaszewy-1 site. If, however, the fossil charcoal records
are faithfully recording a fourth level of increased wildfire activity, the fire would
have been local to the Kaszewy-1 site, likely the closest of all of the six levels of

increased wildfire activity recorded by the Kaszewy-1 sediments.

A potential fifth level of increased wildfire activity is indicated by an increase in
the total concentration of pyrolytic PAHs in sample kk_46b (depth: 1178.00 m),
though both coarse and fine fossil charcoal abundances are low in this sample.
The total concentration of pyrolytic PAHs is not the highest concentration
observed in the Kaszewy-1 samples which, when also coupled with a relative lack
of fossil charcoal particles in the same sample, indicates low confidence in this

fifth level of increased wildfire activity.

The final, sixth, level of increased wildfire activity is indicated in the uppermost
sample (kk_47) of the study section (depth: 1169.10 m). An increase in both fine
fossil charcoal abundance and total pyrolytic PAH concentration, and lack of
coarse fossil charcoal particles, suggests a period of increased wildfire activity

distal to the Kaszewy-1 site at this time during the Toarcian.

The higher land-plant biomarker retene was detected in all nine of the Kaszewy-
1 samples and varies in concentration from 49 ng/g sediment to 471 ng/g
sediment (Figure 6.6). Retene concentration covaries with total pyrolytic PAH
concentration, supporting the suggestion that there were variations in the amount
of organic matter burning throughout the Pliensbachian and Toarcian sections of
the Kaszewy-1 core (cf. Jiang et al., 1998).
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Figure 6.6 Total concentration of pyrolytic PAHs plotted alongside retene concentration for the

Kaszewy-1 core Pliensbachian-Toarcian section.

The fossil charcoal abundance and geochemical data from Pliensbachian- and
Toarcian-aged samples show evidence of at least four, and possible another two,
levels of increased wildfire activity, and that these can be grouped into two larger
periods of increased wildfire activity. The datasets presented here also indicate
a significant decline in wildfire activity during the negative carbon-isotope
excursion of the Toarcian OAE. Variations in the level of wildfire activity level can
be caused by a number of different factors, and it is likely that multiple factors
contributed to the periods of increased wildfire activity recorded by the Kaszewy-

1 samples.

6.5.3.1. Causes of Changes in Wildfire Activity Level

Changes in wildfire activity as recorded in the Kaszewy-1 sediments could be

explained by changes in weather patterns, vegetation type and abundance,
oxygen availability, or, more realistically, a combination of these factors (Figure

3.10; Table 3.8). Unfortunately, a current lack of published palaeoclimatic and

palynology studies of the Polish Basin makes identifying the cause(s) of the two
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periods of increased wildfire activity difficulty. Unpublished clay mineralogy data
suggests that the climate was relatively warm and wet at the Kaszewy-1 site
during the Pliensbachian and Toarcian (Figure 6.5). Comparison of the new
wildfire activity records from the Kaszewy-1 site to published datasets from other

contemporaneous sites helps to identify potential causes.

Palaeofloral and palynological data from Bornholm, Denmark, shows a marked
increase in thermophilic plant taxa prior to the Toarcian OAE negative carbon-
isotope excursion, suggesting higher global temperatures and a decrease in
rainfall and humidity prior to the Toarcian OAE (McElwain et al., 2005; Hesselbo
and Pienkowski, 2011). Higher temperatures and decreased rainfall and humidity
increase the potential for wildfires to ignite and spread (e.g. Power et al., 2007),
and could explain the two levels of increased wildfire activity recorded in the
Pliensbachian part of the study section. These climatic changes would likely have
contributed to the third level of increased wildfire activity, observed after the

inferred Pliensbachian-Toarcian Boundary.

The positive carbon-isotope excursion below the Toarcian OAE negative CIE is
associated with increased carbon burial, which would likely have increased
atmospheric oxygen levels (e.g. Jenkyns and Clayton, 1997). The oldest three
levels of increased wildfire activity (in the Pliensbachian section and immediately
after the inferred Pliensbachian-Toarcian Boundary) are all associated with
relatively positive 83Cwpvalues, suggesting that atmospheric oxygen levels were
relatively high due to increased carbon burial. A high level of atmospheric oxygen
during the Toarcian OAE is also supported by a positive correlation between
increased carbon burial and heavier seawater 334S values (Jenkyns, 2010).
Computer modelling also suggests that anoxia can increase primary production
(and therefore oxygen levels within the atmosphere-ocean system) via more
efficient recycling of phosphorous from marine sediments (Handoh and Lenton,
2003). Given the relatively long residence time of oxygen in the atmosphere-
ocean system (Handoh and Lenton, 2003), it is possible that positive CIE below
the Toarcian OAE negative CIE promoted a rise in atmospheric oxygen levels
which persisted throughout the Toarcian OAE. Higher atmospheric oxygen levels
increase wildfire activity level (e.g. Scott, 2010), and it is possible that relatively

high atmospheric oxygen levels contributed to the first extended period of
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increased wildfire activity in the Kaszewy-1 Pliensbachian-Toarcian study

section.

The Toarcian OAE negative carbon-isotope excursion is associated with a
massive input of light carbon into the atmosphere that occurred along with
continued high rates of carbon burial (e.g. Hesselbo et al., 2007). Osmium-
isotope data from sites in the UK show evidence of increased weathering during
the negative CIE associated with the Toarcian OAE (Percival et al., 2016). It is
generally agreed that the climate was warmer and wetter during the Toarcian
OAE (e.g. Cohen et al., 2004; Korte et al., 2015). Wetter environments can
supress wildfire activity, despite the warmer temperatures and higher
atmospheric O2 which encourage wildfire activity (Price and Rind, 1994).
Considering that the Toarcian section of the Kaszewy-1 core is dominated by a
kaolinite-illite clay mineral assemblage (Figure 6.5; Pienkowski, pers. comm.), it
is unlikely that a wetter environment alone was responsible for supressing wildfire
activity during the negative CIE; wildfire activity was successfully sustained as
recorded at multiple horizons in the Toarcian section of the Kazewy-1 core.
Instead, it is possible that wildfire activity was supressed by a lack of suitable fuel
during the negative CIE (due to increased wildfire activity occurring below the
negative CIE). Throughout the negative CIE, it is possible that the plant
assemblages recovered, eventually providing enough fuel for periods of
sustained wildfire activity, as seen at the end of the Toarcian OAE, where 5'3C

values return to more positive values.

After the negative CIE associated with the Toarcian OAE, 813Cwp increases to
more positive values, and is associated with a continued period of high carbon
burial (e.g. Jenkyns and Clayton, 1997), which would have likely maintained the
level of atmospheric oxygen. A number of studies provide evidence of cooling
and drying at the end of the Toarcian OAE during the recovery phase (Cohen et
al., 2004; Dera et al., 2009; Korte et al., 2015). The combination of a relatively
high level of atmospheric oxygen and decreasing precipitation and humidity
levels at the end of the Toarcian OAE would likely have caused an increase in
wildfire activity, despite the cooling of the climate (cf. Price and Rind, 1994, Scott,
2010).
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6.5.3.2. Wildfire Activity at the Kaszewy-1 Site in a Global Context

There is a limited collection of published wildfire activity proxy datasets spanning
the Toarcian Oceanic Anoxic Event (Figure 6.7). A low-resolution study of
pyrolytic PAH content of sediment from Yorkshire, UK, shows high pyrolytic PAH
content correlating with positive 3Corg values prior to the negative CIE
associated with the Toarcian OAE (French et al., 2014); pyrolytic PAH content
generally remains low throughout the negative CIE of the Toarcian OAE, but
fluctuates towards the top of the section, correlating with a return to more positive
0%3Corg values after the negative CIE. Fossil charcoal abundance studies from
sites at Mochras, Wales, UK, and Peniche, Portugal, also show low total fossil
charcoal abundances during the negative CIE of the Toarcian OAE, with
increases in total fossil charcoal abundance occurring during the recovery period

of the OAE, as 8*3Cwood values return to more positive values (Baker et al., 2017).

Correlation between these three sites (Yorkshire, Wales, and Peniche) and the
Kaszewy-1 site is necessarily imprecise due to differences in sample resolution
and sediment thickness. The new Kaszewy-1 wildfire activity proxy data identify
up to six potential levels and two extended periods of elevated wildfire activity
during the Pliensbachian and Toarcian: both before after the negative CIE of the
Toarcian OAE.

Evidence of periods of increased wildfire activity prior to the Toarcian OAE is also
seen at both the Yorkshire and Peniche sites (French et al., 2014; Baker et al.,
2017). The sedimentary sequences at these two sites are relatively condensed
in comparison to that of the Kaszewy-1 site; it is difficult to determine with high
confidence if the periods of increased wildfire activity indicated by geochemical
and fossil charcoal data at sites in Yorkshire and Peniche correlate with the
periods identified in the Kaszewy-1 datasets. Using carbon-isotope data to
correlate between sites, it would appear that the period of increased wildfire
activity associated with elevated pyrolytic PAH content at the Yorkshire site may
correlate to the second level of increased wildfire activity from the Kaszewy-1
core. Again, using carbon-isotope data, it would appear that the elevated total
fossil charcoal abundance observed at Peniche (height in section: ~10 m)
correlates with the peak in fine fossil charcoal abundance observed in the
Kaszewy-1 core; both correlate with relatively positive 33C values immediately
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before d313C values beginto shift to more negative values during the onset of the
Toarcian OAE, and occur after the Pliensbachian-Toarcian Boundary. Latitudinal
and environmental differences should also be considered when correlating
wildfire activity proxies between sites. For example, the Mochras charcoal record
does not show increased charcoal abundance during the first positive CIE of the
Toarcian OAE, which could perhaps be explained by differences in depositional
setting, or the area’s palaeogeography. Further work is needed to understand the
impact of latitudinal and palaeogeographical differences on the wildfire activity

records discussed here.

Wildfire activity proxy records from all four sites show evidence of low levels of
wildfire activity during the negative carbon-isotope excursion of the Toarcian
OAE. As discussed previously (Section 6.5.3.1.; p. 168), climatic conditions
during the Toarcian OAE would likely have hindered the spread of wildfire, and
numerous studies show evidence of widespread climatic changes across the
globe during the Toarcian OAE. It is likely that the lack of evidence for high levels
of wildfire activity during the Toarcian OAE negative CIE at sites in Poland,
Portugal and the UK reflect changes in climatic conditions that affected at least
the Tethyan realm during this time, and likely extended across the supercontinent

at mid-latitudes.

The abundance of fossil charcoal at sites in both Wales and Portugal increases
towards the inferred end of the Toarcian OAE, as 3!3C values return to more
stable positive values (Baker etal., 2017). A general increase in the pyrolytic PAH
content of sediments is also observed in samples from Yorkshire (French et al.,
2014), also correlating with a return to more positive 513Corg values (Kemp et al.,
2005). Again, the low resolution of these previously published studies and the
new Kaszewy-1 data makes itdifficult to determine with confidence precisely how
these inferred periods of high wildfire activity correlate. It would appear that these
peaks in fossil charcoal abundance at Kaszewy-1, Mochras and Peniche may be
a record of the same period of increased wildfire activity, though a more confident
correlation could be made with additional data, increasing the resolution of the
datasets presented here. The pyrolytic PAH content data from Yorkshire is less
clear and does not appear to correlate in particular with any one of the three

possible periods of increased wildfire activity recorded by the Kaszewy-1
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samples. Additional fossil charcoal data would help to better correlate the
Yorkshire geochemical data with the fossil charcoal data from other sites, and
understand the pattern of wildfire activity at the Yorkshire site after the Toarcian
OAE. Again, differences between the wildfire activity proxy records at these sites
could perhaps be explained by latitudinal differences, though further work is
needed, particularly, increasing the resolution of the proxy records. Latitudinal
differences inrainbelts during the Toarcian could perhaps provide an explanation,
though there appear to be no published studies regarding predicted Toarcian
rainbelts at the time of writing.

Despite differences in sample resolution and sediment thickness, what is
apparent is that there appears to be a significant decline in wildfire activity during
the negative CIE of the Toarcian OAE, and periods of elevated wildfire activity
both prior to and after this negative CIE. The periods of increased wildfire activity

indicated at each site correlate with 313C values that are more positive.

6.6. Conclusions & Future Work
The following conclusions can be drawn from this study:

¢ New fossil charcoal abundance and pyrolytic PAH datasets show evidence
of up to six levels of increased wildfire activity recorded at the Kaszewy-1
site during the Pliensbachian and Toarcian, thought to be the first record
of wildfire activity in the Polish Basin during this time.

¢ New fossil charcoal abundance and pyrolytic PAH datasets show evidence
of a significant decline in wildfire activity during the Toarcian OAE negative
CIE, as defined by d313Corg data.

e New wildfire activity proxy datasets from the Kaszewy-1 core appear to
correlate with wildfire activity proxy datasets from other sites in the
Tethyan realm, indicating at least a regional increase in wildfire activity

during the onset of and recovery from the Toarcian OAE.

There is the potential for significant further study of Toarcian wildfire activity to be
carried out on the basis of the work presented here in this chapter. Increasing the
resolution of both fossil charcoal abundance and pyrolytic PAH concentration

records from the Kaszewy-1 core, as well as from other sites in the Tethyan
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realm, will be key to understanding changes in wildfire activity during the
Pliensbachian and Toarcian. The Kaszewy-1 core offers the opportunity to
produce a high-resolution record of wildfire activity in the Polish Basin during the
Pliensbachian and Toarcian due to how expanded the sedimentary sequence is;
this would also allow for the further investigation of wildfire activity across the
Tethyan realm during the Toarcian, assessing the regional extent of wildfires at
this time. The generation of new records of pyrolytic PAH content from the
Mochras and Peniche sites to complement published fossil charcoal data, as well
as new fossil charcoal abundance record to complement the geochemical data
from Yorkshire, will help to improve correlation between different sites in the

Tethyan realm, and help to understand the regional wildfire activity history.
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CHAPTER 7 ENVIRONMENTAL CHANGES IN THE
CENTRAL PoLISH BASIN ACROSS THE TRIASSIC-

JURASSIC BOUNDARY

7.1. Introduction

The Triassic-Jurassic Boundary time interval (201.3 £ 0.2 Ma; T-J Boundary;
Cohen et al., 2013) was a time thought to have had extreme climatic conditions,
including rising atmospheric carbon dioxide levels and increasing temperatures,
which may have caused or exacerbated the end Triassic extinction and
contributed to a major floral turnover in some regions (e.g. Huynh and Poulsen,
2005; Pélfy et al., 2007; Korte et al., 2009; Pienkowski et al., 2012). Geochemical
and palaeobotanical evidence from multiple sites within the Tethyan realm also
points to periods of increased wildfire activity across the T-J Boundary (e.g.
Marynowski and Simoneit, 2009; Belcher et al., 2010a; Petersen and Lindstrom,
2012).

Palaeoenvironmental conditions across the T-J Boundary have been well-studied
at numerous sites around the globe, but the vast majority of records are from
marine deposits (e.g. Palfy et al., 2001; Hesselbo et al., 2002; Guex et al., 2004;
Marzoli et al., 2004; Whiteside et al., 2007; Hautmann et al., 2008; Ruhl et al.,
2009; Greene et al, 2012). This bias towards marine palaeoenvironmental
records leaves the terrestrial realm relatively under-studied. During the Late
Triassic-Early Jurassic, the Polish Basin was dominated by terrestrial
depositional environments, resulting in a thick sequence of predominantly

terrestrial-derived sediments (e.g. Pienkowski, 2004).

The Kaszewy-1 and Niektan PIG-1 sites, both located in the central Polish Basin
(Kaszewy-1: 52°11°59.00"’N, 19°29'28.82’E; Niektan PIG-1: 51°09'50.00"N,
20°38’'55.00E), provide an excellent opportunity to investigate wildfire activity
and environmental changes in central Europe across the Triassic-Jurassic

Boundary, via sedimentary core material. Similar to the Kaszewy-1 borehole
(Chapter 6), the Niektan PIG-1 borehole was also drilled in order to characterise
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CO2 sequestration reservoirs. Analysis of the cores facilitates understanding of
environmental conditions within the Polish Basin across the T-J Boundary and
identification of the extent of increased levels of wildfire activity at this time, as

detected at other sites in northwest Europe.

7.2. Aims

This study aims to investigate wildfire activity at a central Polish Basin site across
the  Triassic-Jurassic Boundary, as well as identify geochemical
palaeoenvironmental signals. With the new data collected as part of this study,

the following questions are addressed:

e Is there evidence of wildfire activity in the central Polish Basin across the
Triassic-Jurassic Boundary?

e How does the wildfire activity history of the central Polish Basin compare
to other palaeoenvironmental records?

e How does the wildfire activity history of the central Polish Basin compare
to other sites in the NW Tethyan realm across the Triassic-Jurassic
Boundary?

e Is there evidence ofthe characteristic Triassic-Jurassic Boundary negative
carbon-isotope excursions in terrestrial organic matter from the Niekfan
PIG-1 site?

e What do carbon-isotope records from terrestrial organic matter indicate
about the palaeoenvironmental conditions at the Niekfan PIG-1 site across
the T-J Boundary?

7.3. Background

7.3.1. Study Sites

Relative sea level change greatly influenced sedimentation within the basin
during the Early Jurassic (Figure 3.6; Pienkowski, 2004). During the Hettangian,
sea level changed within the Polish Basin, leading to a range of terrestrial and

marine depositional environments (Pienkowski, 2004). The Kaszewy-1 and
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Niektan PIG-1 sites are located in the central Polish Basin, with sedimentary

profiles that generally reflect deposition in a terrestrial environment.

In the earliest Hettangian, sediment deposition occurred in fully terrestrial fluvial
and lacustrine environments. A marine influence on the basin increased through
the Early Hettangian and culminated in the Middle Hettangian, resulting in a
brackish-marine environment running NW-SE through the Polish Basin. Marine
influence in the basin decreased from the Middle to the latest Hettangian,
resulting in a terrestrial-marine transitional environment along the NW-SE axis of
the basin, and fluvial depositional environments moving away from this axis

towards the edges of the basin.

7.3.1.1. The Kaszewy-1 Core

A ~1500 metre long core of Late Triassic-Middle Jurassic sediments was
recovered from the Kazewy-1 borehole (see Figure 3.4 for location). The upper
Rhaetian section of the Kaszewy-1 core comprises ~220 m of terrestrial
siliciclastic deposits thought to have been deposited in fluvial and lacustrine
settings. The Hettangian section of the core consists of ~100 m of terrestrial and
marine siliciclastic deposits, thought to have been laid down in a range of

environments, including fluvial, lacustrine and shallow marine.

7.3.1.2. The Niekian PIG-1 Core

The Niektan PIG-1 borehole is located in the central Polish Basin (modern-day
central Poland; see Figure 3.4 for location) and was drilled in 2010, recovering a
mostly-complete ~200-metre-long core of sedimentary material of Late Triassic
and Early Jurassic age (Barbacka et al., 2016). The Late Triassic-aged section
of the core comprises ~40 m of fluvial siliciclastic material belonging to the
Zbagszynek and Wielichowo Beds (Pienkowski et al., 2014). The Hettangian-aged
section of the core comprises ~130 m of fluvial siliciclastic material belonging to
the Zagaje Formation, topped with ~30 m of shallow-marine siliciclastic material
belonging to the Skioby Formation (Barbacka et al.,, 2016). Plant remains are
abundant throughout the Niektan PIG-1 core, with trace evidence of plant roots,
and both micro- and macroscopic fossilised plant remains present (Pienkowski et
al., 2014; Barbacka et al., 2016).
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7.3.2. Carbon-isotopes & Corg/Ntotal Ratios of Terrestrial Organic Matter

7.3.2.1. Carbon-isotopes in Terrestrial Organic Matter

A detailed discussion of carbon-isotopes in terrestrial organic matter is provided
in Section 3.4. (p. 64).

The carbon-isotope signatures of terrestrial organic matter can be used to
determine changes in organic matter sources and track palaeoenvironmental
changes (e.g. Lamb et al., 2006). In particular, the carbon-isotope signatures of
modern plant material can be used to track changes in the carbon-isotope
composition of the atmosphere, since plants take in and utilise atmospheric
carbon dioxide during photosynthesis (e.g. McCarroll et al., 2009). Modern plants
also show changes in carbon-isotope composition in response to variations in
other environmental factors, such as light, nutrient, and water availability (e.g.
Farquhar et al., 1989; Saurer et al.,, 2004). On long-term scales, it is thought that
changes in plant 5'3C values primarily reflect changes in atmospheric carbon-
isotope composition, with other environmental factors making a relatively minor
contribution to whole plant 313C values. Different tissues within a plant also show
variations in 813C values, with whole plant &13C values generally being the
heaviest, and cellulose, lignin, lipids and alkanes being lighter (e.g. Hobbie and
Werner, 2004; Lamb et al.,, 2006); tissue type should be considered when
interpreting 313C values of fossil plant material. Changes in the carbon-isotope
composition of fossil terrestrial organic matter are widely used to reconstruct

changes in the carbon cycle in the geological record (e.g. Lamb et al., 2006).

7.3.2.2. Corg/Ntotal Ratios As Indicators of Organic Matter Sources

A detailed discussion of Corg/Ntotal ratios as an indicator of organic matter source
is provided in Section 3.4. (p. 64).

Studies of modern organic matter show that the ratio of carbon to nitrogen (C/N)
in organic matter can be used to identify its source when combined with 33C
values (e.g. Lamb et al., 2006, 2007 and references therein). Different types of
marine and terrestrial organic matter tend to plot within certain areas of a
Corg/Ntotal ratio-313C cross-plot (Figure 3.8). However, some studies have shown
that sediment grain size appears to have some control on the Corg/Ntotal ratios of

organic matter, with OM from coarser-gained sediments tending to have higher
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Corg/Ntotal ratios, due increased bacterial decomposition of OM, than OM from
finer-grained sediments (Thornton and McManus, 1994). Sediment grain size
should therefore be taken into account when interpreting Corg/Ntotal ratios of
organic matter. Various studies have also shown that Corg/Ntotal ratios of organic
matter can be altered over time due to degradation and decomposition of the
organic matter (e.g. Meyers and Ishiwatari, 1993; Meyers, 1997; Lamb et al,,
2006). Considering that most studies of Corg/Ntotal ratios of organic matter tend to
be on modern samples, itis important to consider the degradation of fossil organic
matter both atits time of deposition, and during diagenesis, when interpreting C/N

ratios of fossil organic matter.

7.3.3. Wildfire Activity Proxies

7.3.3.1. Fossil Charcoal

A brief discussion of the use of fossil charcoal as a wildfire activity proxy is
provided in Section 6.3.2.1. (p. 150); a detailed discussion is provided in Section

3.5.1.2. (p. 72).

7.3.3.2. Pyrolytic Polycyclic Aromatic Hydrocarbons

A brief discussion of the use of pyrolytic PAHs as a wildfire activity proxy is
provided in Section 6.3.2.2. (p. 151); a detailed discussion is provided in Section
3.5.2.2. (p. 79).

7.3.4. Previous Work

A detailed discussion of previous work pertaining to the topics discussed in the
chapter is provided in Section 3.3.2.1. (p. 60) and Section 3.5.4.1. (p. 87).

The Kaszewy-1 and Niekfan PIG-1 boreholes were originally drilled as part of a
government investigation into carbon capture and storage and as such, the core

materials have only recently been made available for other studies.

Clay mineralogy and rare earth element studies of the Kaszewy-1 and Niektan
PIG-1 cores, amongst others, provide insight into weathering and
palaeoenvironmental conditions in the Polish Basin across the Triassic-Jurassic
Boundary (Branski, 2009, 2014; Branski and Mikulski, 2016). A palaeobotanical
study of the Niektan PIG-1 core provides additional evidence of environmental

conditions in the central Polish Basin during the Hettangian (Barbacka et al.,
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2016). Ammonite palaeontology and carbon capture storage studies of the
Kaszewy-1 core have also been published (Pienkowski, 2014, 2015). A recent
high-resolution biostratigraphy and sequence stratigraphy study, including of the
Kaszewy-1 core, was published by Barth et al. (2018). There are also
unpublished carbon-isotope and Rock-Eval datasets from the Kaszewy-1 core
(G. Pienkowski, pers. comm.). Other studies of relevant Early Jurassic Polish
Basin sediments, not including the Kaszewy-1 and Niekfan PIG-1 cores, include
dinosaur palaeontology (e.g. Pienkowski, 1998; Gierlinski et al., 2004),
sedimentology (Pienkowski, 2004; Pienkowski et al., 2012) and carbon-isotope

stratigraphy (Pienkowski et al., 2012).

There are a limited number of studies published regarding wildfire activity across
the Triassic-Jurassic Boundary, with some evidence of increased wildfire activity
at sites in Denmark, Germany, Greenland, and Poland. A study of fossil charcoal
from deposits in the Danish Basin by Petersen and Lindstrom (2012) found an
increase in average inertinite content from ~17% to ~75% in sediments spanning
the Triassic-Jurassic Boundary, along with the presence of pyrolytic PAHs. The
authors concluded that the increase in inertinite content and the presence of
pyrolytic PAHSs resulted from a period of increased wildfire activity across the T-J
Boundary, and culminating during the Hettangian. A similar study of core material
from Germany by van de Schootbrugge et al. (2009) found increased levels of
PAHSs in sediments of T-J Boundary-age, but a lack of phytoclasts that could be
identified as charcoal, the authors concluded that the PAHs detected in the
German core sediments likely originated from a non-wildfire source, and were
insufficient evidence for increased wildfire activity at the site. A five-fold increase
in fossil charcoal across a T-J Boundary section in Greenland was found by
Belcher et al. (2010), with the authors concluding that the increase in fossil
charcoal reflected a period of increased wildfire activity. Elevated levels of PAHs
have been found in Late Triassic-Early Jurassic sediments at multiple sites in
Poland by Marynowski and Simoneit (2009), along with macrofossil charcoal at
some of these sites, though the fossil charcoal was not quantified. The authors
concluded from their study that the elevated levels of PAHs in multiple horizons

at the Polish outcrops reflect periods of increased wildfire activity.
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7.4. Materials & Methods
7.4.1. Materials

7.4.1.1. The Kaszewy-1 Core

Eleven samples from the Rhaetian and Hettangian sections of the Kaszewy-1
core were collected for analysis of fossil charcoal abundance and polycyclic
aromatic hydrocarbon content. The 11 samples were collected from between
depths 1925.56 m and 1803.80 m, at an average resolution of 1 sample per 11.07
m. Nine mudstones and sandstone samples were collected from sediments
thought to have been deposited in terrestrial fluvial and lacustrine environments,
and two mudstones and sandstone samples were collected from sediments
thought to have been deposited in transitional shoreface settings. Samples were
collected so as to span the inferred Triassic-Jurassic Boundary and correlate with
available d2Corg data. Due to the frequently changing lithology of the Kaszewy-1
core, and limited sampling time (the core is stored at one of the regional branches
of the Polish Geological Institute; access was only provided for a few days
whereas the Niektan PIG-1 core is stored in Warsaw and more easily accessible),
it was not possible to identify samples of the same lithology and inferred

depositional environment at suitable horizons in the core.

7.4.1.2. The Niekfan PIG-1 Core

Eleven samples in total were collected from the Rhaetian and Hettangian sections
of the Niektan PIG-1 core for fossil charcoal abundance and pyrolytic polycyclic
aromatic hydrocarbon studies. Ten samples were originally collected for both
analyses, but there was not enough material left to analyse pyrolytic PAH content
of sample NC6 after processing for the fossil charcoal abundance study. Sample
NC2 was included in the pyrolytic PAH study in place of sample NC6. The eleven
samples collected for fossil charcoal abundance counts were collected between
depths 165.20 m and 141.10 m. Eleven mudstone and sandstone samples were
collected from sediments thought to have been deposited in a mixture of
terrestrial fluvial and lacustrine environments. The average resolution of each
sample set is 1 sample per 2.41 m. The samples chosen for this analysis were
selected in order to minimise lithological and depositional environment bias (cf.

Belcher et al., 2010).
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A total of 92 bulk sediment samples were collected from the Rhaetian and
Hettangian sections of the Niektan PIG-1 core for bulk organic matter carbon-
isotope analyses. The samples were collected from between depths 163.00 m
and 15.50 m, at an average resolution of 1 sample per 1.60 m. The sediment
samples consist of both mudstone and sandstone thought to have been
deposited in both fluvial and lacustrine environments. The bulk sediment samples
did not typically contain large pieces of fossil plant material, as these had already
been collected prior to bulk sediment sample collection. Samples were taken at
regular intervals from the majority of the core, in order to produce a long-term

carbon-isotope record of the Niektan PIG-1 core.

A total of 43 macrofossil plant material samples were collected from the Rhaetian
and Hettangian sections of the Niekian PIG-1 core. The samples were collected
between depths 161.70 m and 37.10 m, at an average resolution of 1 sample per
2.90 m. Samples were collected wherever macrofossil plant material was visible
on the surfaces of the core. The macrofossil plant material samples range in size
from <1 cm to >5 cm long, and represent a range of different plant types.
Identification of samples beyond ‘vascular plant material’ was not possible due to
the small sample size and lack of identifying structures or marks. The macrofossil
plant samples were collected from both fluvial and lacustrine mudstones and
sandstones, from horizons wherever macrofossil plant material was visible on the
surface(s) of the core.

Thirty-one bulk sediment samples were collected for bulk carbon-isotope
measurements of the woody phytoclast content. The samples were collected
from the Rhaetian and Hettangian sections of the core. Twenty-nine of the
samples were collected between depths 166.70 m and 144.20 m, at an average
resolution of 1 sample per 0.78 m, with an additional two samples collected at
depths 105.70 m and 74.60 m. The samples collected consisted of both
mudstone and sandstone thought to have been deposited in fluvial and lacustrine
environments. Samples were picked by M. Hodbod at the Polish Geological

Institute and shared as part of the research in this thesis.
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7.4.2. Methods

7.4.2.1. Terrestrial Bulk Organic Matter Carbon-isotopes

A detailed discussion of the method used for carbon-isotope analysis of bulk
organic matter is provided in Section 4.4.1. (p. 109). Samples were prepared by
the author at Camborne School of Mines and analysed at the British Geological

Survey by M. Leng.

Standard decarbonation techniques were used to remove all inorganic carbon
from bulk rock samples. Hydrochloric acid was added to ~240 — 280 mg of
crushed homogenous bulk rock samples, which was then agitated and left to
react at room temperature for 24 hours; this was repeated twice. Samples were
then washed with deionised water until neutral and then dried. The decarbonated
powders were then crushed again to a fine homogeneous powder, prior to
carbon- and nitrogen-isotope analysis using a Finnigan DELTAplusXP stable-

isotope ratio mass spectrometer.

7.4.2.2. Macrofossil Plant Material Carbon-isotopes

A more detailed discussion of the method used for carbon-isotope analysis of
macrofossil plant material is provided in Section 4.4.2. (p. 109). Samples were
prepared by the author at Camborne School of Mines and analysed at the British

Geological Survey by M. Leng.

Standard decarbonation techniques were used to remove all inorganic carbon
from macrofossil plant material samples. The samples were crushed to a fine
homogeneous powder and then treated with two rounds of hydrochloric acid at
room temperature, leaving 24 hours after the addition of hydrochloric acid.
Samples were then washed with deionised until neutral and then dried. Samples
were then analysed using an Integra2 combined isotope ratio mass spectrometer

and elemental analyser for carbon- and nitrogen-isotope analyses

7.4.2.3. Bulk Woody Phytoclast Carbon-isotopes

A more detailed discussion of the method used for carbon-isotope analysis of
bulk woody phytoclasts is provided in Section 4.4.3. (p. 110). Samples were
prepared by M. Hodbod at the Polish Geological Institute and analysed at the
British Geological Survey by M. Leng.
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Samples were prepared using standard palynological preparation techniques.
Bulk rock samples underwent two rounds of acid maceration with cold
hydrochloric and hydrofluoric acids, before being washed with a water and
hydrogen iodide solution. Heavy minerals were separated out of the samples
before the remaining material was washed with distilled water until neutral.
Woody phytoclast particles of the same appearance (to minimise &'3C variability
caused by compositional changes) were picked from the palynological residues
and analysed using a Finnigan DELTAplusXP stable-isotope ratio mass

spectrometer.

7.4.2.4. Fossil Charcoal Quantification

A brief discussion of the methods used for fossil charcoal quantification is
provided in Section 6.4.2.1. (p. 153); a detailed discussionis provided in Section
4.2. (p. 99).

7.4.2.5. Polycyclic Aromatic Hydrocarbon Quantification

A brief discussion of the methods used for PAH quantification is provided in
Section 6.4.2.2. (p. 153); a detailed discussion is provided in Section 4.3.

(p. 102).

7.5. Results & Discussion

7.5.1. New Carbon-isotope & Corg/Niotal Ratio Records from the Niekian
PIG-1 Core

7.5.1.1. Bulk Organic Matter Carbon-isotope Stratigraphy

Carbon-isotope analysis of the bulk organic matter samples show a very wide
range of 83Corg values: -6.2%o — -27.8%o (Figure 7.1).

A number of samples (17) show abnormally heavy &'Corgvalues, which is likely
due to the remaining presence of inorganic carbonate, such as siderite. During
sampling of the Niektan PIG-1 core several bands of siderite nodules were
observed on the surface of the core below ~165m depth. The sediments below

this depth are thought to be part of the Huta Mudstone Member which is known
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Figure 7.1 New &3Corg record from the Niektan PIG-1 core. Lithological succession from G.
Pienkowski (pers. comm.). Residual inorganic carbon likely from incomplete removal of calcium

carbonate from samples.
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for containing siderite nodules (Pienkowski, 2004). Siderite nodules were not
observed on the surface ofthe core above ~165m depth, therefore decarbonation
at higher temperatures and with stronger acids was not carried out on the Niektan
PIG-1 samples analysed as part of this study. Modern C3 plants usually have a
O13C signature <-20%o (Lamb et al., 2006), therefore all 313Corg values <-20%o
have been disregarded as reflecting the true carbon-isotope signature of bulk
organic matter. In addition, the new 813Corg data was also filtered to remove any
data points which varied by >2%. than neighbouring data points. These
anomalous values are not included in further discussion of the new Niektan

PIG-1 313Corg dataset, unless explicitly stated.

The new d'2Corg record shows a large variation in values, ranging from -20.3%o —
-27.8%o, with an average dCorg value of -25.1%.. Samples from the Rhaetian-
aged part of the core, just below the inferred T-J Boundary, have relatively light
03Corgvalues of ~-29%o. The first sample above the inferred T-J Boundary shows
a shift to a more positive 513Corg value of -20.3%.. Carbon-isotope values then
decrease to more negative values between the depths 147.50 m and 123.85 m,
fluctuating between -23.2%o. and -27.8%.. Moving up the core, d'3Corg values
become slightly heavier, fluctuating between -20.6%. and -26.1%. between the
depths of 121.40 m and 99.40 m. For the remaining section of the core, between
depths 89.60 m and 15.50 m, &'3Corg values are generally heavier, ranging
between -20.5%0 and -26.7%o.

The 8'3Corg record does not show clear negative carbon-isotope excursions that
could be correlated to either the initial or main negative CIE, both characteristic

of T-J Boundary carbon-isotope stratigraphy. The fact that some samples from

this dataset show very heavy 33Corg values, likely a result of incomplete

decarbonation, also hinders the identification of negative CIEs.

Nitrogen-concentration data are not available to calculate Corg/Ntotal ratios for the

bulk organic matter samples.

7.5.1.2. Macrofossil Plant Material Carbon-isotope Stratigraphy

Macrofossil plant carbon-isotope values (8'3Cplant) vary between -22.1%. and -

29.9%o0, with an average value of -27.1%o; Corg/Ntotal ratios of the macrofossil plant
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samples analysed vary between 2.0 and 123.7, with an average value of 53.7
(Figure 7.2).

The new 32Cpiant record shows fluctuating values throughout most of the
Hettangian-aged, and part of the Rhaetian-aged, sections of the Niektan PIG-1
core (between depths 37.10 m and 161.70 m). Plant d'3C values fluctuate
between -27.9%0 and -25.9%. in the Rhaetian-aged part of the study section,
showing a general shift to heavier values towards the inferred T-J Boundary. The
O013Cplant record shows a continued shift towards heavier values immediately
above the inferred T-J Boundary, reaching a value of -24.8%., before a general
trend towards lighter values between the depths of 155.30 m and 144.57 m;
between these depths, 8'Cplant values fluctuate between -27.1%o. and -29.9%o.
From the depth 143.83 m upwards, 313Cplant Values show a general increase
towards heavier values, fluctuating between -22.1%o0 and -28.7%.. Sample N22
(depth: 130.25 m) has a much heavier 32Cpiant value (-22.1%0) than other
samples in this dataset; although it is possible that this sample was not fully
decarbonated (siderite may have been present in the sample; the decarbonating
process may not have been aggressive enough to remove all inorganic carbon),
the 313Cpiant signature does fall within the typical range of 313C values for modern
terrestrial C3 plants (cf. Lamb et al., 2006).

There appears to be a double-peaked negative excursion of ~5%. magnitude in
this new 33Cplant record, between the depths 155.30 m and 142.10 m where
O0Cplant values reach lightest values of -29.9%.. The initial negative CIE
associated with the T-J Boundary sometimes occurs with a double peak
(Pienkowski et al., 2012) and is generally ~4-6%o in magnitude (e.g. Hesselbo et
al., 2002; Kirschner et al., 2007; Ruhl et al., 2009). The double-peaked negative
CIE observed in the new Nieklan PIG-1 33Cpiant record is possibly the same as
the initial negative T-J Boundary CIE, as recorded at multiple sites. However, the
initial negative CIE recorded in other T-J Boundary-aged successions usually
correlates to Rhaetian-aged sediments (e.g. Whiteside et al., 2010; Ruhl and
Kdrschner, 2011), whereas in the new Niektan PIG-1 record it correlates with
Hettangian-aged sediments, occurring above the inferred T-J Boundary. The T-J
Boundary in the Niektan PIG-1 core is currently defined by the first occurrence of

the basal Jurassic palynomorph C. thiergartii at ~160 m depth, correlating with
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Figure 7.2 New &3Cplant and Corg/Ntotal ratio records from the Niektan PIG-1 core. See Figure 7.1
for lithology key. Lithological succession from G. PieAkowski (pers. comm.). T-J Boundary position

is based on the first occurrence of C. thiergartii.
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the onset of the double-peaked negative CIE. There does not appearto be a clear
shift towards lighter d13Cpiant values further up the core. Despite the double-
peaked nature of the new 313Cpiant CIE, current evidence suggests that the this
negative CIE observed at the bottom of the Hettangian section of the Niektan
PIG-1 core correlates with the ‘main’ CIE as observed at St Audrie’s Bay, and
other contemporaneous sites. Increasing the resolution of this new &3Cplant

record would allow for a more confident identification of the negative CIE.

The double-peaked negative excursion observed in the d13Cpiant record is likely
caused by a massive input of light carbon (*2C) into the atmosphere around the
Triassic-Jurassic Boundary. The initial and main negative CIEs associated with
the T-J Boundary are thought to be caused by a massive input of 12C into the
atmosphere-ocean system, from a combination of volcanogenic gases (carbon
dioxide, methane) and methane from the melting of seafloor gas hydrates (e.g.
Palfy et al., 2001; Hesselbo et al., 2002; Kirschner et al., 2007; Whiteside et al.,
2010; Lindstréom et al., 2012).

The Corg/Ntotal ratios of the macrofossil plant samples fluctuate frequently between
aminimum of 2.0 and a maximum of 123.7, and appear to covary with the 313Cpant
record. The majority of samples have Corg/Ntotal Values greater than 10, confirming
the visual identification of the samples as macrofossil plant material (cf. Meyers,
1994; Lamb et al., 2006). Sample N18 at 155.30 m depth has the lowest Corg/Ntotal
value of 2.0, but was visually identified as macrofossil plant material; the
unusually low Corg/Ntotal Value remains unexplained, but is possibly related to

organic matter degradation (Lamb et al., 2006).

7.5.1.3. Bulk Woody Phytoclast Carbon-isotope Stratigraphy

A newly-generated bulk woody phytoclast d12C (3'3Cwp) record shows values
ranging between -24.8%0 and -28.7%o, with an average value of -26.9%o, in the
Niektan PIG-1 core (Figure 7.3). The Corg/Ntotal ratios of 30 of the bulk woody
phytoclast samples were also calculated and vary between 14.8 and 99.6, with

an average Corg/Ntotal Value of 48.4 (Figure 7.3).

The new O3Cwp record shows values gradually becoming heavier in the
Rhaetian-aged part of the study section, ranging from -26.9%o to -27.6%., before

showing a sharp shift to lighter values (~-26.5%0) immediately above the inferred
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Figure 7.3 New 3'3Cwp and Corg/Ntotal ratio records from the Niektan PIG-1 core. See Figure 7.1
for lithology key. Lithological succession from G. Pienkowski (pers. comm.). T-J Boundary position

is marked by the first occurrence of C. thiergartii.

T-J Boundary. Between the depths of 160.70 m and 144.60 m, above the inferred
T-J Boundary, 8'3Cwpvalues show a general trend towards more negative values,
with multiple fluctuations between -25.5%0 and -28.7%o. From the depth 144.20 m
upwards, d3Cwpappearto recover from this negative trend, with values ranging

from -27.6%o to -24.8%0. The 32Cwp values are generally lighter than the new
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03Corg record, as expected, and similar to the new 53Cpiant record, suggesting
that the tissue composition of the bulk woody phytoclast samples is similar to that
of the macrofossil plant samples. The d12Cwpvalues fall within the expected range
for modern terrestrial C3 plants (cf. Lamb et al., 2006).

The negative trend in 3*3Cwp values observed between depths of 160.70 m and
144.60 m, where 3'Cwp values show an overall shift of ~-4%o, is possibly an
expression of the main negative CIE associated with the T-J Boundary. This
negative trend correlates with the double-peaked negative CIE observed in the
new &13Cplant record (313Cwp: 160.70 — 144.60 m; 513Cplant: 155.30 — 142.10 m).
The main negative CIE associated with the T-J Boundary is not apparent in the
new d3Cwp record, likely due to a lower resolution of data points in the upper ~70

m of the study section, compared to the lower ~25 m.

The Corg/Ntotal ratios of the bulk woody phytoclast samples show a wide variation
from 14.8 to 99.6 (Figure 7.3), but all fall within the expected range for modern
C3 terrestrial plants. The Corg/Ntotal ratios appear to show a negative trend in the

lower part of the study section, similar to the 6'3Cwp record.

7.5.1.4 Niekfan PIG-1 813C Records in a Global Context

The initial negative carbon-isotope excursion associated with the T-J Boundary
is recorded at numerous sites worldwide in various geological materials, and
varies in magnitude from ~2%. (Whiteside et al., 2010) to ~8%. (Ruhl et al., 2011).
The majority of records show an initial negative CIE with a magnitude of ~4-5%o
(Palfy and Kocsis, 2014). The initial negative CIE is now identified in Rhaetian-
aged strata as a result of definition of the GSSP in Kuhjoch, Austria, on the first
occurrence of the ammonite Psiloceras tiimani. Following a brief return to more
positive 513C values, the majority of carbon-isotope records also show a longer
duration second negative CIE (termed the main CIE by Hesselbo et al. (2002)),
with a smaller magnitude (Kudrschner et al.,, 2007; van de Schootbrugge et al.,
2009). This pattern of a relatively short, sharp negative CIE (the initial CIE)
followed by a return to more positive 813C values, and then a second, longer
negative CIE (the main CIE) of smaller magnitude is characteristic of T-J
Boundary carbon-isotope stratigraphy and has been used to correlate between

marine and terrestrial sites around the globe.

192



Chapter 6 — Toarcian Wildfire Activity History

The double-peaked negative d2Cplant CIE and negative trend in d3Cwp values
observed immediately above the inferred T-J Boundary in the Niektan PIG-1 core
shows both similarities and differences with other 8'3C records from across the
T-J Boundary (Figure 7.4). The Nieklan PIG-1 negative 3'3Cplant CIE and
negative 8'°Cwptrend have magnitudes of ~5%. and ~4%o, respectively, and are
thought to correlate with the main negative CIE associated with the T-J Boundary.
There are limited published 32Cwood records from across the T-J Boundary; one
such record from Astarteklgft, Greenland, shows a negative CIE of similar
magnitude, ~3.5%o., occurring across the T-J Boundary (Figure 7.4; Hesselbo et
al., 2002; Bacon et al., 2011). Another 3*Cwood record from the northeastern
USA shows a negative CIE of ~-4%o, occurring immediately after the T-J
Boundary (Whiteside et al., 2010).

The negative CIEs identified in the Nieklan PIG-1 8'3Cplant and d*3Cwp records
show a double-peaked negative CIE and a general trend towards lighter values,
respectively, unlike the abrupt initial CIEs that are identified in most T-J Boundary
O13C records (e.g. Palfy and Kocsis, 2014). The extended nature of the Niektan
PIG-1 negative CIEs may result from the seemingly relatively high sediment
thickness in comparison to other T-J Boundary sections. However, without a
better-defined age model for the Niektan PIG-1 core, it is difficult to assess
quantitatively the sedimentation rate at the Niektan site across the T-J Boundary
relative to other T-J Boundary sites. Increasing the resolution of the Niektan

PIG-1 313C records would improve correlation with other sites as well.

The new Niekfan PIG-1 513C records show evidence of the T-J Boundary main
negative CIE (Figure 7.4). The 8'3Cplant and 8'3Cwp records show a shift towards
heavier 312C values between the depths of ~95 m and ~60 m, perhaps correlating
with a return to more positive 313C values after the main CIE, as observed from
other records. Additional 3*3Cplant and 313Cwp data from the top ~40 m of the
Niektan PIG-1 core would help with interpretation of the carbon-isotope
stratigraphy of this core, along with increasing the resolution of the current

records.

The timing of the Niekfan PIG-1 negative CIEs is similar to that of the Astarteklgft
and northeastern USA negative CIEs, but all three apparently occur later than the
majority of 513Corg records, whereas the initial negative CIE occurs in Rhaetian-
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Figure 7.4 New O13C records from the Niektan PIG-1 core correlated with a 8'3Corg record from St Audries Bay, UK, and Astarteklgft, Greenland (Hesselbo et al.,
2002). The T-J Boundary is based on: the first occurrence of C. thiergartii in the Niektan PIG-1 Core; ammonite and non-ammonite biostratigraphy, and palynological

changes at St Audrie’'s Bay; changing floral assemblages at Astarteklgft.



aged strata. The majority of d3Corg records from across the T-J Boundary are
from marine successions; one possibility is that there is a lag between the marine
and terrestrial realms, though gas exchange between the ocean and atmosphere
occurs very rapidly. More likely, this is a dating issue, or other environmental
factors are affecting the Niektah PIG-1 carbon-isotope curves. Extension of the
new Niektan PIG-1 5'3C records down into the Rhaetian-aged section of the core
would help to constrain the nature of the negative CIEs identified in the &13Cpiant

and 313Cwp records.
7.5.2. Fossil Charcoal Abundance

7.5.2.1. The Kaszewy-1 Core

The abundance of coarse fossil charcoal particles (>125 pm) in the Kaszewy-1
core samples is generally low, ranging from O particles/10 g sediment to 1256
particles/10 g sediment (Figure 7.5). Coarse fossil charcoal abundance is very
low at the bottom of the study section with 3 and 0 particles/10 g sediment in the
two oldest Rhaetian-aged samples. Coarse fossil charcoal abundance then
peaks at a depth of 1896.70 m (sample kk_10) towards the top of the Rhaetian
section with a value of 1256 particles/10 g sediment. The following Rhaetian
sample at depth 1885.67 m (sample kk_10b) marks a return to low coarse fossil
charcoal abundance, with 9 charcoal particles/10 g sediment. Coarse fossil
charcoal abundance remains low above the Triassic-Jurassic Boundary, with the
remaining Hettangian samples containing 5-24 charcoal particles/10 g sediment.
Two samples from the Kaszewy-1 core (kk_8 and kk_10d) were not analysed due

to undigested sediment clouding the samples.

Fine fossil charcoal particles (<125 pym) are much more abundant in the Kaszewy-
1 sediments than coarse fossil charcoal particles (Figure 7.6). Fine fossil
charcoal abundance shows a similar pattern to coarse fossil charcoal abundance,
and peaks in the same sample as coarse fossil charcoal abundance (sample
kk_10). Fine fossil charcoal abundance is generally low in the Upper Rhaetian
sediments, ranging from ~24,100 particles/10 g sediment to ~82,500
particles/10g sediment, and increases towards the T-J Boundary. Fine fossil
charcoal abundance peaks at a depth of 1896.70 m (sample kk_10), towards the
top of the Rhaetian section, with ~385,000 particles/10 g sediment. Fine fossil
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Figure 7.5 Coarse fossil charcoal abundance through the study section of the Kaszewy-1 core.

The first occurrence of Cerebropollenites thiergartii is commonly used as a basal Jurassic

palynomorph marker; the T-J Boundary here is based on sequence stratigraphy. Lithological

succession from Grzegorz Pienkowski (pers. comm.).
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charcoal abundance then returns to low values, but still fluctuates, throughout the
remaining Rhaetian section, and the Hettangian section above the T-J Boundary.
Fine fossil charcoal abundance above the peak in abundance fluctuates between

~15,800 particles/10 g sediment and ~84,900 particles/10 g sediment.

Fine fossil non-charcoal particles (i.e. organic matter that has not been
charcoalified; <125 ym) are more abundant than, and show a similar abundance
pattern to, fine fossil charcoal particles (Figure 7.6). Fine fossil non-charcoal
particle abundance is an order or magnitude greater than fine fossil charcoal
particle abundance. The abundance of fine fossil non-charcoal particles in the
lowest part of the Rhaetian section ranges from ~174,000 particles/10 g sediment
to ~275,000 particles/10 g sediment, before reaching a peak abundance of
~2,000,000 particles/10 g sediment at a depth of 1896.70 m (sample kk_10). Fine
fossil non-charcoal abundance fluctuates in the remaining Rhaetian and
Hettangian section between ~64,800 particles/10 g sediment and ~346,000

particles/10 g sediment.

The percentage of fine fossil charcoal particles in the Kaszewy-1 samples ranges
from 12.2% to 37.7%, and does not show a similar pattern to either coarse or fine
fossil charcoal abundance (Figure 7.6). Fine fossil charcoal percentage
fluctuates in the Rhaetian section of the core between 12.2% and 23.1%,
reaching a peak of 37.7% in sample kk_10b, the sample above that which shows
peak coarse and fine fossil charcoal abundance. Fine fossil charcoal percentage
then decreases in the remaining Rhaetian and Hettangian sections further up the
core, but still fluctuates between 15.4% and 27.3%. The changing percentage of
fine fossil charcoal particles in the Kaszewy-1 samples shows that the fine fossil
charcoal abundance is not a function of the total number of organic particles
(charcoalified and non-charcoalified) present in a sample, but is being controlled
by some other factor, such as changes in wildfire activity. A constant percentage
of fine fossil charcoal particles would suggest that increases in absolute

abundance are the result of an increased input of total organic matter particles.

The total number of fossil charcoal particles, both greater and less than 125 ym
in size, is heavily skewed by the abundance of fine (<125 pm) fossil charcoal
particles present in all samples. As a result, the shape of the total charcoal
particle abundance curve looks very similar to the shape of the fine charcoal
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Fine non-
Coarse charcoal Fine charcoal charcoal
abundance abundance abundance
Maximum grain size 0.107 0.030 0.049
Median grain size 0.085 0.017 0.036
Depositional setting —
marine influence 0.094 0.059 0.044

Table 7.1 R2 values calculated from cross-plots of coarse and fine fossil charcoal, and fine fossil
non-charcoal abundances against various lithological properties for the Kaszewy-1 samples. R?
values range between 0 and 1, with lower values indicating a weaker relationship between the
two variables (Taylor, 1990). Samples were assigned numerical values based on their lithological
characteristics which were then used to calculate R? values. Maximum and median grain sizes
were assigned a number between 1 and 5, corresponding to mud, silt, fine sand, medium sand,
and coarse sand. Depositional setting was assigned a number between 1 and 9, based on the
inferred marine influence; the value 1 was assigned to samples thought to be deposited in fully

terrestrial environments, with increasing values corresponding to an increasing marine influence.

particle abundance curve (Figure 7.6). Total charcoal abundance is relatively low
in the bottom of the studied section, and reaches a peak towards the top of the
Rhaetian section before it decreases to low levels again in the latest Rhaetian
section, across the Triassic-Jurassic Boundary, and throughout the Hettangian

part of the studied section.

Lithology and depositional environment can also affect the abundance of
charcoal preserved in sediments. The samples collected for this study cover a
range of lithologies, thought to have been deposited in a variety of settings.
Sedimentary facies were assigned based on lithological, sedimentary structural,
trace fossil, and body fossil evidence, as well as sequence stratigraphy
(Pienkowski, pers. comm.). However, as argued below, it would appear that
lithology and depositional environment have little control on the fossil charcoal
content of the Kaszewy-1 samples (Table 7.1). Changes in fossil charcoal
content of the Kaszewy-1 samples are more likely the result of changes in wildfire

activity across the Triassic-Jurassic Boundary.

A mixture of both mudstone and sandstone beds were collected from the
Kaszewy-1 core, due to the frequent changes of lithology in the core. Since sand

is deposited in higher energy environments than clays and silts, it would be
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expected that a larger number of coarse fossil charcoal particles would be present
in sandstone samples than mudstones samples, and fewer fine fossil charcoal
particles would be present in sandstone samples than mudstone samples. The
fossil charcoal abundance data from the Kasewy-1 core does not show this
relationship and there is little correlation between grain size and fossil charcoal
abundance (Table 7.1). Mudstone samples from the Kaszewy-1 core show a
similar range to the sandstone samples in both coarse and fine fossil charcoal
abundance. Inferred depositional environment also appears to have little
correlation with coarse and fine fossil charcoal abundance (Table 7.1); both low
and high energy environments show similar abundances of coarse and fine fossil

charcoal particles.

7.5.2.2. The Niekian PIG-1 Core

The abundance of coarse fossil charcoal particles (>125 um) in the Niekfan PIG-
1 core is generally low, ranging from O particles/10 g sediment to ~4100
particles/10 g sediment (Figure 7.7). The two lowest samples at 165.20 m and
163.00 m (NC1; NC4) in the study section both lack any coarse fossil charcoal
particles (O particles/10 g sediment). A massive increase in coarse fossil charcoal
abundance to ~4100 particles/10 g sediment) is then seen in the next sample
moving up the core at depth 160.00 m (sample NC6). Sample NC6 is just below
the inferred Triassic-Jurassic Boundary and contains the highest abundance of
coarse fossil charcoal particles of any of the Niektan PIG-1 samples. Inmediately
above the T-J Boundary, coarse fossil charcoal abundance decreases to 126
particles/10 g sediment at depth 158.05 m (sample NC8). An increase in coarse
fossil charcoal abundance is observed in the next sample moving up the core at
depth 155.50 m (sample NC9), to ~950 particles/10 g sediment. Coarse fossil
charcoal abundance then decreases to very low values (0 — 30 particles/10 g
sediment) in the remaining samples moving up through the Hettangian section of

the core.

Fine (<125 um) fossil charcoal particles are much more abundant in the Niekfan
PIG-1 samples than coarse fossil charcoal particles (Figure 7.8). The abundance
of fine fossil charcoal particles is generally low in the Rhaetian-aged part of the
section, with values of ~2,100 to ~5,200 particles/10 g sediment. Fine fossil
charcoal abundance increases slightly to ~69,200 particles/10 g sediment in the
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Figure 7.7 Coarse fossil charcoal abundance through the study section of the Niektan PIG-1 core.

Cerebropollenites thiergartii is commonly used as a basal Jurassic palynomorph marker and is

used here to identify the Triassic-Jurassic Boundary (labelled T-J). Lithological succession from

Grzegorz PieAkowski (pers. comm.).

last sample below the inferred T-J Boundary (160.00 m in depth), before

increasing massively to ~314,000 particles/10 g sediment in sample NC8 at
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158.05 m in depth, above the inferred T-J Boundary. Fine fossil charcoal
abundance then decreases and remains generally low in the remaining part of
the Hettangian section, fluctuating between ~28,100 particles/10 g sediment and
~187,000 particles/10 g sediment.

The abundance of fine fossil non-charcoal (i.e. non-charcoalified organic matter)
particles shows a similar pattern to that of fine fossil charcoal abundance, but one
order of magnitude larger (Figure 7.8). Fine fossil non-charcoal abundance is
generally low in the lowermost part of the study section (~73,200 — ~77,300
particles/10 g sediment) before increasing in the uppermost sample below the
inferred T-J Boundary to ~386,000 particles/10 g sediment. The abundance of
fine fossil non-charcoal particles peaks in sample NC8, above the inferred T-J
Boundary, at ~1,890,000 particles/10 g sediment; the largest peak in fine fossil
charcoal also occurs in this sample. Fine fossil non-charcoal abundance then
declines in the remaining samples of the Hettangian section, similar to fine fossil
charcoal abundance, fluctuating between ~223,000 particles/10 g sediment and
~824,000 particles/10 g sediment.

The percentage of fine fossil charcoal particles present in the fine fraction of the
Niektan PIG-1 samples ranges between 2.8% and 20.3% (Figure 7.8). The
proportion of fossil charcoal in the fine fraction of these samples fluctuates
throughout the study section, suggesting that fine fossil charcoal abundance is
not a function of total organic matter particles present, but that it is controlled by
other factors. The percentage of fine fossil charcoal particles present in the lowest
samples of the study section is relatively low (2.8% to 6.4%). Fine fossil charcoal
percentage then increases to 14.3% — 15.2% in samples both immediately below
(160.00 m) and above (158.05 m) the inferred T-J Boundary. The highest
percentage of fine fossil charcoal is at depth 155.50 m in sample NC9, with a
value of 20.3%. The percentage then decreases to 4.6% in the next sample
moving up the core, before increasing first to 12.6% and then again to values

between 17.9% and 18.5% in the three uppermost samples of the study section.

Similar to the charcoal abundance data presented in the previous chapter, wildfire
activity is discussed in terms of changing absolute charcoal abundance. It is
generally accepted that changes in absolute charcoal abundance reflect changes
in wildfire activity level (e.g. Scott, 2010). Further work is required to improve our
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Coarse Fine non-
charcoal Fine charcoal charcoal
abundance abundance abundance
Maximum grain size 0.048 0.062 0.001
Median grain size 0.019 0.051 0.000
Depositional setting —
o 0.306 0.000 0.003
marine influence

Table 7.2 R2 values calculated from cross-plots of coarse and fine fossil charcoal, and fine fossil
non-charcoal abundances against various lithological properties for the Niektan PIG-1 samples.
R2 values range between 0 and 1, with lower values indicating a weaker relationship between the
two variables (Taylor, 1990). Samples were assigned numerical values based on their lithological
characteristics which were then used to calculate R? values. Maximum and median grain sizes
were assigned a number between 1 and 5, corresponding to mud, silt, fine sand, medium sand,
and coarse sand. Depositional setting was assigned a number between 1 and 9, based on the
inferred marine influence; the value 1 was assigned to samples thought to be deposited in fully

terrestrial environments, with increasing values corresponding to an increasing marine influence.

understanding of the relationship between fossil charcoal and past wildfire
activity. The total abundance of fossil charcoal particles (both coarse and fine) is
heavily controlled by the abundance of fine fossil charcoal particles, and
consequently, the total fossil charcoal abundance record shows a very similar
pattern to that of the fine fossil charcoal abundance record (Figure 7.8). Total
fossil charcoal abundance is generally low in the Rhaetian-aged part of the study
section, increasing just below the T-J Boundary, and peaking immediately above
it. Total fossil charcoal abundance then declines and remains generally low for
the remaining part of the Hettangian-aged section of the core, with a relatively

small increase towards the top of the study section.

The lithology and inferred depositional environments of the Niektan PIG-1
samples appear to have little effect on the abundance of fossil organic matter
particles (Table 7.2), suggesting that the changes in fossil charcoal abundance
reflects changes in another factor, likely wildfire activity. Sedimentary facies were
assigned using the same criteria as those for the Kaszewy-1 samples
(Pienkowski, pers. comm.). Both mudstones and sandstone bulk rock samples
were processed and analysed as part of this study, yet there appears to be no

pattern between sedimentology and fossil organic matter abundance; both
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mudstones and sandstone samples show a range of fossil organic matter particle
counts. The sediments analysed represent sediments which were thought to
have been deposited in backswamp, deltaic, fluvial and lacustrine environments.
There is little correlation between inferred depositional environment and fossil

organic matter abundance.

Samples thought to have been deposited in low-energy lacustrine environments
show a wide range of fossil organic matter particle counts. Samples thought to
have been deposited in higher energy environments do appear to have generally
higher abundances of fossil organic matter, but overall there is insignificant
correlation between inferred depositional environment and fossil organic matter

abundance.
7.5.3. Polycyclic Aromatic Hydrocarbon Concentrations

7.5.3.1. The Kaszewy-1 Core

Pyrolysis-derived PAHs were detected in all eleven sediment samples in varying
concentrations  (Figure 7.9). Benz-anthracene,  benzo(k)fluoranthe ne,
fluoranthene, indeno[1,2,3-cd]pyrene, phenanthrene, and pyrene were detected
in all eleven samples, whereas coronene and fluorene were only detected in 9 of

11 samples.

Overall, the most abundant pyrolytic PAH detected was phenanthrene, with
concentrations ranging from 60 ng/g sediment to 2078 ng/g sediment.
Phenanthrene is the most abundant pyrolytic PAH in 10 of 11 samples;
benzo(k)fluoranthene is the most abundant pyrolytic PAH in sample kk 5 at
1925.56 m depth. The least abundant pyrolytic PAH detected was coronene, with
concentrations ranging from 43 ng/g sediment to 71 ng/g sediment. Indeno[1,2,3-
cd]pyrene and fluorene were also detected in low concentrations, similar to
coronene. The low concentrations of coronene relative to the other pyrolytic PAHs
detected in the Kaszewy-1 samples suggests that it was produced during the

combustion of organic matter (cf. Belcher et al., 2005).

The general shape of the pyrolytic PAH concentration curves show low values at
the bottom of the study section followed by two peaksin concentration separated

by low values, and then followed by a decrease in pyrolytic PAH concentration
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towards the top of the study section (Figure 7.9). At the bottom of the study
section, in the lowest Rhaetian-aged sediments, the concentration of each
pyrolytic PAH is generally low, ranging from ~50-163 ng/g sediment, though
increases between depths 1885.67-1896.70 m to highs of 71-863 ng/g sediment.

Pyrolytic PAH concentrations then decrease to lows of 47-79 ng/g sediment
between depths 1869.30-1885.67 m, before increasing and peaking again at
depth 1857.30 m, just below the Triassic-Jurassic Boundary. The second peak in
pyrolytic PAH concentrations ranges from 88 ng/g sediment to 2078 ng/g
sediment. Pyrolytic PAH concentrations then decrease in the remaining
Hettangian section of the core. With the exception of phenanthrene, pyrolytic PAH
concentrations fall to 47-134 ng/g sediment in the remaining Hettangian section
of the core; phenanthrene is more abundant in this section, ranging from 88 ng/g

sediment to 616 ng/g sediment.

Pyrolytic PAHs typically form above temperatures of 350°C, and will continue to
form at temperatures greater than 1200°C (Abdel-Shafy and Mansour, 2016),
with lower molecular weights (m/z) forming prior to those with higher molecular
weights (Richter and Howard, 2000; Kislov et al., 2013). Pyrolytic PAHs with
lower molecular weights form the building blocks of those with higher m/z (Richter
and Howard, 2000; Kislov et al., 2013). Fluorene and phenanthrene are the
pyrolytic PAHs with the lowest molecular weights detected in the Kaszewy-1
samples (166 and 176, respectively). Consequently, it would be expected the
concentrations of these two pyrolytic PAHs would be the highest per sample.
Phenanthrene is present in far greater concentrations than any other pyrolytic
PAHs in the Kaszewy-1 samples (Figure 7.9). It has been suggested that
phenanthrene can also be produced by diagenetic processes (e.g. Jiang et al.,
1998), which most likely explains the discrepancy between the concentrations of
fluorene and phenanthrene inthe Kaszew-1 T-J Boundary samples, similar to the
Kaszewy-1 Toarcian OAE samples discussed in Chapter 6. Phenanthrene is not
included in the total concentration of pyrolytic PAHs for the Kaszewy-1 T-J
Boundary samples due to it likely reflecting a mixture of both pyrolysis- and

diagenesis-derived phenanthrene.

Significant concentrations of petrogenic PAHs were detected in all of the
Kaszewy-1 samples (Figure 7.10). Alkylated (petrogenic) PAHSs are usually
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Figure 7.10 Total concentration of petrogenic PAHs plotted alongside total concentration of

pyrolytic PAHs for the Kaszewy-1 core Rhaetian-Hettangian section.

derived from hydrocarbon sources, rather than the burning of biomass (Laflamme
and Hites, 1978; Lake et al., 1979; Venkatesan and Dahl, 1989), suggesting that
there is a hydrocarbon-source in the area surrounding the Kaszewy-1 site.
Venkatesan and Dahl (1989) suggest that, within a sample, the concentration
ofpyrolytic PAHs should be higher than that of petrogenic PAHs in order to be
convincing evidence of wildfire activity. The total concentration of petrogenic
PAHs in the Kaszewy-1 samples shows a similar pattern to that of the total
concentration of pyrolytic PAHs (Figure 7.10). Total petrogenic PAH
concentration ranges between 312-4759 ng/g sediment, similar to the total
pyrolytic PAH concentration (313-1853 ng/g sediment). Assuming the conclusion
of Venkatesan and Dahl (1989) is correct, the pyrolytic PAH data from the
Kaszewy-1 samples should not be a convincing argument for fluctuations in
wildfire activity at the site across the T-J Boundary. However, the co-occurrence
of fossil charcoal with the geochemical evidence, would suggest that wildfire
activity did indeed change over time at the Kaszewy-1 site, despite the significant

presence of petrogenic PAHSs in the same samples.
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Figure 7.11 Total concentration of pyrolytic PAHs plotted alongside retene concentration for the

Kaszewy-1 core Rhaetian-Hettangian section.

The land-plant biomarker retene was detected in all the Kaszewy-1 samples and
varies in concentration from 46 ng/g sediment to 307 ng/g sediment (Figure
7.11). Retene concentration covaries with total pyrolytic PAH concentration,
further confirming that significant amounts of plant material were burning at the

Kaszewy-1 site throughout the Late Triassic and Early Jurassic.

7.5.3.2. The Niekian PIG-1 Core

Pyrolytic PAHs were detected in all ten samples from the Niektan PIG-1 core in
varying concentrations (Figure 7.12). Benz-anthracene, benzo(k)fluoranthene,
fluoranthene, indeno[1,2,3-cd]pyrene, phenanthrene, and pyrene were detected
in all eleven samples, whereas coronene was detected in nine samples, and

fluorene detected in only three.

Generally, the most abundant pyrolytic PAH in the Niektan PIG-1 study section is

benzo(k)fluoranthene, with concentrations ranging from 41 ng/g sediment to 836
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ng/g sediment, followed by indeno[1,2,3-cd]pyrene (41 — 713 ng/g sediment) and
phenanthrene (48 — 495 ng/g sediment). Whilst fluorene was detected in only
three samples, itis present in those samples in higher concentrations (53 — 72
ng/g sediment) than coronene is in most of the nine samples that it was detected
in (41 — 78 ng/g sediment). It is thought that relatively low concentrations of
coronene reflects pyrolysis-derived rather than petrogenic coronene (cf. Belcher
et al., 2005).

The general shape of the pyrolytic PAH concentration curves shows two peaks
in concentration separated by relatively low values (Figure 7.12); these two
peaks both occur in the Hettangian-aged part of the study section, above the
inferred Triassic-Jurassic Boundary. In the lowest Rhaetian-aged sediments, the
concentration of each pyrolytic PAH is relatively low, ranging between 41 ng/g
sediment and 64 ng/g sediment. Generally, pyrolytic PAH concentrations remain
low in the first sample above the inferred T-J Boundary, except for the PAH
phenanthrene, which shows a peak in concentration offset from peaks in
concentration of most other pyrolytic PAHs; fluorene and coronene
concentrations remain relatively stable throughout the entire study section. The
first peak in pyrolytic PAH concentrations is observed in sample NC9 at depth

155.50 m, with values ranging from 50 ng/g sediment to 797 ng/g sediment.

Moving up the core, pyrolytic PAH concentrations decrease dramatically in
sample NC10 at depth 152.10 m, ranging between 53 ng/g sediment and 104
ng/g sediment. The second peak in pyrolytic PAH concentrations occurs at depth
147.50 m (sample NC12) and is similar in magnitude to the first peak, ranging
from 72 ng/g sediment to 836 ng/g sediment. Moving up the study section, the
concentrations of pyrolytic PAHs decline rapidly and remain low for the remaining

samples, ranging between 47 ng/g sediment and 215 ng/g sediment.

Unlike the contemporaneous pyrolytic PAH record from the Kaszewy-1 core
(Section 7.5.3.1.), phenanthrene is not the most abundant PAH in the Niekfan
PIG-1 samples, though it is still possible that there is a component of diagenetic

phenanthrene in the Niektan PIG-1 samples. As was the case for the Kaszewy-1
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Figure 7.13 Total concentration of petrogenic PAHs plotted alongside total concentration of

pyrolytic PAHs for the Niektan PIG-1 core Rhaetian-Hettangian section.

dataset, phenanthrene is not included in any total concentrations of pyrolytic
PAHs of Niektan PIG-1 samples discussed further in this thesis. Petrogenic PAHs
are less abundant in the T-J Boundary Niekfan PIG-1 samples than they are in
the T-J Boundary Kaszewy-1 samples; total pyrolytic PAH concentration is
generally higher than total petrogenic PAH concentration (Figure 7.13). Atdepths
155.50 m and 147.50 m (samples NC9 and NC12), which both

show peaks in pyrolytic PAH concentrations, the total concentration of pyrolytic
PAHSs is approximately twice as great as the total concentration of petrogenic
PAHSs, suggesting that the pyrolytic PAHs detected in the Niektan PIG-1 samples
highly likely originate from burning of organic matter, rather than petrogenic

sources (Venkatesan and Dahl, 1989).

The land-plant biomarker retene was also detected in all the Niektan PIG-1

samples and varies in concentration from 49 ng/g sediment to 253 ng/g sediment

(Figure 7.14). Similar to the Kaszewy-1 record, retene concentration covaries
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Figure 7.14 Total concentration of pyrolytic PAHs plotted alongside retene concentration for the

Niekfan PIG-1 core Rhaetian-Hettangian section.

with total pyrolytic PAH concentration, confirming the burning of biomass at the

Niektan PIG-1 site throughout the Late Triassic and Early Jurassic.

7.5.4. Wildfire Activity History in the Central Polish Basin Across the

Triassic-Jurassic Boundary

The co-occurrence of fossil charcoal and geochemical markers of organic matter
pyrolysis in the Kaszewy-1 and Niektan PIG-1 samples provides an insight into
the history of wildfire activity in the central Polish Basin across the Triassic-
Jurassic Boundary. Changes in both fossil charcoal abundance and pyrolytic
PAH concentrations suggest that the Kaszewy-1 site experienced two periods of
intense wildfire activity around the T-J Boundary (Figure 7.15), whereas at least
five periods of intense wildfire activity are indicated by the Niekfan PIG-1 fossil

charcoal abundance and pyrolytic PAH concentration records (Figure 7.16).
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The abundance of fossil charcoal in the sedimentary record is thought to be a
reliable indicator of past wildfire activity (e.g. Scott, 2010). An increase in fossil
charcoal abundance through a sedimentary sequence is thought to reflect
increased rates of charcoal formation caused by increased wildfire activity, and
vice versa (e.g. Carcaillet et al., 2002; Thevenon et al., 2004; Marlon et al., 2006;
Higuera et al., 2007; Power et al., 2007; Scott, 2010). Similarly, an increase in
the concentration of pyrolytic PAHs in sediments is also thought to reflect
increased rates of incomplete combustion of organic matter (e.g. Jiang et al.,
1998; Belcher et al., 2009; Shen et al., 2011). The levels of increased wildfire
activitity indicated in these two cores do not appear to be biased by depsitional
setting (as discussed in Sections 7.5.2.). Analysis of size sorting was not carried
out beyond <125 uym and >125 pm due to time constraints. TOC and microfossil
data was not available to assess changes in sedimentation rate or extent of

reworking. Additional work would include investigating these aspects further.

7.5.4.1. A Period of Increased Wildfire Activity Recorded in the Rhaetian of the
Kaszewy-1 Core

The abundance of both coarse and fine fossil charcoal in the Kaszewy-1 core
indicate low levels of wildfire activity in the lower Rhaetian section, before
increasing and peaking in the mid-Rhaetian section at a depth of 1896.70 m
(Figure 7.15). The peaks in both coarse and fine fossil charcoal abundance are
fairly sharp, suggesting that this first level of increased wildfire activity was
relatively short-lived. Both coarse and fine fossil charcoal abundance decrease
across the Triassic-Jurassic Boundary and remain relatively low in the rest of the
Hettangian section of the core, indicating lower levels of wildfire activity across
the T-J Boundary and during the Early Hettangian. The T-J Boundary in the
Kaszewy-1 core is based on sequence and carbon-isotope stratigraphy. The FAD
of C. thiergartii occurs ~40 m above the currently-accepted position of the T-J
Boundary; a lack of palynology data from the study section between the FAD of
C. thiergartii and the T-J Boundary currently prevents the basal Jurassic marker

being used to define the boundary.
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and clay mineralogy records (Branski, 2014). Lewels of increased wildfire activity from a single indicator are highlighted in orange; overall periods of increased wildfire

o activity are highlighted in grey. T-J = Triassic-Jurassic Boundary. Lithological succession from G. PieAkowski (pers. comm.).
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The total concentration of pyrolytic PAHs in the study section suggests that there
were at least two levels of increased wildfire activity: one in the middle of the
Rhaetian section, and another just after the Triassic-Jurassic Boundary, in the
Early Hettangian. Total pyrolytic PAH concentration is low in the lowest part of
the Rhaetian section, before increasing between depths 1885.67 m & 1896.70 m,
suggesting a period of increased wildfire activity, correlating with the high
abundances of coarse and fine fossil charcoal. The total concentration of pyrolytic
PAHs decreases in the top part of the Rhaetian section before then increasing
again just after the inferred T-J Boundary at depth 1857.30 m, suggesting a
second level of increased wildfire activity. This second peak in total pyrolytic PAH
concentration is much sharper than the first one, suggesting that the second level
of increased wildfire activity was more short-lived than the first one, assuming a

constant sedimentation rate.

The size range of fossil charcoal present in a sedimentary sequence is thought
to indicate the distance of the deposition site from the wildfire activity. Due to its
hardy nature, charcoal is capable of being transported for large distance by water
and air before final deposition; however, the smaller the charcoal particles, the
further they are likely to be transported before deposition(Long et al., 1998; Tinner
et al., 1998; Carcaillet et al., 2001). As discussed previously in Section 7.5.3.,
the presence of coarse charcoal particles (greater than 125 ym in size) are
thought to indicate local wildfire activity, and the presence of fine charcoal
particles (less than 125 pym in size) are thought to indicate regional wildfire
activity. There appear to be few studies detailing the transport of PAHs from their
origin to the site of final deposition. PAHs can be present in both a gaseous and
a solid form, adsorbed onto the surface of other particulate matter, it is possible
that they can be transported for large distances before final deposition (Abdel-
Shafy and Mansour, 2016). Considering this, it is most likely that the Kaszewy-1
pyrolytic PAH concentration record also reflects a mostly regional signal, rather

than local, similar to the fossil charcoal records.

In the Kaszewy-1 samples, fine fossil charcoal is much more abundant than
coarse fossil charcoal (Figure 7.15) suggesting a record of regional wildfire
activity, rather than local activity. The peakin both coarse and fine fossil charcoal

abundance in sample kk_10 at depth 1896.70 m suggests that there was an
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increase in wildfire activity at the Kaszewy-1 site and in the region around it
towards the end ofthe Rhaetian. The pyrolytic PAH data suggests a longer period
of increased wildfire activity than the fossil charcoal datasets and possibly reflects
a change in distance between the Kaszewy-1 site and the sites of wildfire activity.
Increased concentrations of pyrolytic PAHs are detected in sample kk_10 along
with an increased abundance of both coarse and fine fossil charcoal, lending
further support to the idea that there was increased wildfire activity at and around
the Kazewy-1 site towards the end of the Rhaetian. Both coarse and fine fossil
charcoal abundance then decrease sharply in the next sample at 1885.67 m
depth (kk_10b) but total pyrolytic PAH concentration remains high, suggesting
that by this time, wildfire activity proximal to the Kaszewy-1 site had decreased,
but wildfires were still burning in the region, away from the Kazewy-1 site. A
second peak in total pyrolytic PAH concentration after the Triassic-Jurassic
Boundary in sample kk_11b at depth 1857.30 m, but lack of increase in fossil
charcoal abundance, suggests that there was a second level of increased
regional wildfire activity, but that the area local to the Kaszewy-1 site did not

experience significant levels of burning.

The fossil charcoal and geochemical data from the Kaszewy-1 samples shows
evidence of three distinct levels of increased wildfire activity within the Polish
Basin, which can be grouped into one period of increased wildfire activity below,
and one level above the inferred Triassic-Jurassic Boundary. Changes in wildfire
activity can be caused by many different factors and itis likely that multiple factors

contributed to the periods of increased wildfire activity identified in the Kaszewy-
1 study section (Section 7.5.4.3.; p. 221).

7.5.4.2. Increased Wildfire Activity Recorded Across the T-J Boundary in the
Niektan PIG-1 Core

The abundance of both coarse and fine fossil charcoal, as well as total pyrolytic
PAH concentration is generally low in the Rhaetian part of the Niektan PIG-1 core
(Figure 7.16). However, sample NC6 atdepth 160.00 m shows a high abundance
of coarse fossil charcoal, suggesting a level of increased wildfire activity at the
end of the Rhaetian prior to the inferred T-J Boundary. There is also a small
increase in fine fossil charcoal abundance in the same sample, but it is still

relatively low; no pyrolytic PAH data are available for this sample due to lack of
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material. The large increase in coarse fossil charcoal abundance and smaller
increase in fine fossil charcoal abundance suggests that this first level of intense
wildfire activity was local to the Nieklan PIG-1 site. The presence of larger
fragments of charcoal tend to reflect local wildfire activity, whereas smaller
fragments of charcoal generally reflect regional wildfire activity (e.g. Carcalillet et
al., 2001). This first level of increased wildfire activity correlates with a change in
clay mineral assemblage from smectite-dominated to a kaolinite-illite-chlorite
assemblage, likely reflecting a change from a warm climate with seasonal rainfall

to a warm climate with year-round rainfall and increased humidity (Branski, 2014).

A second level of increased wildfire activity is indicated by a peak in fine fossil
charcoal abundance in sample NC8 at depth 158.05 m immediately above the
inferred T-J Boundary. Coarse fossil charcoal abundance is low in this sample,
suggesting that this second level of increased wildfire activity was further from
the Niektan PIG-1 site than the first level immediately before the T-J Boundary.
The total concentration of pyrolytic PAHs in sample NC8 shows a slight increase
from the previous, Rhaetian-aged, samples, though it is still relatively low. The
discrepancy between the fine fossil charcoal abundance and pyrolytic PAH
concentration records perhaps reflects that a relatively low proportion of the
pyrolytic PAHs generated during this second phase of intense wildfire activity are
being deposited at the Nieklan PIG-1 site, while the majority are deposited
elsewhere; perhaps the Niektan PIG-1 site was downwind of the burning site. A
peak in total pyrolytic PAH concentration (2327 ng/g sediment) in sample NC9
(depth: 155.50 m) suggests a third level of increased wildfire activity in the Early
Hettangian. A relatively small increase in coarse fossil charcoal abundance is
also observed. Fine fossil charcoal abundance is lower than in the previous
sample, but still relatively high. The relatively high concentration of pyrolytic PAHs
to fossil charcoal abundance suggests that this third level of intense wildfire
activity was further from the Niektan PIG-1 site than either of the previous two
levels. The third level of increased wildfire activity correlates with the negative
carbon-isotope excursion observed in the new &'3Cplant record, and the negative

trend in 313Cwp values.

After a decline in fossil charcoal abundance and total pyrolytic PAH concentration

in sample NC12 (depth: 147.50 m), indicating a decline in wildfire activity on both
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a local and regional scale, a second peak in total pyrolytic PAH concentration is
observed in sample NC13 (depth: 145.00 m). This second peak in total pyrolytic
PAH concentration is comparable in magnitude to the first peak (2444 vs 2327
ng/g sediment). A relatively small increase in fine fossil charcoal abundance from
the previous sample (NC9) is also observed in sample NC12, suggesting that the
Niektan PIG-1 site is closer to the site of burning than was the case for the third
level of wildfire activity, though not necessarily as close as the second level. This
fourth level of intense wildfire activity correlates with increased concentrations of
pyrolytic PAHs at the nearby Softykéw site (Figure 7.17; Marynowski and
Simoneit, 2009). However, due to a lack of TOC data for the Niektan PIG-1
samples, it is not possible to quantitatively compare the concentrations of
pyrolytic PAHs at the Sottykow and Niektan PIG-1 sites.

Coarse and fine fossil charcoal abundance, as well as total pyrolytic PAH
concentration, is generally low in the upper part of the study section, though a
potential fifth level of increased wildfire activity is indicated by an increase infine
fossil charcoal abundance in the uppermost sample (NC15; depth: 141.10 m).
Both coarse fossil charcoal abundance and total pyrolytic PAH concentration are,
however, low in this sample. This potential fifth level of increased wildfire activity
correlates with the end of the negative trends in the new &'3Cpiant and 33Cwp

records.

The new fossil charcoal abundance and geochemical records generated from the
Niektan PIG-1 samples show evidence of at least five distinct levels of increased
activity within the Polish Basin across the Triassic-Jurassic Boundary, the first
three of which can be grouped into a larger period of increased wildfire activity.
Similar to the new Kaszewy-1 wildfire activity proxy records, the Niektan PIG-1
records show evidence of levels of intense wildfire activity both prior to, and

immediately after, the T-J Boundary.

Up to three additional levels of intense wildfire activity are identified in the
Hettangian section of the Niektan PIG-1 core which are not identified in the
Kaszewy-1 core, most likely due to the relatively low resolution of the new
datasets. Changes in the level of wildfire activity are likely caused by a
combination of factors, such as changing climatic conditions, and are discussed
in detail in the following section (Section 7.5.4.3.; p. 221).
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borehole sites.

7.5.4.3. Comparison Between the Kaszewy-1 and Niektan PIG-1 Cores

Comparison of the wildfire activity proxy records of the Kaszewy-1 and Niektan
PIG-1 cores is shown in Figure 7.18. The position of the T-J Boundary in the
Kaszewy-1 core is based on sequence stratigraphy and located at a depth of
~1865 m; the first occurrence of the basal Jurassic palynomorph C. thiergartii is
at a depth of ~1824 m (G. Pienkowski, pers. comm.). The position of the T-J

Boundary in the Niekfan PIG-1 core is based on the first occurrence of C.
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thiergartii and is located at a depth of ~157 m (M. Hodbod, pers. comm.). The two
cores are correlated using the position of the T-J Boundary in each.

Both cores show evidence of a double-peaked negative CIE towards the base of
the study sections. The 8'3Cwp record from the Kaszewy-1 core shows a double-
peaked negative CIE of ~4%. magnitude between the depths of 1918.80 m and
1903.40 m, spanning a sediment thickness of ~15 m. Similarly, a double-peaked
negative CIE of ~5%0 magnitude is observed in the Niektan PIG-1 core 3'3Cplant
record between the depths of 157.42 m and 142.10 m. A negative trend (~3.5%)
in the Niektan PIG-1 313Cwprecord is also observed between the depths of 158.00
m and 142.10 m. The Niekfan PIG-1 813Cpiant negative CIE and 83Cwp negative
trend span sediments of ~15 m and ~16 m thickness. Despite similar magnitudes
of the double-peaked negative CIEs observed in the Kaszewy-1 and Niektan
PIG-1 samples, the Kaszewy-1 negative CIE has beenidentified as the initial CIE,
whereas the Niektan PIG-1 CIE has been identified as the main CIE. This is due
to the age of the sediments at these horizons: the Kaszewy-1 double-peaked
negative CIE occurs in sediments of Rhaetian age, and the Nieklan PIG-1
doubled peaked negative CIE occurs in sediments of Hettangian age. The intial

CIE is typically found in sediments of Rhaetian age.

Clay mineral assemblages in the two cores at similar depths also show a general
agreement. A kaolinite-illite-chlorite assemblage is observed between the depths
of ~1905 m and ~1895 m in the Kaszewy-1 core, and between the depths of
~160 m and ~140 m in the Niektan PIG-1 core. A kaolinite-smectite assemblage
is also observed between the depths of ~160 m and ~170 m in the Niektan
PIG-1 core, but is not observed in the Kaszewy-1 core. With the new proposed
correlation, the two kaolinite-illite-chlorite assemblages occur at similar horizons
in the two cores. There is a slight overlap between the Niektan PIG-1 smectite-
dominated assemblage and the bottom of the Kaszewy-1 illite/chlorite-dominated
assemblage. This could be due to variations in sedimentation rate and/or

weathering regime between the two sites.

The Kaszewy-1 and Niektan PIG-1 wildfire activity proxy records show a major
difference: periods of increased wildfire activity are identified in the Rhaetian-
aged section of the Kazewy-1 core, whereas periods of increased wildfire activity
are identified in the Hettangian-aged section of the Niektan PIG-1 core. This

222



€ee

NIEKEAN PIG-1 g
§ _r
. . Z Z &
Coarse fossil Total pyrolytic PAH 5 g5
a°C,. 5C charcoal abundance tration § o
KASZEWY-1 (%o VPDB) (% VPDB) (particles/10 g sediment) (nglg sediment) R
. -30 -26 -22 -30 -27 -24 0 2000 4000 0 1000 2000 ] S
[TTTTTTT I T [T T T T 1717 T T T T ] [T T T 1E|].
5: g suc, B 1 L —— 8%°C,., | | —e— Coarse B i "Ei ef£
k) % g Coarse fossil  Total pyrolytic PAH Clay mineralogy (%o VPIfB) | 4 L 31C i | —e— Fine | | =] g z
% §' 5 charcoal abundance concentration (%) (Pienkowski, Hesselbo | | L e a - - | | | 125 g
5 & : 0 o - B
é E % (particles/10 g sediment) {ng/g sediment) (Branski, 2014) & Leng, in prep.) | 1 L i TJ Boundary | _ | i
© S48 ¥y 500 1000 O 2000 4000 O 50 100 -28 26 -24 - - | i B ]
£ - L L T T L - - % L _
E |3 "=} - .
(2| E §R —e— Coarse Kaolinite | n | 45
HEHE o | — Kaolinite | ) | FAD C. thiergartii - -
z|= —e— Fine it - 4 4 F .
3 o
) — i - B - - L .
é 1820 | — Chlorite_| i ] i ] i ]
5 & | B . 1 L _les 2
Ft - . g
8 o N - . = 1 E
g =
g B a - N - n B 1 c
E 1840 | i | B B a %
S i : - 1F 1™ 252
5| £ I i ] i 1 1 |2|E[F
K B | B 7 B ] B n ®lo
£ g 1060 - b — Kaolinite - 1 F 1 s|'y
sl L i B 7] — llite = -1 1105 |2|8
HE B : — Chloiite B 1 r 7 N
3 o . § L . L .
T ™[ 1280 - — B i Smectite i 10 i
2 Clay mineralogy
- ] - — - — 125
£ i 7 i i (%) i 1 [ ]
=t (Braniski, 2014)
s o - - s
° 1900 = = o | 100 B
2
['4 |- — -
1920 r — - = =T =L 1 1T
<
- - e
T I I A I A L 11 HEEEEEEE
0 200 4000 2000 4000 0 50 100 28 26 24 3 6  » 30 27 24 0 50 100 O 200 400 0 1000 2000
Fine fossil charcoal abundance Levels of increased wildfire Overall period of increased Fine fossil charcoal abundance
(x10? particles/10 g sediment) activity from single indictor wildfire activity (x10® particles/10 g sediment)

Figure 7.18 Correlation between the Kaszewy-1 and Niektan PIG-1 cores. The T-J Boundary in the Kaszewy-1 core is based on carbon-isotope and sequence

stratigraphy; the T-J Boundary in the Niektan PIG-1 core is based on the FAD of C. thiergartii. Rh. = Rhaetian.

sabuey)d [euswuolinug Arepunog -1 — /2 J81dey)d



Chapter 7 — T-J Boundary Environmental Changes

difference can likely be explained by the low resolution of the wildfire activity
proxy records. This difference could perhaps also be explained by the different
depositional environments at each site. Further study, increasing the resolution
of these records, would improve our understanding of the T-J Boundary-related

increased wildfire activity at these two Polish Basin sites.

A sequence of disturbed beds similar to the seismite identified at St Audrie’s Bay
(Mayall, 1983; Simms, 2003, 2007; Lindstrom et al., 2015) is observed between
the depths of ~1910 m and ~1900 m in the Kaszewy-1 core. However, similarly-
disturbed beds are not observed in the Niektan PIG-1 core at all. It is possible
that the cause of the disturbed bedding in the Kaszewy-1 core did not affect the
Niektan PIG-1 site, or that variations in sedimentation between the two sites
resulted in this event not being recorded at the Niektan PIG-1 site. It should also
be noted that the lithology of the two study sections differ from each other; the
Kaszewy-1 study section is dominated by sandstones whereas the Niektan
PIG-1 study section is dominated by mudstones. The lithologies of the two cores

do not correlate very well, likely as a result of different depositional environments.

7.5.4.4. Causes of Changes in Wildfire Activity Level

In the fossil record, wildfire activity would have been caused by ignition of plant
material by lightning strikes (Batchelder, 1967; Cope and Chaloner, 1980; Scott,
2000; Jones et al, 2002). Several factors can influence the intensity and
frequency of wildfire activity such as atmospheric oxygen concentration, level of
storm activity, availability of flammable material, and environmental conditions

(see Section 3.5.3.2. for background).

A lack of published studies of the Kaszewy-1 and Niektan PIG-1 cores does not
allow for a detailed investigation into potential causes of the changing wildfire
activity throughout the study sections, however they do provide some
suggestions. A lack of palynology data from the cores makes it impossible to tell
whether a change in vegetation was, in some way, responsible for the change in
wildfire activity levels. However, palynology records from the contemporaneous
Kamien Pomorski IG-1 core, located in the northwest Polish Basin, show
evidence of a palynofloral turnover across the T-J Boundary, with a
disappearance of xerophilous plants (Pienkowski et al., 2012), suggesting

increased rainfall and humidity in the earliest Jurassic. Additional palaeobotanical
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studies from Bornhglm, Denmark, suggest a ~3-4°C rise in temperatures across
the T-J Boundary (McElwain et al., 1999; Belcher, Mander, et al., 2010).

In the fossil record, the most likely cause of increased wildfire activity is an
increase in lightning strikes, as a result of increased storminess (Pyne et al.,
1996). Clay mineralogy data available for the lower, Rhaetian-aged part of the
Kaszewy-1 study section shows a kaolinite-illite-chlorite assemblage dominates
(Figure 7.15); this kaolinite-illite-chlorite assemblage is associated with warm
and humid conditions, with year-round rainfall (Branski, 2014). Conversely, clay
mineralogy records of the Niekfan PIG-1 core show a smectite-dominated
assemblage in the Rhaetian-aged part of the core, prior to the T-J Boundary
(Figure 7.16), suggesting a warm environment with seasonal rainfall (Branski,
2014). A shift from this smectite-dominated assemblage to a kaolinite-illite-
chlorite assemblage occurs prior to the inferred T-J Boundary, along with a shift

to more negative 513Cpiant and 513Cwp values (Figure 7.16).

Unpublished 313Corg data from the Kaszewy-1 core (Pienkowski et al., in prep.)
shows two significant negative carbon-isotope excursions inthe sediments below
the first period of increased wildfire activity, thought to correlate with the ‘initial
carbon-isotope excursion first identified at St Audrie’s Bay, UK (Figure 7.16;
Hesselbo et al.,, 2002); relatively positive 313Corg values correlate with the two
periods of increased wildfire activity. The periods of intense wildfire activity
recorded in the Niektan PIG-1 are, however, associated with lighter 313C values.
It has been suggested that an increase in carbon burial at the T-J Boundary
limited the duration of the initial negative CIE, resulting in the relatively short,
sharp negative CIE observed in many 313C records (Ruhl et al, 2011). An
increase in carbon burial would have removed carbon from the atmosphere, and
eventually increased the concentration of atmospheric oxygen and, as a result,
the probability of wildfire ignition and spread. This could explain the pattern in
wildfire activity observed in the Kaszewy-1 core. The periods of intense wildfire
activity recorded in the Niekfan PIG-1 core are associated with relatively light 313C
values, suggesting that while there was an increase in atmospheric carbon,

oxygen levels remained high enough to sustain wildfire activity.

There are several discrepancies between the Kaszewy-1 and Niektan PIG-1
palaeoenvironmental records, hindering interpretation of the wildfire activity
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records. It is posible that these are caused by differences in depositional
environments at the two sites, and/or the low resolution-nature of the studies. The
current working hypothesis is that an increase in temperature across the T-J
Boundary, most likely caused by an increase in atmospheric carbon dioxide,
coupled with an increase in rainfall and humidity, resulted in increased storm
activity. Elevated levels of storm activity likely increased rates of wildfire ignition.
A change in vegetation recorded across the T-J Boundary could have provided a
better, larger, fuel source, aiding the spread of wildfire. While there is evidence
of increased atmospheric carbon dioxide across the T-J Boundary, atmospheric
oxygen concentrations remained sufficiently high to support widespread wildfire
activity. Further high-resolution studies of the Kaszewy-1 and Niektan PIG-1
cores are required to test the robustness of this hypothesis, but whatever the
cause, new wildfire activity proxy records from the central Polish Basin indicated

multiple periods of intense wildfire activity around the T-J Boundary.

7.5.5. Environmental Changes in the Central Polish Basin in a Regional

Context

Wildfire activity proxy data from across the Triassic-Jurassic Boundary are
available from sites in eastern Greenland and the Danish Basin (see Figure 7.19
for a palaeogeographic map of locations). At Astarteklgft, Greenland, Belcher et
al. (2010) discovered a five-fold increase in the number of charcoal particles >150
pm immediately above the T-J Boundary, and at sites in the Danish Basin,
Petersen and Lindstrom (2012) documented that the average inertinite content of
palynological samples increases above the T-J Boundary, and remains elevated
for most of the Hettangian, before dropping again into the Sinemurian. It is worth
nothing that Danish Basin is an extremely low resolution study and deals with

relative values, rather than absolute values.

A period of increased wildfire activity immediately above the T-J Boundary is
inferred at Astarteklgft, Greenland (Belcher, Mander, et al., 2010), which appears
to correlate with periods of intense wildfire activity at the Niektan PIG-1 site; a
period of intense wildfire activity at the Kaszewy-1 site instead occurs below the
T-J Boundary (Figure 7.20). Increased inertinite content is also observed in
samples from immediately above the T-J Boundary in Danish Basin sediments,
but the inertinite record consists of a total of five data points spanning the
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(1 Astarteklgft, East Greenland
(Belcher et al., 2010)
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(Petersen & Lindstrém, 2012)

(3 Kaszewy-1, Polish Basin
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Figure 7.19 Palaeogeographic map of the NW Tethyan realm during the Late Triassic—Early

Jurassic (~200 Ma) with localities of wildfire activity proxy studies labelled. Redrawn from (Blakey,
2018a).

Rhaetian — Sinemurian (Petersen and Lindstrom, 2012); this extremely low
resolution does not allow for confident correlation with the new Polish Basin
records, orthe published record from Greenland. This period of increased wildfire
activity immediately after the T-J Boundary is marked by significant increases in
fossil charcoal abundance at both the Astarteklgft and Polish Basin sites, as well

as increasing concentrations of pyrolytic PAHs at the Polish Basin sites.

Additional levels of intense wildfire activity after the T-J Boundary are clearly
recorded in the Niektan PIG-1 fine fossil charcoal abundance and pyrolytic PAH
concentration records, as well as the Kaszewy-1 geochemical record, but not in
the Astarteklgft record (Figure 7.20). The low-resolution Danish Basin wildfire
record shows elevated inertinite content in three samples spanning the
Hettangian stage, which the authors interpret to reflect increased wildfire levels
throughout the Hettangian (Petersen and Lindstrom, 2012). However, the
extremely low resolution of this study makes it difficult to correlate any of the later
periods of wildfire activity identified in the Hettangian sections of the Kaszewy-1
and Niekfan PIG-1 cores with the Danish Basin record. Perhaps the relatively low
resolution of the Astarteklgft records have resulted in these additional periods of
intense wildfire activity being missed, or perhaps they were not recorded there at
all.
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The post-T-J Boundary levels of intense wildfire activity recorded in the Niektan
PIG-1 core does not show increased abundances of coarse fossil charcoal,
suggesting that the wildfire activity was not local to the Polish Basin sites at that
time. A level of increased wildfire activity above the T-J Boundary at Astarteklgft
is inferred from the elevated level of fossil charcoal abundance in Bed 6 (Figure
7.20). It is possible that this elevated fossil charcoal abundance in Bed 6 at
Astarteklgft is related to the post-T-J Boundary levels of intense wildfire activity
inferred at the Polish Basin sites. The lack of coarse fossil charcoal at the Polish
Basin sites could be explained by the intense wildfire activity not extending extend
far enough for the deposition of coarse charcoal in the Polish Basin, or the wildfire

activity not being recorded at the Polish Basin sites at all..

Comparison of the new wildfire activity proxy records from the Kaszewy-1 and
Niektan PIG-1 cores with published records from Greenland and Denmark
suggest that there were widespread periods of intense wildfire activity across the
NW Tethyan realm during the latest Triassic and earliest Jurassic. However, the
resolution of existing wildfire activity proxy records across the Triassic-Jurassic
Boundary needs to be increased and new records from other sites need to be

generated in order to produce a more confident correlation between sites.

7.6. Conclusions & Future Work

The following conclusions can be drawn from this study:

e Fossil charcoal abundance and pyrolytic PAH concentration datasets
record a distinct period of intense wildfire activity around the Triassic-
Jurassic Boundary in the region of the Kaszewy-1 and Niektan PIG-1 sites.

e The new fossil charcoal abundance and pyrolytic PAH concentration
datasets complement other published palaeo-wildfire studies, confirming
widespread intense wildfire activity at times around the Triassic-Jurassic
Boundary.

e New 0'3C records generated from macrofossil plant material and bulk
woody phytoclast samples show evidence of the Triassic-Jurassic

Boundary main negative carbon-isotope excursion.
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e Corg/Ntotal ratios of the macrofossil plant material and bulk woody phytoclast

samples confirm the origin of the organic matter.

There is a wide scope for further work based on that discussed in this chapter.
Additional work is required to better constrain the wildfire activity history of the
Kaszewy-1 and Niektan PIG-1 sites, and to more confidently correlate the new
Polish Basin records with existing records. Palynological studies will potentially
reveal any vegetation changes in the Rhaetian and Hettangian sections of the
Kaszewy-1 and Niektan PIG-1 cores which, in turn, will help to further pinpoint
the cause of the wildfire activity changes identified in this study. Increasing the
resolution of the fossil charcoal and pyrolytic PAH records will provide a more
informative record of wildfire activity in the Polish Basin across the Triassic-

Jurassic Boundary, and would also help with correlation to other sites.

Additional carbon-isotope stratigraphy work would also be beneficial to this study.
Reprocessing the bulk rock samples from the Niektan PIG-1 core using a different
method to ensure all inorganic carbon is removed prior to carbon-isotope
analyses would provide a clearer d3Corg record of the Nieklan PIG-1 core, and
help to identify the initial and main negative carbon isotope-excursions
associated with the Triassic-Jurassic Boundary. Increasing the resolution of the
new &13Cplant and &13Cwprecords, as well as analysing samples from the upper
part of the core, would also help to better constrain the nature of the observed

negative CIEs and trends.
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CHAPTER 8 APPLYING NOVEL ORGANIC
GEOCHEMICAL PROXIES TO TRIASSIC AND JURASSIC
SEDIMENTS OF THE POLISH AND BRISTOL CHANNEL

BASINS

8.1 Introduction

There are various methods for estimating palaeotemperatures in the Mesozoic,
though these are often focused on seawater temperatures (e.g. 320 values and
Mg/Ca ratios of marine invertebrate calcite), or based on fossil leaf characteristics
(e.g. leaf margin analysis). Compound-specific 813C records from fossil plant
matter can also be used to estimate palaeotemperatures, but, along with records
based on fossil leaf characteristics, rely on suitable sample material being

available, and often require supporting evidence from additional sources.

The BIT index soil organic matter proxy (Equation 4.6) and MBT-CBT
palaeotemperature proxy (Equations 4.7 — 4.10) are frequently used to
investigate palaeoenvironments in the Cenozoic (66 Ma — present). These two
proxies involve analysing sediments for the presence of different types of glycerol
dialkyl glycerol tetraethers (GDGTSs), atype of lipid found synthesised by archaea
and bacteria. GDGTs are ubiquitous in modern sediments and commonly found
in sediments of Cenozoic age (Schouten et al., 2013); they have also been
detected in sediments from the Early Jurassic (Jenkyns et al., 2012; Robinson et
al.,, 2017). In this study, sediments of Early Jurassic and Late Triassic age are
analysed from the Bristol Channel and Polish Basins in an attempt to evaluate

the efficacy of these two proxies in Mesozoic sediments.

8.2. Aims

This study attempts to investigate geochemical palaeoenvironmental

reconstructions at sites in the Central Polish Basin and in the southwest UK
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during two key intervals of the Late Triassic and Early Jurassic. With the new data

collected as part of this study, the following questions are answered:

e Can both branched and isoprenoidal GDGTs be detected in quantifiable
amounts in sediment samples from Late Triassic-Early Jurassic-aged
strata?

o If present, can these GDGTs be used to calculate BIT indices, and thus
produce a record of terrestrial organic matter input to three selected sites
in Europe?

e Are all the GDGTs required to calculate MBT' and CBT indices preserved
inthese strata of Rhaetian-Toarcian age, and ifso is it possible to produce

records of mean annual air temperature and soil pH changes?

8.3. Background

8.3.1. Glycerol Dialkyl Glycerol Tetraether Lipids

Glycerol dialkyl glycerol tetraether lipids (GDGTs) are a group of organic
compounds that are integral cell membrane components for certain groups of
archaea and bacteria. GDGTs are found in the majority of modern day ambient
environments from terrestrial soils, peats and lakes, to the deep-sea, and in
certain extreme environments such as cold seeps and hot springs (e.g. Schouten
et al., 2013, and references therein) and can be classified into two main groups:

isoprenoid and branched.

Isoprenoid GDGTs were first reported by De Rosa and Gambacorta (1988) and
later by Koga et al. (1993) who reported that isoprenoid GDGTs comprised the
majority of archaeal membranes. It was suggested by these authors that the
isoprenoid GDGT compounds provide archaea with increased robustness to
allow the organisms to cope with the extreme environments which they are often
found in. More recent research, however, has found that isoprenoid GDGTs
synthesised by archaea are also present in non-extreme lacustrine and marine
environments (MacGregor et al., 1997; Vetriania et al., 1998), as well as soils
(Herschberger et al., 1996).
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Figure 8.1 Structures and molecular weights (m/z) of key GDGTs discussed in this thesis. GDGTs

I-lll are branched GDGTSs; crenarchaeol is an isoprenoid GDGT.
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Branched GDGTs, however, were not first reported until much later from peats,
as well as lacustrine and coastal marine sediments (Sinninghe Damsté et al.
2000).

The precise origin of branched GDGTs is still unknown, as the molecules exhibit
both archaeal and bacterial properties (Schouten et al, 2013), though it is
generally thought that branched GDGTs are likely produced by bacterial
organisms (e.g. Weijers et al.,, 2006; Weijers, Schouten, Sluijs, et al., 2007;
Weijers et al., 2009; Peterse et al., 2010) with acidobacteria being the most likely
source (Schouten et al., 2013). Although they are thought to be predominantly
produced in peats and soils, branched GDGTs have also been found to be
produced in lacustrine environments (e.g. Tierney and Russell, 2009; Loomis et

al.,, 2011) and marine sediments (Peterse et al., 2009).

A number of key isoprenoid and branched GDGTs (Figure 8.1) have been used
to develop environmental proxies, reconstructing terrestrial soil input to the
marine environment, as well as mean annual air temperature and soil pH. These

proxies are discussed in detail in the following sections.

8.3.2. The BIT Index: A Proxy for Terrestrial Organic Matter Input to

Deposition Sites

The branched and isoprenoid tetraether (BIT) index was developed by Hopmans
et al. (2004) as a proxy for estimating the input of terrestrial organic matter into
Holocene marine sediments. Sediment samples were collected from a range of
locations, representing a range of depositional environments, including terrestrial
peat and soil sites, as well as lacustrine, coastal marine, and open marine

sediments, and investigated for GDGT content.

Branched GDGTs (I-lll) were identified in all samples from both terrestrial and
marine environments, however, crenarchaeol was found to only be present in
marine sediment samples. The authors concluded that branched GDGTs are
derived from organisms present in terrestrial soils and peats, and that
crenarchaeol is usually derived from organisms present in seawater. From this,
the authors concluded that branched GDGTs can be used as tracers for terrestrial
organic matter and developed the BIT Index based on the relative abundance of

branched GDGTs |, I and Il with respect to crenarchaeol. The BIT Index is
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defined by Equation 4.6, with the symbols referring to the GDGTs indicated in
Figure 8.1.

The BIT Index indicates that as terrestrial soil input to a site increases, so does
the measured BIT value of the sediments deposited there, and vice versa.
Hopmans et al. (2004) tested the newly-developed BIT Index by applying it to
sediment samples collected from multiple sites around the world, as well as
calculated BIT values for a range of other Holocene-aged terrestrial and marine
sediments. The authors found that the BIT values correlated well with the sample
site locations and concluded that it can be successfully used as a proxy for soil
organic matter input into sediments. Studies have found that soils generally have
BIT values >0.9 (e.g. Weijers et al., 2006; Sinninghe Damsté et al., 2009; Loomis
etal., 2011), lacustrine sediments have variable BIT Index values >0.5 depending
on the type and setting of the lake (e.g. Blaga et al., 2009; Powers et al., 2010;
Tierney et al., 2010), and sediments from open marine settings generally have
BIT Index values <0.15 (e.g. Schouten et al., 2013). A subsequent study by
Huguet et al. (2007) found that the BIT Index more accurately reflected only the
soil input to a site, not the combined input of all terrestrial organic matter (i.e. soils
and plant matter), revising interpretation of BIT values. Schouten et al. (2013)
suggest that BIT values should only be interpreted in qualitative terms, unless
accompanied by absolute concentrations of GDGTSs, since the BIT Index is a

relative measurement rather than an absolute one.

Subsequent studies have found evidence that isoprenoid GDGTs, such as
crenarchaeol, can be produced in situ in terrestrial environments. A study of
sediment and peat samples from a range of locations by Weijers et al. (2006)
found that crenarchaeol was present in all samples, regardless of the depositional
environment. The authors suggested that the transport of terrestrially-derived
crenarchaeol to marine sites could influence the BIT values of marine sediments.
However, the relatively low abundance of crenarchaeol in terrestrial sediments in
comparison to that of branched GDGTs suggest that this influence would be
minimal.Similarly, branched GDGTs may be produced in situ in some marine

settings where terrestrial OM input is low (Peterse et al., 2009).

The BIT Index was originally developed using Holocene-aged surface sediment
samples and is best used on immature sediments (Hopmans et al., 2004), though

it should be noted that reproducibility between laboratories is often poor. As a
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result, it is commonly used on relatively young sediments (e.g. Kim et al., 2006;
Huguet et al., 2007; French et al., 2015; Zell et al., 2015; Cao et al., 2017) and is
more rarely used on older sediments. However, branched GDGTs and
crenarchaeol have both been detected in sediments of Cretaceous age (Kuypers
et al., 2001; Hopmans et al., 2004), suggesting that the BIT Index can be used
on older (e.g. Mesozoic) immature sediments. Jenkyns et al. (2012) successfully
detected branched GDGTs in and calculated BIT indices from Middle Jurassic-
Early Cretaceous-age marine sediments from the Falkland Plateau as part of a
study reconstructing sea-surface temperatures. Robinson et al. (2017) attempted
to analyse BIT Index values of sediments of Sinemurian and Pliensbachian age
(~199 —-183 Ma), though the amount of branched GDGTs in these Early Jurassic
sediments are either below the limit of detection or not abundant enough to be
guantified. The effect of diagenesis on BIT values is not well-known and therefore
values of ancient sediments should be interpreted with caution (Schouten et al.,
2013). Further work is required to investigate the impact of diagenesis on BIT

values.

8.3.3. The MBT’-CBT Palaeothermometer & Soil pH Proxy

The distribution of branched GDGTs in sediments is related to both mean annual
air temperature (MAAT) and soil pH (Weijers, Schouten, van den Donker, et al.,
2007). Soil samples were collected from a number of localities around the world

and analysed for their branched GDGT content.

In their study, Weijers et al. (2007) found that some branched GDGTs contained
extra methyl groups (containing one carbon atom bonded to three hydrogen
atoms) attached to the main branched structure, while others contained additional
cyclopentyl groups (containing five carbon atoms bonded to nine hydrogen
atoms). The authors developed the methylation Index of branched tetraethers
(MBT; Equation 8.1, with the symbols referring to the GDGTs indicated in Figure
8.1) and the cyclisation Index of branched tetraethers (CBT; Equation 4.8, with
the symbols referring to the GDGTs indicated in Figure 8.1).

Ia +Ib+Ic
Ia+Ib+Ic+Ila+IIb+IIc+Illa+I11Ib+IIIc

(8.1) MBT=

Weijers et al. (2007) found that the MBT and CBT indices were related to mean
annual air temperature and soil pH, and therefore can be used to reconstruct

environmental conditions. The authors determined that the MBT and CBT indices
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are related to MAAT and soil pH using the following equations (8.2 and 8.3; MAAT
Is in °C):

(8.2) CBT =3.33—(0.38 X pH)
(8.3) MBT =0.122 + (0.187 X CBT) + (0.020 x MAAT)

The MBT'-CBT proxy is a revision by Peterse et al. (2012) of the original MBT-
CBT proxy by Weijers et al. (2007) and is more frequently used for reconstructing
MAAT and soil pH. Peterse et al. (2012) revised these original indices using
additional data from soil studies to produce the updated MBT' Index (Equation
4.7, with the symbols referring to the GDGTs indicated in Figure 8.1). The
authors also revised the mathematical relationship between the MBT’ Index and
MAAT (Equation 4.9). Peterse et al. (2012) did not revise the original CBT Index
of Weijers et al. (2007), but did revise the mathematical relationship between the
CBT Index and soil pH (Equation 4.10).

Similar to the BIT Index, the MBT(*)-CBT proxy was developed using Holocene-
aged sediments and consequently, the majority of published studies consist of its
use on Cenozoic material (Peterse etal., 2009; Niemann et al., 2012; Sinninghe
Damsté et al., 2012; Anderson et al., 2014; Hanna et al., 2016). It should be noted
that for geologically young lake sediments, there appears to be a poor correlation
between MBT-CBT/MBT-CBT-based reconstructions and recorded air
temperatures and nearby soil pH (Blaga et al., 2010; Zink et al., 2010; Tierney et
al., 2010). The authors of these studies suggest that specific calibrations are
required for each individual lake studied in order to obtain more accurate MAAT
and soil pH reconstructions. The use of the MBT(*)-CBT proxy on ancient sample
material has provided mixed results. Analysis of ancient terrestrial material shows
both poor MAAT and pH reconstructions (e.g. Weijers et al., 2011; Yang et al.,
2011), and good correlations (e.g. Ballantyne etal., 2018; Hren et al., 2018; Zhou
et al., 2011), but further work is needed to evaluate the efficacy of this proxy in
relation to geological materials. Schouten et al. (2013) have carried out
maturation studies in order to replicate ancient sediments and found that MBT
values generally increased and CBT values generally decreased as sample

material was artificially matured.

Studies of older geological material are scarce and include studies of Eocene-
age (56 — 33.9 Ma) samples (Pross et al., 2012) and one focusing on the
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Palaeocene-Eocene Thermal Maximum (~55.5 Ma; Weijers, Schouten, Sluijs, et
al., 2007). A study by Kemp et al. (2014) where the authors apply the MBT-CBT
proxy to latest Cretaceous-Palaeogene material appears to be the only published
study involving material older than the Palaeogene. The use of the MBT-CBT or
MBT-CBT proxies on Mesozoic, or older, samples appears to be extremely

limited.

8.4. Materials & Methods
8.4.1. Materials

Bulk rock samples were collected from sites in the Polish and Bristol Channel
Basins for organic geochemical analyses (17 and 2, respectively). Samples
collected consisted of mudstones and sandstones, and range in age from Late

Triassic (Rhaetian) to Early Jurassic (Toarcian).

One core and one outcrop from the Polish Basin were sampled for BIT Index and
MBT’-CBT analysis (see Figure 8.2 for locations). Fifteen samples were collected
from Rhaetian and Early Jurassic sections of the Kasewy-1 core, consisting of
mudstones and sandstones that are interpreted to have been deposited in a
range of terrestrial and shallow marine environments. The samples from the
Kaszewy-1 core were chosen based on their interpreted depositional
environments and limited available Rock Eval data (Pienkowski, pers. comm.).
Samples were taken from horizons with Tmax values of <454°C where Rock-Eval
data are available. The sample set analysed in this study reflects a range of

inferred depositional environments, from terrestrial to shallow-matrine.

Three mudstone samples were collected from the Toarcian-age KozZiowice
outcrop in a working clay pit; these samples are thought to have been deposited
in a shallow-marine environment and are poorly-consolidated, relatively immature
sediments (Pienkowski, pers. comm.). The immature nature of the Koztowice
sediments was the basis for their inclusion in this study, however these sediments
are highly susceptible to contamination and therefore only a small number of

samples were taken and analysed.

Two mudstone samples from St Audrie’s Bay, SW United Kingdom, were also
collected for analysis (see Figure 8.2 for location). These samples are of
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Figure 8.2 Map of present day NW Europe showing locations of the St Audrie’s Bay section,

United Kingdom, the Koztowice section, Poland, and the Kaszewy-1 borehole, Poland.

Hettangian age and are thought to have been deposited in a deep marine
environment in the Bristol Channel Basin. The least-consolidated St Audrie’s Bay

samples (2) were chosen for comparison to the Polish Basin samples.
8.4.2. Methods

A detailed discussion of the methods used in this study is provided in Section
4.5. (p. 110).

Samples were cleaned and crushed to a fine homogenous powder by the author
at Camborne School of Mines, University of Exeter; subsequent preparation and
analysis was carried out by R. A dos Santos and C. Vane at the Organic
Geochemistry Facility, British Geological Survey. The total lipid extract (TLE) was
taken from the powdered samples using a 9:1 mixture of dichloromethane and
methanol. Column separation was then used to separate the TLE into an apolar
and a polar fraction. The polar fraction was then filtered prior to high-performance
liquid chromatography-mass spectrometry; GDGTs were identified and quantified

using the resulting chromatograms. The BIT, MBT and CBT indices were
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calculated using Equations 4.6, 4.7 & 4.8. Mean annual air temperature and soil

pH reconstructions were calculated using Equations 4.9 and 4.10.
8.5. Results

8.5.1. Pilot Study

The results of the pilot study are show in Table 8.1. Sufficient GDGTs were
detected in 5 of 8 samples in order to calculate BIT indices. Sufficient GDGTs for
MBT and CBT indices calculations were only detected in one sample; reliable
estimates of mean annual air temperature and pH were calculated for this one
sample. MAAT estimates of the remaining 6 samples were also calculated but
are not reliable due to lacking sufficient concentrations of the branched GDGTs

required for the calculations.

The samples from St Audrie’s Bay showed peaks below the limit of detection and
as such, neither the BIT, MBT or CBT indices were calculated. Sample
KWE_2014 3(-11.0 min height) from the Koztowice outcrop also showed peaks

below the limit of detection.

The remaining 5 samples shows peaks above the limit of detection and have BIT
indices ranging from 0.6 to 0.9. The Hettangian-age Kaszewy-1 sample has a BIT
Index of 0.6, whereas the Toarcian-age Kaszewy-1 samples have values of 0.7
and 0.9. The Toarcian-aged Koslowice outcrop samples show similar BIT indices
of 0.8 and 0.7.

Of the 5 samples which showed peaks above the limit of detection, only 1 sample
(KWE_2014_1)presented all the branched GDGTs required to perform MBT’ and
CBT calculations. Sample KWE_2014 1 from the Koztowice outcrop has a BIT
Index of 0.7 and MBT and CBT values of 0.17 and -0.02, respectively. The MBT’
indices were calculated for the remaining 5 samples but are not reliable due to
the lack of all branched GDGTs necessary for these calculations (see values in
red in Table 8.1). The CBT indices were not calculated in these remaining 4

samples.

An estimate for mean annual air temperature and pH was calculated for sample
KWE_2014 1. The mean annual air temperature is estimated to be 3.4°C and
the soil pH is estimated to be 7.9. Mean annual air temperatures were also
calculated for the other 6 samples where some branched GDGTs were detected.
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Depth in

core
. Sample . .
Age Locality P (m)/Height BIT Index MBT’ MAAT (°C) CBT Soil pH
Number ) .
in section
(m)
Toarcian Kozlowice KWE_2014 1 +3.5 0.7 0.17 3.36 -0.02 7.9
outcrop
Toarcian Koziowice KWE_2014_3 11.0
outcrop =
Toarcian Koziowice KWE_2014 5 225 0.8 0.35 7.49 . -
outcrop ==
Toarcian Kaszewy-1 KK-39 1250.75 0.6 0.25 5.1 ; -
core
Toarcian Kaszewy-1 KK-37 1275.85 0.9 0.28 5.76 ; -
core
K 1
Hettangian ersezewy KK-13 1822.7 0.7 0.32 6.7 ] -
Hettangian St Audrie's Bay StAB 127 23.3
outcrop
. St Audrie’s B
Hettangian udnes bay StAB 80 15.8

outcrop

Table 8.1 Results from MAAT and pH pilot study. Samples are listed in order from youngest to oldest. Results in red indicate samples where the full suite of branched

GDGTs required for the calculation of mean annual air temperature were not detected. Greyed out boxes indicate samples where the lewvels of all required branched

GDGTs were below the limit of detection. Equations 4.6 — 4.10 were used to calculate BIT, MBT and CBT indices, and MAAT and soil pH.
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These MAAT estimates range from 5.0°C to 7.5°C but are not thought to be
reliable due to the lack of all branched GDGTs required for the calculation.

8.5.2. Kaszewy-1 core study

A further 12 samples from the Kaszewy-1 core were analysed in a second study.
The average concentration (ng/g TOC) of each GDGT was used to calculate BIT,
MBT and CBT indices, mean annual air temperature and soil pH estimates
(Table 8.2)

8.5.2.1. Rhaetian-Hettangian Section

BIT indices of sediments from the Rhaetian section of the Kaszewy-1 core range
from 0.53 to 0.70; the two sediment samples from the Hettangian section of the
core have BIT indices of 0.44 and 0.69. MBT and CBT indices were calculated
for the samples from the T-J Boundary section of the Kaszewy-1 core, but are not
reliable due to lacking all of the necessary measurements of branched GDGTs
required, consequently, MAAT and soil pH estimates are also not reliable. The
MBT and CBT indices, as well as MAAT and soil pH estimates, are not discussed

further in this thesis.

The concentration of the sum of all branched GDGTs ([sum brGDGT]) in the T-J
Boundary samples varies from 0.20 ng/g TOC to 0.39 ng/g TOC. The
concentration of crenarchaeol ([cren]) in each sample is lower than [sum
brGDGT], and varies between samples from 0.04 ng/g TOC to 0.23 ng/g TOC.

The concentration of crenarchaeol is lower than [sum brGDGT] in each sample.

8.5.2.2. Pliensbachian-Toarcian Section

The two sediment samples from the Pliensbachian section of the Kaszewy-1 core
have BIT indices of 0.40 and 0.53; the BIT indices of samples from the Toarcian
section of the ranges from 0.44 to 0.86. All of the branched GDGDTSs required to
calculate the MBT Index accurately were detected in sample kk_41a at 1238.90
m depth; it has an MBT Index of 0.53, which provides a MAAT estimate of
14.58°C. All other samples from this section of the Kaszewy-1 core were missing
at least one of the branched GDGTs required for accurate MBT -CBT Index

calculations.

In one of the samples from the Pliensbachian-Toarcian section of the Kaszewy-

1 core, [cren] is higher than [sum br GDGT]; sample kk_35 at 1289.70 m depth
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Depth Average concentration (ng/g TOC) BIT MAAT Soil
Age m) Sample |Cren. | la Ib Ic lla I1b llc Illa b Illc Sum Index MBT’ °C) CBT pH
1292 | 1022 | 1020 | 1018 | 1036 | 1034 | 1032 | 1050 | 1048 | 1046 | brGDGT

% 1083.05 | KK_49 0.25 0.11 | 0.00 | 0.00 | 0.17 | 0.06 | 0.02 | 0.08 | 0.00 0.00 0.44 0.60 0.25 4.57 0.69 | 6.54

1188.00 | KK_45f 0.06 0.02 | 0.00 [ 0.00 | 0.02 | 0.01 | 0.01 | 0.010 | 0.00 0.00 0.07 0.44 0.29 5.61 0.72 | 6.48

,§ 1201.10 | KK_44 0.36 0.17 | 0.00 | 0.00 | 0.23 | 0.05 | 0.03 | 0.07 | 0.00 0.00 0.54 0.56 0.31 5.21 0.90 | 6.13

g 1219.00 | KK_42a 0.08 0.04 | 0.00 | 0.00 | 0.05 | 0.02 | 0.02 | 0.01 | 0.00 0.00 0.13 0.57 0.30 5.95 0.76 | 6.41

1238.90 | KK_41a 0.17 049 | 0.24 | 0.05 | 0.49 | 0.09 | 0.02 | 0.10 | 0.00 0.00 1.48 0.86 0.53 14.58 0.47 | 6.96

8 1260.10 | KK_38d 0.16 0.07 | 0.00 | 0.00 | 0.08 | 0.02 | 0.01 | 0.02 | 0.00 0.00 0.20 0.53 0.36 6.50 0.98 | 5.98

a 1289.70 | KK_35 0.25 0.05 | 0.00 | 0.00 | 0.04 [ 0.02 | 0.00 | 0.08 | 0.00 0.00 0.19 0.40 0.24 4.72 0.61 | 6.69

o 1692.10 | KK_17 0.23 0.07 | 0.00 [ 0.00 | 0.09 | 0.05 | 0.16 | 0.02 | 0.00 0.00 0.39 0.44 0.17 3.36 0.47 | 6.97

T 1796.60 | KK_14c 0.05 0.05 | 0.00 [ 0.00 | 0.05 [ 0.08 | 0.03 | 0.01 | 0.00 0.00 0.21 0.69 0.21 6.90 0.07 | 7.76

c 1891.37 | KK_10a 0.05 0.06 | 0.00 | 0.00 | 0.04 | 0.07 | 0.01 | 0.01 | 0O.00 0.00 0.20 0.71 0.31 9.41 0.18 | 7.54

é 1920.68 | KK_6 0.22 0.09 | 0.00 | 0.00 | 0.122 | 0.03 | 0.02 | 0.04 | 0.00 0.00 0.29 0.53 0.31 5.73 0.80 | 6.32
<

- 1940.00 | KK_4 0.04 0.02 | 0.00 | 0.00 | 0.03 [ 0.25 | 0.02 | 0.01 | 0O.00 0.00 0.33 0.62 0.07 6.67 -0.67 | 9.22

Table 8.2 Average concentrations (ng/g TOC) of the isoprenoid GDGT crenarchaeol and branched GDGTs la-c, lla-c, llla-c; Sum brGDGT = the sum of concentrations
of GDGTs la-c, lla-c, and llla-c; BIT Indices; MBT indices and MAAT estimates; CBT indices and soil pH estimates. Equations 4.6 — 4.10 were used to calculate BIT
indices, MBT indices, MAAT, CBT indices and soil pH. Results in bold indicate samples where the full suite of GDGTs required for the calculation were detected;
results in red indicate samples where the full suite of GDGTs required for the calculation were not detected (i.e. concentration of 0 ng/g TOC). Cren. = crenarchaeol.

Hett. = Hettangian; Plien. = Pliensbachian; T/A? = Toarcian/Aalenian boundary?
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has a higher concentration of crenarchaeol than [sum brGDGT]: 0.25 vs 0.19 ng/g
TOC (Table 8.2).

In all other samples, the concentration of the sum of all branched GDGTs is
higher than [cren], and ranges from 0.07 to 1.48 ng/g TOC. The concentration of
crenarchaeol in these samples ranges from 0.02 to 0.49. Sample kk 4la
(1238.90 m depth) has an anomalously high [sum brGDGT]: 1.48 ng/g TOC, far
higher than any other sample from either this section, or the Rhaetian-Hettangian

section of the Kaszewy-1 core.
8.6. Discussion

8.6.1. Contamination & Diagenetic Alteration

8.6.1.1. Potential For Contamination

Before interpreting the results from the analyses of the Polish Basin samples, the
risk of contamination of the samples by modern soil bacteria must be evaluated.
The structures of fossil and recent GDGTs are identical, therefore it is not
possible to distinguish between them. If the samples have been contaminated by
modern soil bacteria, the resulting BIT, MBT' & CBT Indices would reflect a
mixture of both fossil and modern organic matter sources, rendering them useless
for investigating palaeoenvironments and climatic conditions. Steps can be taken
to limit the risk of contamination, such as digging back to an unweathered surface
of an outcrop to take samples, taking samples of well consolidated sediments,
and scraping off the exposed weathered surfaces of core rounds to expose the

fresh samples.

The Koztowice clay pit is a working clay pit which experiences a high level of
weathering. The clay is extremely soft and highly unconsolidated which,
combined with the significant level of rainfall that the area experiences, greatly
increases the risk of contamination by modern soil bacteria and therefore modern
GDGTs. The 3 samples collected from the Kozlowice site were collected from
~20-30 cm back from the exposed surface to try to minimise the risk of
contamination. However, it is possible that modern soil bacteria could have
contaminated this far back due to the unconsolidated nature of the sediments.
Given the nature of the Kozlowice outcrop, itis highly likely that the samples have

been contaminated by modern soil bacteria and, therefore, the BIT, MBT' and
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CBT Indices of these samples are therefore, not thought to be reliable and are

not discussed further.

The Kaszewy-1 core is stored in wooden boxes in a large metal structure similar
to a shipping container at the Polish Geological Institute’s site in Sosnowiec,
southern Poland. The storage structure is a dusty building with no climate control
or measures to reduce the level of dust. The Kaszewy-1 borehole was drilled in
2008 (10 years old) and has been sampled several times since the borehole was
drilled. Many of the samples collected from the Kaszewy-1 core were small
fragments which were loose. A minority of Kaszewy-1 core samples were
fragments broken off larger sections of core. Prior to powdering the Kaszewy-1
samples, the outer surfaces were scraped off to remove any modern soil bacteria
that may have contaminated the surfaces of the samples. It is much less likely
that the Kaszewy-1 core samples have been contaminated by modern soil
bacteria than the Koztowice samples. However, caution should still be exercised
when interpreting the BIT Indices of these samples given that there is little

reference material to compare the results to.

8.6.1.2. Potential For Diagenetic Alteration

The effect of diagenesis on GDGTs of Mesozoic age is currently unknown.
Artificial maturation experiments show a decrease in MBT and an increase in
CBT values with increasing maturation (Schouten et al., 2013, and references
therein). A study of peats and coals of different thermal maturities shows that
brGDGTs are present only in low concentrations in mature coals; the study also
shows that brGDGTs present in peats bias MAAT estimates towards warmer
temperatures (Weijers et al., 2011). Considering the age of the Polish Basin
sediments analysed here (Late Triassic—Early Jurassic), it is highly likely that
diagenetic alteration of GDGTs has occurred. However, it has also been
proposed that branched and isoprenoid GDGTs should undergo a similar degree
of alteration during diagenesis due to their similar properties (Schouten et al.,

2013, and references therein).

Samples from the Kaszewy-1 core were chosen based on Tmax values <435°C
(thermally immature) determined using Rock-Eval (Pienkowski, pers. comm.) so
as to minimise the effect of diagenesis. Whilst discussing the results from this

study, it is important to remember that the values presented here are likely
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affected by diagenesis, but with a lack of studies addressing this problem, it is
not possible to evaluate the magnitude of diagenetic alteration. Further work is
needed to better understand the effect of diagenesis on GDGTSs in older, mature

sediments.

8.6.2. Changes in the Composition of Organic Matter Deposited at the
Kaszewy-1 Site During the Late Triassic and Early Jurassic

Changes in BIT indices throughout a sedimentary succession suggest that there
are variations in the ratio of terrestrial OM to marine OM deposited in the
sediments (Hopmans et al., 2004). Changes in BIT indices can be driven by
changes in terrestrial OM input, marine OM input, or both. By comparing [sum
brGDGT] and [cren], it is possible to identify what the change in BIT indices was
driven by Schouten et al. (2013).

8.6.2.1. Rhaetian-Hettangian Section

The 3 Rhaetian-aged samples (all from the Kaszewy-1 core) show arange of BIT
indices (0.53-0.71; Figure 8.3), though all sediments analysed are interpreted to
have been deposited in terrestrial environments (kk 4, 1940.00 m depth:
lacustrine-delta; kk_6, 1920.68 m depth: backswamp; kk_10a, 1891.37 m depth:
fluvial-floodplain). These intermediate BIT indices suggest that there was a
mixture of both terrestrial and marine organic matter deposited at the Kaszewy-1
site during the Rhaetian. However, the changing BIT indices suggest that the ratio
of terrestrial to marine organic matter varied during this time. In all three Rhaetian-
aged samples, the [sum brGDGT] is higher than [cren], indicating that there was
a greater input of terrestrial OM than marine OM to the Kaszew-1 site at this time.
However, these absolute concentrations both vary throughout the section,
suggesting that both terrestrial and marine organic matter input changed during

the Rhaetian.

The two samples from the Hettangian section of the Kaszewy-1 core both have
intermediate values (0.69 and 0.44; Figure 8.3), similar to the Rhaetian-aged
samples. Again, the BIT indices of the Hettangian-aged samples would suggest
that there was a mixture of both terrestrial and marine organic matter deposited

at the Kaszewy-1 site.

246



VA4

Simplified

stratigraphy

(Pienkowski,

pers. comm.)

===
]
g P p= )
2 1750 { © e
i1 c
£ £
=
-
- %
[7]
(=]
-
1850 -
\I
1900 = g | Gistutbedbedding
T
2
o
1950 1 |

mud. h.

sand.

Sample
number

— KK-17

— KK-14c¢

— KK-10a

— KK-6
— KK-4

Inferred depositional
environment
(based on work by
Pienkowski, 2004)

Embayment

Nearshore and open
brackish marineshelf
basin - offshore/shoreface

Channel fill - floodplain

Backswamp

Lacustrine-delta

GDGT

Marine influence curve BIT Index concentrations 513pr
(this study) (this study) (ng/g TOC) L (%o .VPDB}.
(this study) (Piertkowski et al., in prep.)
Marine Terrestrial 0 0.5 1 0 0.2 04 -29 -27 -25 -23
[T 1 |
[cren] x
[sum brGDGT] x
0.44 \
0.69 of main
-—
T-J =] T-J T-J
initial
bo71 lcie
0.53
0.62
[ [ | [
Marine Terrestrial 0 0.5 1 0 0.2 04 -29 -27 -25

-23

Figure 8.3 A generalised ‘sea level’ curve, BIT indices, [cren], [sum brGDGT] from this study plotted against a simplified stratigraphy column, inferred depositional

environments and 3'3Cwp (all based on unpublished work by Pierkowski) for the Triassic-Jurassic Boundary section of the Kaszewy-1 core. T-J = Triassic-Jurassic

Boundary; [cren] = concentration of crenarchaeol; [sum brGDGT] = concentration of the sum of all branched GDGTSs.

SUOIIONJISUOIDY [EIUBWIUOIIAUB0SE[Rd JI0Z0SS\ — 8 Jaideyd



Chapter 8 — Mesozoic Palaeoenvironmental Reconstructions

Similar to the samples from the lower, Rhaetian section, [sum brGDGT] is higher
than [cren], indicating a higher input of terrestrial OM than marine OM to the
Kaszewy-1 site during the Hettangian. Both the concentration of crenarchaeol
and [sum brGDGT] varies in the Hettangian part of the study section, suggesting
that BIT Index variations is driven by changes in both the amount of terrestrial

and marine organic matter deposited at the site.

The BIT indices of the sediment samples from the Rhaetian-Hettangian section
of the Kaszewy-1 core show a fair correlation with the inferred depositional
environments of the samples (Figure 8.3). Three of the five samples analysed
are interpreted to have been deposited in terrestrial environments (kk_4, depth
1940.00 m depth; kk_6, 1920.68 m depth; kk_10a, 1891.37 m depth), and the
other two in more marine environments (kk _14c, 1796.60 m depth; kk 17,
1692.10 m depth). The two more marine samples are thought to have been
deposited in environments which would have still received a significant amount
of terrestrial organic matter, and this appears to be reflected in the intermediate
BIT indices of the samples. However, the three more terrestrial samples have BIT

indices which are slightly lower than expected.

Crenarchaeol does appear to be formed in situ in some terrestrial environments,
though not in significant quantities (Weijers et al., 2006). The concentration of
crenarchaeol and [sum brGDGT] covary to an extent (Figure 8.3), perhaps
indicating that crenarchaeol was being produced in situ at the Kaszewy-1 site.
Without the presence of sediments deposited in deep marine environments to
compare to, it is hard to determine to what extent crenarchaeol may have been

produced in situ at the Kaszewy-1 site.

Generally, the BIT indices of the samples from the Rhaetian-Hettangian section
of the Kaszewy-1 core do reflect the inferred depositional environments of the
sediments, and the concentrations of branched GDGTs and crenarchaeol identify
changes inthe amounts of terrestrial marine organic matter deposited at the site.
The GDGT concentration data does also suggest that there may have been some
in situ production of crenarchaeol at the Kaszewy-1 site during the Rhaetian and

Hettangian, though the extent of this is not clear.
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8.6.2.2. Pliensbachian-Toarcian Section

The two samples analysed from the Pliensbachian part of the Kaszewy-1 core all
come from the upper part of the Pliensbachian section and show similar BIT
indices (kk_35, 1289.70 m depth: 0.40; kk_38d, 1260.10 m depth: 0.53; Figure
8.4), though the sediments were thought to have been deposited in two different
environments: nearshore and fluvial, respectively. Nearshore environments
would still experience an influence from the terrestrial environment, with the input
of significant amounts of terrestrial OM, reflected by the intermediate BIT Index
of sample kk_35at1289.70 m depth. The concentration of crenarchaeol is slightly
higher than [sum brGDGT] in sample kk_ 35, supporting the interpretation of
sample kk_35 as nearshore sediments, since crenarchaeol is usually produced
in marine environments (Weijers et al., 2006). The BIT Index of sample kk_38d
at 1260.10 m depth is lower than expected for sediments that are thought to have
been deposited in a fluvial environment. Marine influences to the Kaszewy-1 site

at this time should have been minimal, if this interpretation is accurate.

Moving up the core past the Pliensbachian-Toarcian boundary, both the BIT
Index (0.86) and [sum br GDGT] (1.48 ng/g TOC) increase greatly in sample
kk_41a (1238.90 m depth), an interbedded sand- and mudstone thought to have
been deposited in a deltaic environment. Deltaic environments are still relatively
terrestrial environments, though some influence from the marine realm is
expected. The sudden increase in [sum brGDGT] suggests that the high BIT
Index for this sample was caused by a relatively large increase in terrestrial
organic matter input, rather than a decrease in [cren], which is similar to the two
previous samples from the Pliensbachian section of the core. Sample kk_4la
(1238.90 m depth) coincides with the negative CIE associated with the Toarcian

OAE, correlating with one of the most negative parts of the 33Cwp record.

The following two samples moving up the core also correlate with the Toarcian
OAE negative carbon-isotope excursion. Both of these samples have
intermediate BIT indices (kk_42a, 1219.00 m depth: 0.57; kk_44, 1201.10 m
depth: 0.56), indicating a mixture of both terrestrial and marine OM deposited at
the Kaszewy-1 site. However, [sum brGDGT] and [cren] of sample kk 44
(1201.10 m depth) is higher than sample kk_42a (1219.00 m depth), indicating a

greater amount of both terrestrial and marine OM input during the deposition of
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the sediments of sample kk_44. The two peaks in [sum brGDGT] in samples
kk_41a (1219.00 m depth) and kk_44 (1201.10 m depth) perhaps reflect
increased weathering and increased transport of terrestrial organic matter to the
Kaszewy-1 site during the Toarcian OAE, as indicated by changes in clay mineral

assemblages (Branski, 2012).

Sample kk_45f at 1188.00 m depth corresponds with the recovery period of the
Toarcian OAE, correlating with relatively positive 52Cwp values (Figure 8.4), and
has an intermediate BIT Index of 0.45, and relatively low [cren] and [sum
brGDGT]. The data suggest that there was a fairly even mixture of terrestrial and
marine organic matter deposited at the Kaszewy-1 site at the end of the Toarcian
OAE, which correlates well with the interpreted depositional environment:

nearshore.

The uppermost Toarcian-aged sample (kk_49) is situated at the very top of the
Toarcian section of the core, just below what is thought to be the Toarcian-
Aalenian Boundary. Sample kk 49 has an intermediate BIT Index of 0.60,
indicating a mixture of both terrestrial and marine OM input, and relatively low
[cren] and [sum brGDGT], correlating well with its inferred depositional

environment: nearshore.

Similar to the Rhaetian-Hettangian section of the Kaszewy-1 core, [cren] and
[sum brGDGT] generally covary, with the exception of sample kk 41a. This
covariance perhaps reflects some in situ production of crenarchaeol in the
terrestrial sediments (Weijers et al., 2006). However, it is difficult to evaluate the
extent of in situ production of crenarchaeol in terrestrial sediments without data

from deep marine sediments from the Kaszewy-1 core (there are none).

Generally, the BIT indices of the samples from the Pliensbachian-Toarcian
section of the Kaszewy-1 core reflect the inferred depositional environments of
the sediments, and the concentrations of branched GDGTs and crenarchaeol
identify changes inthe composition of organic matter deposited at the site during
the Pliensbachian and Toarcian. Changes in BIT indices appear to be driven by
changes in both terrestrial OM and marine OM input to the Kaszewy-1 site, with
the possibility of some in situ production of crenarchaeol in the terrestrial

environments.
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8.6.3. Mean Annual Air Temperature & Soil pH Reconstructions in the Polish

Basin during the Late Triassic and Early Jurassic

MBT and CBT Indices were calculated for 17 of the 20 samples analysed.
However, all of the branched GDGTs required to calculate the indices accurately
were only found in 2 of these 19 samples (Equations 4.6 — 4.8). As a result, the
mean annual air temperature and soil pH estimates calculated using the MBT
and CBT Indices are only potentially reliable for these 2 samples (see values in
bold in Table 8.1 and Table 8.2). The MAAT and soil pH estimates for the
remaining 17 samples are not deemed to be reliable (see values inred in Table
8.1 and Table 8.2).

The average monthly temperature of Poland between the years 1901 and 2015
ranges from -2.6°C to 18.2°C, and has a mean annual temperature of 7.98°C (The
World Bank Group, 2018). During the Early Jurassic, the Polish Basin was
located a palaeolatitude of 40-45°N and was situated on the northern margin of
the Tethys Ocean (Feist-Burkhardt et al., 2008; Barbacka et al., 2016). Previously
published data indicates that seawater palaeotemperatures were warm during
the Toarcian, particularly during the Toarcian Oceanic Anoxic Event (McArthur et
al., 2000; Bailey et al., 2003; Rosales et al., 2004; Cohen et al., 2007). Published
carbon-isotope data shows a prominent negative excursion in 3Corgand 6'3Ccab
during the Toarcian, signalling the Toarcian OAE, and indicating a massive input
of isotopically-light carbon into the ocean-atmosphere system (Hesselbo, Grécke,
et al., 2000; Kemp et al., 2005; Hesselbo, Jenkyns, et al., 2007; Hermoso et al.,
2009; Jenkyns, 2010; Hesselbo and Pienkowski, 2011). This input of massive
amounts of 12C into the ocean-atmosphere system would likely have been
accompanied by a rise in seawater and atmospheric temperatures (e.g. Jenkyns,
2003; Korte et al., 2015). To summarise, the evidence points to the Polish Basin
being warmer during the Toarcian than modern-day Poland (mean annual

termperature of 7.98°C).

Samples kk _41a (1238.90 m depth) is from the lowermost part of the Toarcian
section of the Kaszewy-1 core and has an MBT' Index of 0.53, which provides a
mean annual air temperature estimate of 14.6°C. Sample KWE_2014 1 is from
the upper part of the Toarcian-aged Kozlowice outcrop and has an MBT' Index of

0.17, which provides a mean annual air temperature estimate of 3.4°C. These

252



Chapter 8 — Mesozoic Palaeoenvironmental Reconstructions

two MAAT estimates are different by ~10°C, but it is important to note that sample
KK_41a is from the beginning of the Toarcian, just after the Pliensbachian
boundary, and sample KWE_2014_1isfrom later during the Toarcian. The MAAT
estimate for sample KWE_2014_1 (3.36°C) is significantly lower than expected.
This sample was collected from within the Toarcian OAE, as indicated by carbon-
isotope stratigraphy, when palaeotemperatures are thought to have been high.
As discussed previously, it is very likely that sample KWE_2014_1 has been
contaminated by modern-day soil bacteria, which could potentially lower the
estimated MAAT. The MAAT estimate from sample KWE_2014 1 is, therefore,
likely not reliable. The MAAT estimate from sample KK_41a (11.52°C) is higher
than the annual temperature of modern-day Poland; evidence shows that the
Toarcian was warmer than today (Bailey et al., 2003; Rosales et al., 2004). There
is still a risk of contamination of this sample by modern-day soil bacteria, but it is

much lower than the Koztowice sample.

All branched GDGTs required to calculate the CBT Index were only present in
sample KWE_2014 1. This sample has a CBT Index of -0.02, which results in a
soil pH estimate of 7.9. However, due to the high probability of this sample being
contaminated by modern-day soil bacteria, the soil pH estimate is likely unreliable

and reflects a mixed source of both fossil and modern-day soil bacteria.

8.6.4. Efficacy of the BIT Index and MBT'-CBT Proxies as Applied to Late

Triassic and Early Jurassic Sediments

The purpose of this small-scale study was threefold: 1) to determine whether
GDGTs can be detected and quantified in Late Triassic and Early Jurassic
sediments; 2) to determine whether BIT indices can be used to successfully
investigate sources of organic matter in Early Jurassic-aged sediments; and 3) to
determine whether the MBT'-CBT palaeotemperature proxy could be successfully
used to reconstruct mean annual air temperature and soil pH from Mesozoic-

aged sediments.

Various GDGTs were detected and quantified in 17 of the total 20 samples

analysed as part of this small-scale study. Crenarchaeol and branched GDGTs
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Figure 8.5 Concentrations of the sum of all branched GDGTs ([sum brGDGT]) plotted against
BIT Index. Fields showing the range of BIT indices and [sum brGDGT] have been drawn around
the ‘marine’ samples and ‘terrestrial’ samples. Samples have been categorised as deposited in

either a marine, terrestrial or intermediate environment based on their lithology.

were detected in sediment samples from the Rhaetian and Hettangian sections
of the Kaszewy-1 core, making them the current oldest-known detected and
quantified GDGTSs, surpassing the Middle Jurassic samples of Jenkyns et al.
(2012) and Sinemurian-Pliensbachian samples of Robinson et al. (2017). This
study pushes back the limit of GDGT detection and quantification to the Late

Triassic.

The 3 branched GDGTs (la, lla, llla) and the isoprenoid GDGT crenarchaeol
required to calculate BIT indices were detected in 17 of the 20 samples analysed.
After evaluating the potential for contamination by modern-day soil bacteria, it
was determined that 15 of the 17 samples provided reliable BIT indices. The BIT
indices of these 15 samples broadly correlated with the inferred depositional
environments of the samples. However, crossplots of BIT indices against [sum
brGDGT] and [cren] (Figure 8.5 and Figure 8.6, respectively) show that there is
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Figure 8.6 Concentrations of crenarchaeol ([cren]) plotted against BIT Index. Fields showing the
range of BIT indices and [cren] havwe been drawn around the ‘marine’ samples and ‘terrestrial’
samples. Samples have been categorised as deposited in either a marine, terrestrial or

intermediate environment based on their lithology.

significant overlap between samples thought to have been deposited in more
marine environments and more terrestrial environments. The BIT indices of
Middle Jurassic deep marine sediments analysed by Jenkyns et al. (2012) were
consistently <0.1. While the BIT indices, [cren] and [sum brGDGT] all provide
valuable information regarding the composition of organic matter input to the
Kaszewy-1 site during key periods of the Early Jurassic, they cannot be used by
themselves to differentiate between terrestrial and shallow marine environments.
Additional information, such as lithology changes and palynology, should be used
alongside BIT indices, [cren] and [sum brGDGT] to identify changes between

terrestrial and shallow marine environments of Early Jurassic sediments.

The 7 branched GDGTs (la, Ib, Ic, lia, lb, lic, llla) required to calculate the MBT
and CBT Indices were often not all present in the Late Triassic- and Early

Jurassic-aged samples. Mean annual airtemperature and soil pH estimates were
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calculated from these indices but are not reliable due to the full suite of branched
GDGTs not being present. The results of this study show that applying the MBT'-
CBT proxy to Late Triassic- and Early Jurassic-aged sediments in the chosen
cores does not produce reliable results. The use of this proxy is not
recommended on Late Triassic- or Early Jurassic-aged sediments until further

work has been carried out to improve the technique.

8.7. Conclusions & Future Work

The following conclusions can be drawn from this small-scale study of organic
matter sources and mean annual air temperature & soil pH reconstructions from

Early Jurassic-aged Polish Basin samples:

e Contamination of geological samples by modern soil bacteria is highly
likely, and steps should be taken to prevent contamination of samples,
particularly those collected from outcrops.

e The full suite of GDGTs required to calculate the BIT Index is present in
some Early Jurassic-aged sediments. As a result, reliable estimates of the
proportion of soil and marine organic matter input to a site can be
estimated.

e Peaksin branched GDGT concentrations in Toarcian-aged samples from
the Polish Basin can perhaps be linked to periods of increased weathering,
as indicated by clay mineral assemblages.

e The BIT indices calculated from the Rhaetian and Hettangian sediments
of the Kaszewy-1 core are possibly the oldest-known values calculated
using this proxy.

e The BIT Index, [cren] and [sum brGDGT] can be used to investigate
changes in organic matter composition deposited at a site during the Early
Jurassic, but cannot be used by themselves to differentiate between
terrestrial and shallow marine environments. Traditional sedimentological
observations remain an invaluable part of characterising the
palaeoenvironment of sediments used in Mesozoic palaeoclimate studies.

e The full suite of GDGTSs required to calculate the MBT' Index is often not
present in the selected Early Jurassic-aged sediments. As a result, reliable
mean annual air temperature reconstructions cannot be calculated.
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e The full suite of GDGTs require to calculate the CBT Index if often not
present in the selected Early Jurassic-aged sediments. As aresult, reliable
soil pH reconstructions cannot be calculated.

e The MBT-CBT proxy requires further development before it can be
successfully used to reconstruct mean annual air temperatures and soil

pH for Early Jurassic-aged sediments.

There is great scope for future work based on the data presented in this chapter.
A large amount of sample material from the Kaszewy-1 core still remains, and
could be analysed to provide a greater insight into changes in organic matter
composition at the site during the Early Jurassic. Additional studies of the
Kaszewy-1 core could form the basis of reference material for GDGT studies of
Mesozoic sediments from other sites. Further analyses of Early Jurassic-aged
sediments could potentially help to identify sediments which may be suitable for

palaeotemperature and soil pH reconstructions using the MBT -CBT proxy.
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A new O'C record generated from measurements of individual woody
phytoclasts shows that, despite 3'2C variations within discrete horizons,
individual phytoclast 63C measurements can be used to identify major variations
in 313C, such as the Toarcian OAE negative CIE, but cannot be used to identify
more minor fluctuations. The new &2Cphytoclast data also show that fossil woody
phytoclasts are relatively isotopically-homogeneous. The single-phytoclast 312C
study presented here shows that it has potential as a complementary tool for
traditional chemostratigraphic techniques. The use of single-phytoclast &13C
analyses could provide invaluable for interpreting 82C records generated from
samples deposited in environments under both marine and terrestrial influences.
Single-phytoclast d13C records could enable the disentangling of terrestrial and
marine records at these sites, and assist in evaluating the relative influence of
terrestrial and marine organic matter. Use of this new technique could also
complement palynology studies, allowing for the generation of species-specific
plant 513C records; interpretation of these records could improve understanding

of the responses of individual plant species to environmental changes.

New wildfire activity proxy records from a site in the Central Polish Basin show
evidence of supressed wildfire activity correlating with the negative carbon-
isotope excursion of the Toarcian Oceanic Anoxic Event. The new proxy records
also show evidence of a period of increased wildfire activity prior to and during
the recovery period of the Toarcian OAE, correlating with more positive d'3C
values. These findings appear to correlate with other published
contemporaneous records from the NW Tethyan realm, suggesting a regional
control on wildfire activity across the Toarcian OAE. Evidence presented here
suggests that there is a link between increased wildfire activity and positive 313C
values; this link is interesting and worth further investigation. This relationship
perhaps hints at increased wildfire activity associated with carbon burial events.
Investigation of wildfire activity during major carbon burial events (e.g. the
Cenomanian/Turonian oceanic anoxic event) would perhaps present similarities

with the data presented here in this thesis.
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Evidence presented here showcases the importance of wildfire activity in the
Earth System. Wildfires play an important role in a postive feedback system
involving primary production and atmospheric oxygen. The burning of plant
biomass enhances soil weathering, leading to an increased input of phosphorous
to the oceans. In turn, elevated levels of oceanic phosphorous stimulates primary
production of oxygen in the ocean-atmosphere system. Wildfires are also
required for the successful reproduction of some plant species and can play an
important role in shaping plant assemblages. Wildfire activity in the geological
record is somewhat overlooked in comparison to other paleoclimate indicators.
The importance of wildfire activity in understanding past environmental changes
cannot continue to be underestimated, and wildfire activity proxy records should

be better utilised.

New carbon-isotope records generated from terrestrial organic matter from a site
in the Central Polish Basin show evidence of a negative trend in 813C values after
the Triassic-Jurassic Boundary, perhaps correlating with the ‘main’ negative CIE
which has been observed at numerous contemporaneous sites. These new 513C
records provide evidence of a perturbation to the terrestrial component of the
carbon cycle at this time. Using these new &!2C records, a new correlation
between the two Central Polish Basin sites is also proposed. New wildfire activity
proxy records from two sites in the Central Polish Basin show evidence of a
period of increased wildfire activity across the Triassic-Jurassic Boundary, similar

to contemporaneous wildfire activity proxy records from other European sites.

The exploratory investigation of the application of the BIT index and MBT -CBT
proxies to Mesozoic sediments from the Polish Basin provided mixed results, but
nevertheless added to our existing understanding of these proxies. The GDGTs
required for calculation of the BIT index were successfully identified and
guantified in the majority of samples analysed, providing a semi-quantitative
record of changes in terrestrial organic matter input at a site inthe Central Polish
Basin during two key intervals of the Late Triassic and Early Jurassic. However,
the full suite of GDGTs required for calculation of the MBT and CBT indices were
not detected in the selected samples and therefore palaeotemperature and soil
pH reconstructions were not possible. The BIT index cannot yet be used to
distinguish between Mesozoic-aged sediments deposited in terrestrial and

shallow-marine environments, or transitional ones between, but this investigation
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has shown that it can be used to produce a record of changing terrestrial organic
matter input to sites during the Mesozoic.

There is scope for future work to be carried out on the basis of the work presented
here in this thesis; four key areas are identified as being of the most benefit to
future studies. The generation of additional 313Cphytociast data from Mochras
phytoclast samples, increasing the number of data points, would provide a
greater understanding of inter-phytoclast &'3C variability. Increasing the
resolution and stratigraphic extent of the wildfire activity proxy datasets would
provide a better understanding of wildfire activity across the Triassic-Jurassic
Boundary and Toarcian OAE and place in a longer time frame. Additional work to
better constrain the position of the T-J Boundary in the Kaszewy-1 and Niektan
PIG-1 cores would improve correlation between these sites and other
contemporaneous sites outside of the Polish Basin. The generation of additional
BIT index data from new Kaszewy-1 sediment samples, increasing the number
of data points, would provide a a better understanding of variations in terrestrial
OM input to the site during the Early Jurassic, and improve understanding of the

use of this proxy on Mesozoic sediments.
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APPENDIX A MOCHRAS SINGLE-PHYTOCLAST 013C

RAW DATA

Appendix A contains all of the uncorrected raw data generated during the 313C

analysis of the Mochras single phytoclast samples. A discussion of this data is
provided in Chapter 5 (p. 113).

Table A.1 shows samples descriptions, identifications, and images of phytoclasts
analysed. Descriptions and identifications are based on when viewed using a
microscope, and not based on the images seen here, which tend to distort colours
and lustre. All images taken at x5 magnification; image width is equivalent to

1.8 mm at x1 magnification.

Table A.2 shows the uncorrected raw data collected during LA/NnC/GC/IRMS
analysis of the Mochras individual phytoclast samples. First column identifies

whether peaks refer to reference gas (R), standard (PE), or sample (S).
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Sample Colour Shape Identification Image
Dark grey, Wood
M256031 orey Angular Y b
brown edges phytoclast
Dark grey, Angular, Woody
M256035
brown edges elongate phytoclast
Dark grey/black, Woody
M256037 Angular
brown edges phytoclast
Dark grey/black,  Sub-angular, Wood
M256039 arey 9 Y
brown edges elongate phytoclast
Dark black
M2560310 Angular Charcoal
(shiny)
Dark
Woody
M2560311 grey/translucent  Sub-angular
phytoclast
brown

Table A.1 Description, identification, and images of phytoclasts analysed in the single phytoclast

carbon-isotope study. When more than one phytoclast is present in the image, the ringed particle

is the one analysed. Images at x5 magnification; width of image equivalent to 1.8 mm at x1

magnification.

3

(=]



Sample Colour Shape Identification Image

Woody
M2560312 Dark grey/black Sub-angular
phytoclast
M2560313 Angular, Woody
Dark grey/black
M2560313(1) elongate phytoclast
M2560314
Dark grey/black, Woody
M2560314(1) Sub-angular
brown edges phytoclast
M2560314(2)
Dark grey/black, Woody
M2560315 Sub-angular
brown edges phytoclast
Woody
M25783 Dark grey/black  Sub-rounded
phytoclast
Dark grey, Woody
M257810 Sub-angular
brown edges phytoclast

Table A.1 (cont.) Description, identification, and images of phytoclasts analysed in the single
phytoclast carbon-isotope study. When more than one phytoclast is present in the image, the
ringed particle is the one analysed. Images at x5 magnification; width of image equivalent to

1.8 mm at x1 magnification.

3

=

0



Sample Colour Shape Identification Image
Dark grey, Woody
M259271 Sub-angular
brown edges phytoclast
Dark grey, Woody
M259272 Sub-angular
brown edges phytoclast
Dark grey, Woody
M259273 Sub-angular
brown edges phytoclast
Dark grey, Woody
M259274 Sub-angular
brown edges phytoclast
Dark grey, Woody
M259275 Sub-angular
brown edges phytoclast
M259276
Dark black Angular Charcoal
M259276(1)

Table A.1 (cont.) Description, identification, and images of phytoclasts analysed in the single

phytoclast carbon-isotope study. When more than one phytoclast is present in the image, the

ringed particle is the one analysed. Images at x5 magnification; width of image equivalent to

1.8 mm at x1 magnification.
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1



Sample Colour Shape Identification Image

Dark grey, Woody
M259277 Sub-angular
brown edges phytoclast
M259278 Dark grey/black Angular Charcoal -
Dark grey, Woody
M259279 Sub-angular
brown edges phytoclast
M2592711
Dark grey, Woody
M2592711(1) Angular
brown edges phytoclast
M2592711(2)
Dark grey, Woody
M2592712 Sub-angular
brown edges phytoclast
Dark grey, Woody
M2592713 Angular
brown edges phytoclast

Table A.1 (cont.) Description, identification, and images of phytoclasts analysed in the single
phytoclast carbon-isotope study. When more than one phytoclast is present in the image, the
ringed particle is the one analysed. Images at x5 magnification; width of image equivalent to

1.8 mm at x1 magnification.
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Sample Colour Shape Identification Image
Dark grey, Woody
M261193 Sub-angular
brown edges phytoclast
Dark grey/black, Woody
M261196 Sub-angular
brown edges phytoclast
Dark grey, Woody
M2611915 Sub-angular
brown edges phytoclast
Dark grey, Woody
M263141 Sub-angular
brown edges phytoclast
Dark grey, Woody
M263143 Sub-angular
brown edges phytoclast
Dark grey, Woody
M263144 Sub-angular
brown edges phytoclast

Table A.1 (cont.) Description, identification, and images of phytoclasts analysed in the single
phytoclast carbon-isotope study. When more than one phytoclast is present in the image, the
ringed particle is the one analysed. Images at x5 magnification; width of image equivalent to

1.8 mm at x1 magnification.
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Sample Colour Shape Identification Image
Dark grey, Woody
M263145 Sub-angular
brown edges phytoclast
Dark grey, Woody
M263147 Sub-angular
brown edges phytoclast
Dark grey, Woody
M263149 Sub-angular
brown edges phytoclast
Translucent
Woody
M2631410 brown, some Sub-angular
phytoclast
grey
Woody
M2631411 Dark grey/black  Sub-angular
phytoclast
Dark grey, Woody
M2631412 Sub-angular
brown edges phytoclast

Table A.1 (cont.) Description, identification, and images of phytoclasts analysed in the single
phytoclast carbon-isotope study. When more than one phytoclast is present in the image, the
ringed particle is the one analysed. Images at x5 magnification; width of image equivalent to

1.8 mm at x1 magnification.
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Sample Colour Shape Identification Image
Dark grey, Woody
M2631413 Sub-angular
brown edges phytoclast
Woody
M2631414 Dark grey/black Sub-angular
phytoclast
Dark grey, Woody
M2631415 Sub-angular
brown edges phytoclast
Dark grey, Woody
M264181 Sub-angular
brown edges phytoclast
Dark
Woody
M264182 grey/translucent Sub-angular
phytoclast
brown
Dark grey, Woody
M264184 Sub-angular
brown edges phytoclast

Table A.1 (cont.) Description, identification, and images of phytoclasts analysed in the single

phytoclast carbon-isotope study. When more than one phytoclast is present in the image, the

ringed particle is the one analysed. Images at x5 magnification; width of image equivalent to

1.8 mm at x1 magnification.
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Sample Colour Shape Identification Image
Translucent Woody
M264185 Sub-angular
brown/dark grey phytoclast
Translucent Woody
M264186 Sub-angular
brown phytoclast
M264187
Dark grey, Woody
M264187(1) Sub-angular
brown edges phytoclast
M264187(2)
Dark grey, Woody
M264188 Sub-angular
brown edges phytoclast
Translucent Woody
M264189 Sub-angular
brown/dark grey phytoclast
Dark grey, Woody
M2641810 Sub-angular
brown edges phytoclast

Table A.1 (cont.) Description, identification, and images of phytoclasts analysed in the single
phytoclast carbon-isotope study. When more than one phytoclast is present in the image, the
ringed particle is the one analysed. Images at x5 magnification; width of image equivalent to

1.8 mm at x1 magnification.
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Sample Colour Shape Identification Image
Dark grey, Woody
M2641812 Sub-angular
brown edges phytoclast
Dark grey, Woody
M2641813 Sub-angular
brown edges phytoclast
Dark
Woody
M2641814 grey/translucent Sub-angular Image file corrupted
phytoclast
brown
Dark
Woody
M26701 grey/translucent Elongate
phytoclast
brown
Dark
Woody
M26702 grey/translucent Elongate
phytoclast
brown
Translucent Woody
M26703 Sub-angular
brown/dark grey phytoclast

Table A.1 (cont.) Description, identification, and images of phytoclasts analysed in the single

phytoclast carbon-isotope study. When more than one phytoclast is present in the image, the

ringed particle is the one analysed. Images at x5 magnification; width of image equivalent to

1.8 mm at x1 magnification.

317



Sample Colour Shape Identification Image
Translucent Woody
M26704 Sub-angular
brown phytoclast
Woody
M26705 Dark grey Sub-angular
phytoclast
Translucent Woody
M26706 Sub-angular
brown/dark grey phytoclast
Woody
M26707 Dark grey Sub-angular
phytoclast
Translucent Woody
M26708 Sub-rounded
brown phytoclast
Translucent Woody
M26709 Sub-angular
brown phytoclast

Table A.1 (cont.) Description, identification, and images of phytoclasts analysed in the single

phytoclast carbon-isotope study. When more than one phytoclast is present in the image, the

ringed particle is the one analysed. Images at x5 magnification; width of image equivalent to

1.8 mm at x1 magnification.

3

=Y

8



Sample Colour Shape Identification Image

Woody
M267011 Dark grey/black  Sub-angular
phytoclast
Woody
M267012 Dark grey/black  Sub-rounded
phytoclast
Woody
M267013 Dark grey/black Elongate
phytoclast
Translucent Woody
M267014 Elongate
brown phytoclast
Translucent Woody
M267015 Elongate
brown phytoclast
M270161 Translucent Woody
Sub-angular
M270161(1) brown phytoclast

Table A.1 (cont.) Description, identification, and images of phytoclasts analysed in the single
phytoclast carbon-isotope study. When more than one phytoclast is present in the image, the
ringed particle is the one analysed. Images at x5 magnification; width of image equivalent to

1.8 mm at x1 magnification.
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Sample Colour Shape Identification Image
Dark grey, Woody
M270162 Sub-angular
brown edges phytoclast
Dark grey, Woody
M270164 Sub-angular
brown edges phytoclast
Dark grey, Woody
M270165 Sub-angular
brown edges phytoclast
Translucent Woody
M270168 Sub-angular
brown/dark grey phytoclast
Dark grey, Woody
M270169 Sub-angular
brown edges phytoclast
Translucent Woody
M2701610 Sub-angular
brown phytoclast

Table A.1 (cont.) Description, identification, and images of phytoclasts analysed in the single

phytoclast carbon-isotope study. When more than one phytoclast is present in the image, the

ringed particle is the one analysed. Images at x5 magnification; width of image equivalent to

1.8 mm at x1 magnification.
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Sample Colour Shape Identification Image
Dark grey, Woody
M2701611 Sub-angular
brown edges phytoclast
Dark grey, Woody
M2701612 Sub-angular
brown edges phytoclast
Dark grey, Woody
M2701613 Elongate
brown edges phytoclast ‘
Translucent Woody
M2701615 Sub-angular
brown phytoclast
M272921 Black (shiny) Sub-rounded Charcoal -
M272922 Black (shiny) Sub-rounded Charcoal -

Table A.1 (cont.) Description, identification, and images of phytoclasts analysed in the single

phytoclast carbon-isotope study. When more than one phytoclast is present in the image, the

ringed particle is the one analysed. Images at x5 magnification; width of image equivalent to

1.8 mm at x1 magnification.
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Sample Colour Shape Identification Image
Woody
M272923 Dark grey/black Angular
phytoclast
M272924 Black (shiny) Sub-rounded Charcoal -
Dark grey, Woody
M272925 Sub-angular
brown edges phytoclast
Translucent Woody
M272926 Sub-angular
brown/dark grey phytoclast
Dark grey, Woody
M272927 Sub-angular
brown edges phytoclast
M272928
Woody
M272928(1) Dark grey/black  Sub-rounded
phytoclast
M272928(2)

Table A.1 (cont.) Description, identification, and images of phytoclasts analysed in the single

phytoclast carbon-isotope study. When more than one phytoclast is present in the image, the

ringed particle is the one analysed. Images at x5 magnification; width of image equivalent to

1.8 mm at x1 magnification.
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Sample Colour Shape Identification Image
Dark grey, Woody
M272929 Sub-angular
brown edges phytoclast
Dark grey, Woody
M2729210 Sub-angular
brown edges phytoclast
Woody
M2729211 Dark grey/black  Sub-rounded
phytoclast
M2729212 Black (shiny) Angular Charcoal -
Woody
M2729214 Dark grey/black Sub-angular
phytoclast
M276541 Black (shiny) Sub-angular Charcoal -

Table A.1 (cont.) Description, identification, and images of phytoclasts analysed in the single

phytoclast carbon-isotope study. When more than one phytoclast is present in the image, the

ringed particle is the one analysed. Images at x5 magnification; width of image equivalent to

1.8 mm at x1 magnification.
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Sample Colour Shape Identification Image
Woody
M276542 Dark grey/black Sub-angular
phytoclast
Dark grey/black
M276543 ) Elongate Charcoal
(shiny)
Dark grey/black
M276544 ) Elongate Charcoal
(shiny)
M276545
Dark
M276545(1) Woody
grey/translucent  Sub-angular
hytoclast
M276545(2) brown phy
M276545(3)
Woody
M276546 Dark grey/black Elongate
phytoclast
Woody
M276547 Dark grey/black Sub-angular
phytoclast

Table A.1 (cont.) Description, identification, and images of phytoclasts analysed in the single

phytoclast carbon-isotope study. When more than one phytoclast is present in the image, the

ringed particle is the one analysed. Images at x5 magnification; width of image equivalent to

1.8 mm at x1 magnification.
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Sample Colour Shape Identification Image

Woody
M276548 Dark grey/black Sub-angular
phytoclast
Dark
Woody
M276549 grey/translucent Sub-angular
phytoclast
brown
M2765410
Black (shiny) Sub-angular Charcoal
M2765410(1)
Translucent Woody
M2765411 Sub-angular
brown/dark grey phytoclast
Woody
M2765412 Dark grey/black  Sub-rounded
phytoclast
Woody
M2765414 Dark grey/black  Sub-rounded
phytoclast

Table A.1 (cont.) Description, identification, and images of phytoclasts analysed in the single
phytoclast carbon-isotope study. When more than one phytoclast is present in the image, the
ringed particle is the one analysed. Images at x5 magnification; width of image equivalent to

1.8 mm at x1 magnification.
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Sample Colour Shape Identification Image

Woody
phytoclast

M2765415 Dark grey/black  Sub-rounded

Table A.1 (cont.) Description, identification, and images of phytoclasts analysed in the single
phytoclast carbon-isotope study. When more than one phytoclast is present in the image, the
ringed particle is the one analysed. Images at x5 magnification; width of image equivalent to

1.8 mm at x1 magnification.
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Identifier 1 Date Time Peak Nr Start Rt End Area All  Ampl 44 BGD 44 BGD 45 BGD 46 d13C/12C

R M256037 04/03/18 11:54:37 1 26.5 47.2 50.8 57.812 2900 2.6 3.0 4.4 -35.915
R M256037 04/03/18 11:54:37 2 66.3 86.9 90.7 57.652 2895 2.7 3.2 4.7 -36.1

R M256037 04/03/18 11:54:37 3 106.2 126.9 1304 57.717 2910 2.8 3.2 4.7 -36.203
PE M256037 04/03/18 11:54:37 4 201.9 209.4 2144 3.141 574 2.4 2.8 4.1 -32.378
PE M256037 04/03/18 11:54:37 5 214.4 2184  269.2  4.242 228 2.4 2.8 4.1 -33.931
PE M256037 04/03/18 11:54:37 6 523.8 531.7 536.9 3.866 579 3.5 4.0 5.6 -32.701
PE M256037 04/03/18 11:54:37 7 536.9 541.1 608.6  6.932 321 3.5 4.0 5.6 -33.013
S  M256037 04/03/18 11:54:37 8 840.2 865.3 942 25.767 854 4.4 5.2 7.3 -27.22
S  M256037 04/03/18 11:54:37 9 1134 1154.3 1233.7 24.351 856 9.8 11.4 14.8 -27.202
S  M256037 04/03/18 11:54:37 10 1428.7 1449.6 1540.1 19.229 735 13.0 15.1 19.0 -27.298
PE M256037 04/03/18 11:54:37 11 1733.9 1741.6 17458 1.532 263 13.5 15.7 19.1 -32.554
PE M256037 04/03/18 11:54:37 12 1745.8 1750.4 1812.4 4.629 229 13.5 15.7 19.1 -33.722
S  M256037 04/03/18 11:54:37 13 2042.6 2058.4 21145 14.381 635 12.5 14.5 18.0 -27.07
S  M256037 04/03/18 11:54:37 14 2363 2368.8 2387.4 0.359 27 10.9 12.6 15.6 -25.759
S  M256037 04/03/18 11:54:37 15 2597.7 2605.8 2646.6 1.598 67 11.1 12.9 15.9 -28.897
PE M256037 04/03/18 11:54:37 16 2972.6 2980.5 2986.2 3.108 430 8.9 10.3 12.8 -34.09
PE M256037 04/03/18 11:54:37 17 2986.2 2989.7 3055.2 5.345 244 8.9 10.3 12.8 -32.974
PE M256037 04/03/18 11:54:37 18 3233.6 3242.2 3247.2 2.859 412 8.0 9.3 11.6 -32.175
PE M256037 04/03/18 11:54:37 19 3247.2 3251.6 3303.7 5.097 243 8.0 9.3 11.6 -36.178
R M256037 04/03/18 11:54:37 20 3469.8 3490.3 3494.3 57.872 2904 8.3 9.7 12.1 -35.931
R M256037 04/03/18 11:54:37 21 3509.5 3530.2 3533.8 57.801 2913 7.8 9.1 11.4 -36.1

R M256037 04/03/18 11:54:37 22 3549.4 3569.9 3573.9 57.818 2916 7.4 8.5 10.8 -36.203

Identifier 1 Date Time Peak Nr Start Rt End Area All Ampl 44 BGD 44 BGD 45 BGD 46 d13C/12C

R M270161 04/03/18 13:52:29 1 26.5 47.2 51 52.93 2660 2.8 3.3 5.1 -35.965
R M270161 04/03/18 13:52:29 2 66.3 86.9 90.7 53.196 2674 2.9 3.5 5.4 -36.1

R M270161 04/03/18 13:52:29 3 106.2 126.9 130.4  53.267 2685 2.9 3.5 5.4 -36.178
PE M270161 04/03/18 13:52:29 4 224 235.8 251.8 0.539 33 2.7 3.2 5.1 -37.817
PE M270161 04/03/18 13:52:29 5 484.3  499.3 543.8 5.007 291 3.8 4.5 6.6 -33.337
S M270161 04/03/18 13:52:29 6 830.6 844.2 8939 5.033 247 5.1 5.9 8.3 -33.272

Vv Xipuaddy

Table A.2 R = reference gas; PE = PE standard; S = sample. Date in MM/DD/YY format. Time is in Central European Standard Time (UTC +2). Peak Nr = peak
number. Start = peak start time (s). Rt = retention time (s). End = end peak time (s). Area all = peak area (Vs). Ampl 44 = peak amplitude. BGD 44, BGD 45, BGD 46
= background gas lewels. d13C/12C = &13C.
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Identifier 1 Date Time Peak Nr Start Rt End Area All  Ampl 44 BGD 44 BGD 45 BGD 46 d13C/12C
R M270161(1) 04/03/18 15:57:02 1 26.5 47.2 50.8 57.218 2884 4.3 5.1 7.7 -35.968
R M270161(1) 04/03/18 15:57:02 2 66.3 86.9 90.7 57.193 2876 4.5 5.3 8.0 -36.1
R M270161(1) 04/03/18 15:57:02 3 106.2 126.9 130.4  57.318 2875 4.3 5.1 7.8 -36.201
PE M270161(1) 04/03/18 15:57:02 4 265.4 273.4 329 5.359 257 4.0 4.8 7.4 -33.262
PE M270161(1) 04/03/18 15:57:02 5 558.9 569.3 624.7  5.848 295 5.3 6.2 9.0 -32.989
S M270161(1) 04/03/18 15:57:02 6 838.7 857.7 933.4 11.36 451 6.1 7.1 10.3 -31.619
S M270161(1) 04/03/18 15:57:02 7 1143.4 1161.4  1225.8 9.933 431 7.6 9.0 12.4 -31.617
S M270161(1) 04/03/18 15:57:02 8 1446.9 1464.9  1535.9 11.969 530 8.1 9.5 12.9 -31.66
PE M270161(1) 04/03/18 15:57:02 9 1769.2 1777.3  1823.3 3.928 189 8.4 9.8 131 -32.92
S M270161(1) 04/03/18 15:57:02 10 2044.9 2063.5 2163.8 19.339 819 8.0 9.4 12.8 -31.359
S M270161(1) 04/03/18 15:57:02 11 2337.2 2355.4  2417.1 9.072 397 10.9 12.7 16.7 -31.223
S M270161(1) 04/03/18 15:57:02 12 2648 2666.2 2734.6 7.536 344 10.0 11.7 15.3 -31.57
PE M270161(1) 04/03/18 15:57:02 13 2940.2 2960.1  3018.8 9.578 303 10.2 11.9 15.5 -33.396
PE M270161(1) 04/03/18 15:57:02 14 3235.5 3253.3 3305.5 8.183 280 10.2 11.9 15.5 -33.555
R M270161(1) 04/03/18 15:57:02 15 3469.6 3490.3  3493.9 57.637 2890 11.6 13.4 17.2 -35.942
R M270161(1) 04/03/18 15:57:02 16 3509.5 3530.2 3533.6 57.535 2887 11.0 12.9 16.6 -36.1
R M270161(1) 04/03/18 15:57:02 17 3549.2 3569.9 3573.3 57.473 2887 10.5 12.2 15.8 -36.19

Identifier 1 Date Time Peak Nr Start Rt End Area All Ampl 44 BGD 44 BGD 45 BGD 46 d13C/12C
R M276547 04/03/18 17:46:33 1 26.5 47.2 50.6 53.561 2701 5.0 5.9 9.7 -35.99
R M276547 04/03/18 17:46:33 2 66.3 86.9 90.5 53.652 2704 5.2 6.1 10.0 -36.1
R M276547 04/03/18 17:46:33 3 106.2 126.9 130.4  54.087 2725 5.1 6.1 9.9 -36.138
PE M276547 04/03/18 17:46:33 4 252.9 260.6 264.8  3.27 594 4.7 5.6 9.2 -32.307
PE M276547 04/03/18 17:46:33 5 264.8 269.4 321.2  8.593 430 4.7 5.6 9.2 -33.295
S M276547 04/03/18 17:46:33 6 567.9 583.7 669.8  14.481 700 6.8 8.0 12.1 -27.307
PE M276547 04/03/18 17:46:33 7 884.5 902.3 968.5 11.486 425 7.6 9.0 12.9 -32.859
R M276547 04/03/18 17:46:33 8 1180.8 1201.5 1205.1 56.401 2832 8.3 9.7 13.7 -35.935
R M276547 04/03/18 17:46:33 9 1220.8 1240.8  1245.2 56.505 2843 7.9 9.3 13.3 -36.1
R M276547 04/03/18 17:46:33 10 1260.7 1281.2  1284.7 56.572 2841 7.8 9.1 12.9 -36.19

Identifier 1 Date Time Peak Nr Start Rt End Area All  Ampl 44 BGD 44 BGD 45 BGD 46 d13C/12C
R M276542 04/04/18 10:33:08 1 26.5 47.2 50.8 56.23 2826 2.7 3.2 5.1 -35.922

Table A.2 (cont.) R = reference gas; PE = PE standard; S = sample. Date in MM/DD/YY format. Time is in Central European Standard Time (UTC +2). Peak Nr =
peak number. Start = peak start time (s). Rt = retention time (s). End = end peak time (s). Area all = peak area (Vs). Ampl 44 = peak amplitude. BGD 44, BGD 45,
BGD 46 = background gas levels. d13C/12C = d3C.

Vv Xipuaddy
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R M276542 04/04/18 10:33:08 2 66.3 86.9 90.7 56.146 2829 2.8 3.4 5.3 -36.1

R M276542 04/04/18 10:33:08 3 106.2 113.7 130.4  56.339 2827 2.8 3.4 5.3 -36.202

PE M276542 04/04/18 10:33:08 4 251.6 265.6 3194 7.814 406 2.5 2.9 4.7 -33.098
M276542 04/04/18 10:33:08 5 546.3 561.8 600.2  2.267 108 4.3 5.0 7.2 -26.953

PE M276542 04/04/18 10:33:08 6 842.9 857.3 886 1.055 53 4.3 5.1 7.2 -26.65

R M276542 04/04/18 10:33:08 7 1180.8 1198 1205.1 56.74 2845 3.8 4.4 6.4 -35.953

R M276542 04/04/18 10:33:08 8 1220.8 1241.3 1245 56.861 2858 4.1 4.8 6.7 -36.1

R M276542 04/04/18 10:33:08 9 1260.5 1281.2  1284.9 56.72 2852 4.1 4.8 6.7 -36.209
Identifier 1 Date Time Peak Nr Start Rt End Area All Ampl 44 BGD 44 BGD 45 BGD 46 d13C/12C

R M2765415 04/04/18 12:08:58 1 26.5 47.2 50.8 55.997 2824 2.6 3.0 5.0 -35.96

R M2765415 04/04/18 12:08:58 2 66.3 86.9 90.5 56.292 2837 2.6 3.2 5.2 -36.1

R M2765415 04/04/18 12:08:58 3 106.2 126.9 130.4  56.117 2822 2.6 3.1 5.1 -36.177

PE M2765415 04/04/18 12:08:58 4 240.4 246.8 251 0.794 161 2.3 2.7 4.6 -31.664

S M2765415 04/04/18 12:08:58 5 251 256.7 298.9  4.392 353 2.3 2.7 4.6 -33.124
Identifier 1 Date Time Peak Nr Start Rt End Area All  Ampl 44 BGD 44 BGD 45 BGD 46 d13C/12C

R M259274 04/04/18 14:01:24 1 26.5 47.2 50.6 54.444 2740 3.2 3.8 7.4 -35.941

R M259274 04/04/18 14:01:24 2 66.3 86.9 90.5 54.411 2731 3.3 4.0 7.7 -36.1

R M259274 04/04/18 14:01:24 3 106.2 126.9 130.4 54.431 2744 34 4.1 7.8 -36.155

PE M259274 04/04/18 14:01:24 4 234.1 248.9 303.7 6.289 343 3.0 3.6 7.0 -32.867

S M259274 04/04/18 14:01:24 5 540.3 556.8 597.5  3.146 159 4.1 4.9 8.7 -26.806

PE M259274 04/04/18 14:01:24 6 846 855.4 925.2  10.257 430 4.6 5.4 8.9 -32.72

R M259274 04/04/18 14:01:24 7 1180.8 1201.5 1204.9 56.463 2840 5.2 6.2 9.6 -35.931

R M259274 04/04/18 14:01:24 8 1220.6 1241.3  1244.8 56.394 2849 5.2 6.2 9.7 -36.1

R M259274 04/04/18 14:01:24 9 1260.500 1281.2 1284.5 56.648 2851 5.1 6.1 9.5 -36.157
Identifier 1 Date Time Peak Nr Start Rt End Area All  Ampl 44 BGD 44 BGD 45 BGD 46 d13C/12C

R M257810 04/04/18 15:42:37 1 26.5 47.2 50.8 49.773 2505 3.2 3.9 6.9 -36.031

R M257810 04/04/18 15:42:37 2 66.3 86.9 90.5 49.981 2518 34 4.1 7.0 -36.1

R M257810 04/04/18 15:42:37 3 106.200 126.9 130.4  50.318 2538 34 4.1 7.1 -36.163

PE M257810 04/04/18 15:42:37 4 240.400 255.4 3214 911 407 3.1 3.7 6.6 -32.988

S M257810 04/04/18 15:42:37 5 542.8 561 626.6  6.716 330 4.7 5.6 9.1 -24.971

Vv Xipuaddy

Table A.2 (cont.) R = reference gas; PE = PE standard; S = sample. Date in MM/DD/YY format. Time is in Central European Standard Time (UTC +2). Peak Nr =
peak number. Start = peak start time (s). Rt = retention time (s). End = end peak time (s). Area all = peak area (Vs). Ampl 44 = peak amplitude. BGD 44, BGD 45,
BGD 46 = background gas levels. d13C/12C = d3C.
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PE M257810 04/04/18 15:42:37 6 845.4 860.000 927.8  7.497 352 5.3 6.3 9.8 -32.756

R M257810 04/04/18 15:42:37 7 1180.8 1201.5 1205.1 55.29 2774 5.2 6.2 9.6 -35.9

R M257810 04/04/18 15:42:37 8 1220.8 1241.5 1245 55.368 2782 5.3 6.3 9.8 -36.1

R M257810 04/04/18 15:42:37 9 1260.5 1281.2  1284.7 55.393 2783 5.2 6.1 9.6 -36.141
Identifier 1 Date Time Peak Nr Start Rt End Area All  Ampl 44 BGD 44 BGD 45 BGD 46 d13C/12C

R M263146 04/04/18 16:43:37 1 26.5 47.2 50.6 54.739 2770 4.3 5.1 9.3 -36.006

R M263146 04/04/18 16:43:37 2 66.3 86.9 90.5 54.971 2763 4.3 5.2 9.4 -36.1

R M263146 04/04/18 16:43:37 3 106.2 126.9 130.4  55.245 2781 4.3 5.2 9.4 -36.176

PE M263146 04/04/18 16:43:37 4 241.4 257.1 333.8 13.35 594 3.9 4.8 8.7 -32.979

S M263146 04/04/18 16:43:37 5 536.3 553.6 595.9  2.886 122 6.3 7.4 12.0 -27.443

PE M263146 04/04/18 16:43:37 6 841.2 857.5 935.1 15.374 546 5.6 6.6 10.7 -32.579

R M263146 04/04/18 16:43:37 7 1180.8 1201.5 1205.1 55.886 2807 6.4 7.6 11.6 -35.952

R M263146 04/04/18 16:43:37 8 1220.8 1241.5  1244.8 55.928 2813 6.3 7.4 11.5 -36.1

R M263146 04/04/18 16:43:37 9 1260.5 1281.2  1284.7 55.895 2808 6.0 7.2 11.1 -36.189
Identifier 1 Date Time Peak Nr Start Rt End Area All  Ampl 44 BGD 44 BGD 45 BGD 46 d13C/12C

R M2641813 04/04/18 17:23:08 1 26.5 47.2 50.8 54.691 2755 4.5 5.4 10.3 -35.99

R M2641813 04/04/18 17:23:08 2 66.3 86.9 90.5 54.862 2764 4.6 5.5 10.4 -36.1

R M2641813 04/04/18 17:23:08 3 106.2 126.9 130.4 54.832 2758 4.7 5.6 10.4 -36.121

PE M2641813 04/04/18 17:23:08 4 239.5 254.4 3179  11.523 530 4.3 5.1 9.7 -32.825
Identifier 1 Date Time Peak Nr Start Rt End Area All  Ampl 44 BGD 44 BGD 45 BGD 46 d13C/12C

R M261196 04/05/18 10:42:02 1 26.5 47 50.8 57.662 2895 2.6 3.1 5.2 -35.933

R M261196 04/05/18 10:42:02 2 66.3 86.9 90.7 57.786 2899 2.7 3.2 5.4 -36.1

R M261196 04/05/18 10:42:02 3 106.2 126.9 130.4 57.729 2903 2.9 3.4 5.6 -36.198

PE M261196 04/05/18 10:42:02 4 223 232 237.8  3.702 531 2.5 2.9 4.9 -32.269

PE M261196 04/05/18 10:42:02 5 237.8 240.1 285.1 3.414 239 2.5 2.9 4.9 -32.191

S M261196 04/05/18 10:42:02 6 524.8 537.5 566.2  1.092 69 3.7 4.3 6.6 -27.718

PE M261196 04/05/18 10:42:02 7 836 844.8 906 7.813 447 3.5 4.1 6.3 -32.975

R M261196 04/05/18 10:42:02 8 1180.8 1201.5 1205.1 58.689 2955 4.1 4.8 7.0 -35.913

R M261196 04/05/18 10:42:02 9 1220.6 1241.3 1244.8 58.581 2946 4.2 4.9 7.2 -36.1

R M261196 04/05/18 10:42:02 10 1260.5 1281.2  1284.7 58.489 2947 4.1 4.9 7.2 -36.176
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Table A.2 (cont.) R = reference gas; PE = PE standard; S = sample. Date in MM/DD/YY format. Time is in Central European Standard Time (UTC +2). Peak Nr =
peak number. Start = peak start time (s). Rt = retention time (s). End = end peak time (s). Area all = peak area (Vs). Ampl 44 = peak amplitude. BGD 44, BGD 45,
BGD 46 = background gas levels. d13C/12C = d3C.
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Identifier 1 Date Time Peak Nr Start Rt End Area All  Ampl 44 BGD 44 BGD 45 BGD 46 d13C/12C

R M272922 04/05/18 12:11:26 1 26.5 47 50.8 55.59 2797 3.3 3.9 7.2 -35.977

R M272922 04/05/18 12:11:26 2 66.3 86.9 90.7 55.765 2810 3.5 4.1 7.4 -36.1

R M272922 04/05/18 12:11:26 3 106.2 126.9 130.4  55.817 2804 3.5 4.1 7.3 -36.173

PE M272922 04/05/18 12:11:26 4 237.6 253.5 297.6 7.171 327 3.1 3.7 6.7 -33.073

S M272922 04/05/18 12:11:26 5 532.1 546.5 575.2  1.288 71 4.4 5.2 8.5 -27.211

PE M272922 04/05/18 12:11:26 6 841.6 856.1 909.8  6.49 315 3.9 4.6 7.5 -32.557

R M272922 04/05/18 12:11:26 7 1180.8 1201.5 1205.1 57.825 2911 4.3 5.1 8.0 -35.921

R M272922 04/05/18 12:11:26 8 1220.6 1241.3  1244.8 57.88 2910 4.4 5.3 8.2 -36.1

R M272922 04/05/18 12:11:26 9 1260.5 1281.2  1284.7 58.061 2925 4.4 5.2 8.1 -36.175
Identifier 1 Date Time Peak Nr Start Rt End Area All  Ampl 44 BGD 44 BGD 45 BGD 46 d13C/12C

R M26703 04/05/18 13:20:34 1 26.3 47 50.6 57.957 2910 3.5 4.2 7.7 -35.942

R M26703 04/05/18 13:20:34 2 66.3 86.9 90.5 57.727 2917 3.6 4.4 7.9 -36.1

R M26703 04/05/18 13:20:34 3 106.2 126.7 130.2 57.694 2896 3.7 4.4 8.0 -36.158

PE M26703 04/05/18 13:20:34 4 231.4 247.2 330.6 13.692 518 3.3 3.9 7.4 -32.744

S M26703 04/05/18 13:20:34 5 533.4 538 541.7  0.057 11 5.8 6.8 10.7 -22.718

S M26703 04/05/18 13:20:34 6 541.7 548.2 5725 0.768 47 5.8 6.8 10.7 -28.63

PE M26703 04/05/18 13:20:34 7 845 861.3 951.2  14.905 518 4.4 5.2 8.6 -32.564

R M26703 04/05/18 13:20:34 8 1180.8 1201.5 1204.9 58.227 2928 6.3 7.4 11.0 -35.948

R M26703 04/05/18 13:20:34 9 1220.6 1241.3 1245 58.275 2934 6.1 7.2 10.9 -36.1

R M26703 04/05/18 13:20:34 10 1260.5 1281.2  1284.7 58.177 2936 5.8 6.8 10.5 -36.148
Identifier 1 Date Time Peak Nr Start Rt End Area All Ampl 44 BGD 44 BGD 45 BGD 46 d13C/12C

R M2611915 04/05/18 14:07:00 1 26.3 47 50.6 56.371 2841 4.4 5.3 9.9 -35.982

R M2611915 04/05/18 14:07:00 2 66.3 86.9 90.5 56.293 2836 4.5 5.4 10.0 -36.1

R M2611915 04/05/18 14:07:00 3 106.2 126.7 130.2  56.546 2838 4.6 5.5 9.9 -36.181

PE M2611915 04/05/18 14:07:00 4 224.3 240.4 317.7  15.863 603 4.1 4.9 9.1 -32.861

S M2611915 04/05/18 14:07:00 5 523.3 538.4 580.4  3.129 124 6.7 8.0 12.9 -27.346

PE M2611915 04/05/18 14:07:00 6 837.9 853.8 911.7  13.313 561 5.7 6.7 10.9 -32.707

R M2611915 04/05/18 14:07:00 7 1180.8 1201.5 1204.9 57.842 2913 6.6 7.8 11.9 -36.003

R M2611915 04/05/18 14:07:00 8 1220.6 1240.2 1245 58.058 2919 6.5 7.7 11.9 -36.1
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Table A.2 (cont.) R = reference gas; PE = PE standard; S = sample. Date in MM/DD/YY format. Time is in Central European Standard Time (UTC +2). Peak Nr =
peak number. Start = peak start time (s). Rt = retention time (s). End = end peak time (s). Area all = peak area (Vs). Ampl 44 = peak amplitude. BGD 44, BGD 45,
BGD 46 = background gas levels. d13C/12C = d3C.
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R M2611915 04/05/18 14:07:00 9 1260.5 1281.2  1284.7 57.998 2914 6.3 7.5 11.6 -36.202
Identifier 1 Date Time Peak Nr Start Rt End Area All  Ampl 44 BGD 44 BGD 45 BGD 46 d13C/12C

R M2560311 04/05/18 16:47:06 1 26.3 47 50.6 58.493 2944 3.7 4.5 7.3 -35.975

R M2560311 04/05/18 16:47:06 2 66.3 86.9 90.3 58.626 2952 3.8 4.6 7.4 -36.1

R M2560311 04/05/18 16:47:06 3 106 126.7 130.2  58.932 2961 3.8 4.5 7.5 -36.133

PE M2560311 04/05/18 16:47:06 4 229.9 246 330.6 14.928 577 3.4 4.0 6.8 -32.817

S  M2560311 04/05/18 16:47:06 5 529 545.3 590.6  3.937 183 5.7 6.7 10.2 -27.191

PE M2560311 04/05/18 16:47:06 6 838.9 854.8 904.1  11.626 550 5.0 5.9 8.9 -32.934

R M2560311 04/05/18 16:47:06 7 1180.8 1201.5 1205.1 59.312 2985 5.6 6.6 9.7 -35.923

R M2560311 04/05/18 16:47:06 8 1220.6 1241.3  1244.6 59.259 2974 5.6 6.6 9.8 -36.1

R M2560311 04/05/18 16:47:06 9 1260.5 1281.2  1284.5 59.153 2976 5.4 6.4 9.5 -36.177
Identifier 1 Date Time Peak Nr Start Rt End Area All  Ampl 44 BGD 44 BGD 45 BGD 46 d13C/12C

R M263145 04/05/18 17:34:56 1 26.3 47 50.6 56.873 2866 4.2 5.0 9.8 -36.016

R M263145 04/05/18 17:34:56 2 66.3 86.9 90.3 56.944 2867 4.3 5.2 9.8 -36.1

R M263145 04/05/18 17:34:56 3 106 126.7 130.2 57.144 2875 4.4 5.3 9.9 -36.161

PE M263145 04/05/18 17:34:56 4 232.2 247.5 294.3 6.014 284 3.9 4.7 9.0 -33.193

S M263145 04/05/18 17:34:56 5 536.7 555.7 596.5 4.032 169 5.0 6.0 10.8 -25.432

PE M263145 04/05/18 17:34:56 6 830.4 846.7 897.4  6.056 268 5.3 6.3 10.5 -32.849

R M263145 04/05/18 17:34:56 7 1180.8 1201.3  1205.1 58.776 2964 5.4 6.5 10.5 -35.934

R M263145 04/05/18 17:34:56 8 1220.6 1241.3  1244.6 58.67 2950 5.6 6.6 10.7 -36.1

R M263145 04/05/18 17:34:56 9 1260.5 1281.2  1284.5 58.654 2952 5.4 6.5 10.5 -36.176
Identifier 1 Date Time Peak Nr Start Rt End Area All Ampl 44 BGD 44 BGD 45 BGD 46 d13C/12C

R M2701611 04/06/18 10:10:50 1 26.3 47 51 61.729 3093 2.4 2.8 3.8 -35.913

R M2701611 04/06/18 10:10:50 2 66.3 86.9 90.7 61.599 3098 2.6 3.0 4.0 -36.1

R M2701611 04/06/18 10:10:50 3 106 126.7 130.6  61.891 3102 2.7 3.2 4.2 -36.2

PE M2701611 04/06/18 10:10:50 4 226.6 2355 304.1 8.094 389 2.2 25 3.4 -32.943

S M2701611 04/06/18 10:10:50 5 527.3 541.9 584.8  6.206 311 3.8 4.4 5.7 -31.923

PE M2701611 04/06/18 10:10:50 6 826 842.3 908.1 8.732 313 5.0 5.8 7.3 -33.384

R M2701611 04/06/18 10:10:50 7 1180.8 1201.3  1205.5 61.839 3106 5.9 6.8 8.5 -35.926

R M2701611 04/06/18 10:10:50 8 1220.6 1241.3 1245 61.479 3097 5.9 6.8 8.5 -36.1

Vv Xipuaddy

Table A.2 (cont.) R = reference gas; PE = PE standard; S = sample. Date in MM/DD/YY format. Time is in Central European Standard Time (UTC +2). Peak Nr =
peak number. Start = peak start time (s). Rt = retention time (s). End = end peak time (s). Area all = peak area (Vs). Ampl 44 = peak amplitude. BGD 44, BGD 45,
BGD 46 = background gas levels. d13C/12C = d3C.
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R M2701611 04/06/18 10:10:50 9 1260.5 1281.2  1284.9 61.392 3086 5.6 6.5 8.1 -36.185
Identifier 1 Date Time Peak Nr Start Rt End Area All  Ampl 44 BGD 44 BGD 45 BGD 46 d13C/12C

R M256035 04/06/18 11:43:03 1 26.3 47 50.6 53.739 2704 4.1 4.9 9.2 -36.043

R M256035 04/06/18 11:43:03 2 66.3 86.9 90.5 54.065 2731 4.2 5.0 9.3 -36.1

R M256035 04/06/18 11:43:03 3 106 126.7 130.4  54.512 2740 4.2 5.1 9.3 -36.188

PE M256035 04/06/18 11:43:03 4 242 258.1 3459  14.387 618 3.8 4.5 8.6 -32.744

S  M256035 04/06/18 11:43:03 5 587.3 604.2 644.3  2.918 129 5.7 6.8 11.4 -27.182

PE M256035 04/06/18 11:43:03 6 835.2 851.7 932.8 15.64 589 5.5 6.6 10.7 -32.574

R M256035 04/06/18 11:43:03 7 1180.8 1201.3  1205.1 58.331 2944 6.5 7.6 11.8 -35.938

R M256035 04/06/18 11:43:03 8 1220.6 1241.3  1244.8 58.3 2932 6.4 7.6 11.7 -36.1

R M256035 04/06/18 11:43:03 9 1260.5 1281.2  1284.7 58.305 2928 6.1 7.3 11.4 -36.165
Identifier 1 Date Time Peak Nr Start Rt End Area All  Ampl 44 BGD 44 BGD 45 BGD 46 d13C/12C

R M2701615 04/06/18 12:32:12 1 26.3 47 50.6 57.23 2876 4.5 5.4 10.7 -36

R M2701615 04/06/18 12:32:12 2 66.3 86.9 90.3 57.218 2884 4.7 5.6 10.8 -36.1

R M2701615 04/06/18 12:32:12 3 106 126.7 130.4 57.322 2891 4.6 5.6 10.6 -36.177

PE M2701615 04/06/18 12:32:12 4 220.9 236.8 310.8  14.429 653 4.1 5.0 9.8 -32.802

S M2701615 04/06/18 12:32:12 5 522.5 539 601.7 6.759 336 6.6 7.8 13.1 -31.365

PE M2701615 04/06/18 12:32:12 6 820.7 827.8 915.8 15.804 649 6.3 7.4 12.1 -32.466

R M2701615 04/06/18 12:32:12 7 1180.8 1201.5 1205.1 58.853 2963 6.3 7.4 11.9 -35.937

R M2701615 04/06/18 12:32:12 8 1220.6 1241.3  1245.2 59.123 2976 6.4 7.6 12.1 -36.1

R M2701615 04/06/18 12:32:12 9 1260.5 1281.2  1284.7 59.047 2965 6.0 7.1 11.6 -36.162
Identifier 1 Date Time Peak Nr Start Rt End Area All Ampl 44 BGD 44 BGD 45 BGD 46 d13C/12C

R M2560313(1) 05/07/18 10:31:08 1 26.3 47 50.8 58.834 2962 4.3 5.1 9.7 -35.989

R M2560313(1) 05/07/18 10:31:.08 2 66.3 86.9 90.7 59.016 2963 4.4 5.2 9.8 -36.1

R M2560313(1) 05/07/18 10:31:.08 3 106 126.7 130.4  58.959 2976 4.3 5.1 9.7 -36.162

PE M2560313(1) 05/07/18 10:31:08 4 243.9 256.2 3129 6.668 502 3.7 4.3 8.4 -32.465

S  M2560313(1) 05/07/18 10:31:08 5 528.8 544.9 591.5 3.285 169 5.1 6.0 10.4 -26.788

PE M2560313(1) 05/07/18 10:31:08 6 831.2 840.4 893.3 6.671 456 4.7 5.5 9.4 -32.664

R M2560313(1) 05/07/18 10:31:.08 7 1180.6 1201.3  1205.3 59.239 2987 4.8 5.6 9.3 -35.993

R M2560313(1) 05/07/18 10:31:08 8 1220.6 1241.3  1244.8 59.303 2988 4.9 5.8 9.6 -36.1
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Table A.2 (cont.) R = reference gas; PE = PE standard; S = sample. Date in MM/DD/YY format. Time is in Central European Standard Time (UTC +2). Peak Nr =
peak number. Start = peak start time (s). Rt = retention time (s). End = end peak time (s). Area all = peak area (Vs). Ampl 44 = peak amplitude. BGD 44, BGD 45,
BGD 46 = background gas levels. d13C/12C = d3C.
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R M2560313(1) 05/07/18 10:31:08 9 1260.3 1281 1284.7 59.308 2982 4.8 5.6 9.4 -36.163
Identifier 1 Date Time Peak Nr Start Rt End Area All  Ampl 44 BGD 44 BGD 45 BGD 46 d13C/12C

R M2631412 05/07/18 11:17:21 1 26.3 47 50.6 58.427 2935 4.5 5.5 21.4 -36.03

R M2631412 05/07/18 11:17:21 2 66.3 86.9 90.5 58.525 2938 4.6 5.5 21.2 -36.1

R M2631412 05/07/18 11:17:21 3 106 126.7 130.4  58.461 2947 4.7 5.6 21.0 -36.163

PE M2631412 05/07/18 11:17:21 4 234.1 242.2 2475 1.819 298 4.1 4.9 19.1 -31.902

PE M2631412 05/07/18 11:17:21 5 247.5 250.2 2045 229 133 4.1 4.9 19.1 -33.395

S  M2631412 05/07/18 11:17:21 6 533.4 551.8 627.4  16.948 712 4.6 5.4 18.5 -25.076

PE M2631412 05/07/18 11:17:21 7 831.6 840.6 902.3  6.558 290 6.8 8.1 19.9 -33.328

R M2631412 05/07/18 11:17:21 8 1180.8 1201.5 1204.9 58.464 2938 5.3 6.3 16.8 -35.976

R M2631412 05/07/18 11:17:21 9 1220.6 1240.2  1244.8 58.45 2937 5.5 6.5 17.1 -36.1

R M2631412 05/07/18 11:17:21 10 1260.5 1281.2  1284.7 58.451 2942 5.4 6.3 16.9 -36.169
Identifier 1 Date Time Peak Nr Start Rt End Area All Ampl 44 BGD 44 BGD 45 BGD 46 d13C/12C

R M2701610 05/07/18 11:49:46 1 26.3 47 50.6 57.274 2880 5.2 6.3 23.3 -36.011

R M2701610 05/07/18 11:49:46 2 66.3 86.9 90.3 57.375 2887 5.2 6.3 23.0 -36.1

R M2701610 05/07/18 11:49:46 3 106 126.7 130.4  57.653 2911 5.2 6.3 22.7 -36.161

PE M2701610 05/07/18 11:49:46 4 229.9 239.1 305.1  8.677 396 4.6 5.6 20.7 -33.148

S  M2701610 05/07/18 11:49:46 5 534.6 540.7 555.9  0.215 17 7.9 9.4 23.4 -34.382
Identifier 1 Date Time Peak Nr Start Rt End Area All  Ampl 44 BGD 44 BGD 45 BGD 46 d13C/12C

R M276543 05/07/18 12:47:04 1 26.3 47 50.6 57.301 2888 5.1 6.1 26.8 -35.974

R M276543 05/07/18 12:47:04 2 66.3 86.9 90.3 57.363 2886 5.2 6.3 26.7 -36.1

R M276543 05/07/18 12:47:04 3 106 126.7 130.2  57.475 2892 5.2 6.3 26.4 -36.164

PE M276543 05/07/18 12:47:04 4 228.9 238.7 246.6  3.133 382 4.7 5.6 24.1 -32.085

PE M276543 05/07/18 12:47:04 5 246.6 247 281.7 1.108 72 4.7 5.6 24.1 -37.326

S  M276543 05/07/18 12:47:04 6 524.8 541.5 563.5 0.885 40 5.2 6.3 22.7 -25.378

PE M276543 05/07/18 12:47:04 7 834.5 841.4 847.5  0.999 169 4.7 5.6 20.4 -31.498

PE M276543 05/07/18 12:47:04 8 847.5 851.7 881.8 1.159 57 4.7 5.6 20.4 -34.698

R M276543 05/07/18 12:47:04 9 1180.6 1201.3  1204.9 57.724 2908 5.0 5.9 19.5 -35.957

R M276543 05/07/18 12:47:04 10 1220.6 1241.3  1244.6 57.858 2901 5.2 6.2 19.8 -36.1

R M276543 05/07/18 12:47:04 11 1260.3 1281 1284.3 57.92 2920 5.0 6.1 19.7 -36.147
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Table A.2 (cont.) R = reference gas; PE = PE standard; S = sample. Date in MM/DD/YY format. Time is in Central European Standard Time (UTC +2). Peak Nr =
peak number. Start = peak start time (s). Rt = retention time (s). End = end peak time (s). Area all = peak area (Vs). Ampl 44 = peak amplitude. BGD 44, BGD 45,
BGD 46 = background gas levels. d13C/12C = d3C.
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Identifier 1 Date Time Peak Nr Start Rt End Area All  Ampl 44 BGD 44 BGD 45 BGD 46 d13C/12C
R M256039 05/07/18 13:57:24 1 26.3 47 50.6 47.909 2413 3.0 3.6 13.3 -36.155
R M256039 05/07/18 13:57:24 2 66.3 86.9 90.3 48.275 2433 3.1 3.8 13.8 -36.1
R M256039 05/07/18 13:57:24 3 106 126.7 130.2  48.756 2456 3.2 3.9 14.0 -36.043
PE M256039 05/07/18 13:57:24 4 228.2 243.1 289.5 4.091 190 3.0 3.6 13.8 -32.957
S  M256039 05/07/18 13:57:24 5 527.1 544 579.8  1.863 89 4.0 4.8 15.3 -28.033
PE M256039 05/07/18 13:57:24 6 826 841.4 884.1  2.902 149 4.3 5.2 15.5 -33.285
S  M256039 05/07/18 13:57:24 7 1180.6 1201.3  1204.7 55.771 2812 4.3 5.1 15.1 -35.946
R M256039 05/07/18 13:57:24 8 1220.4 1241 1244.6 55.977 2813 4.4 5.3 15.4 -36.1
R M256039 05/07/18 13:57:24 9 1260.3 1281 1284.5 55.947 2813 4.6 5.5 15.6 -36.183
Identifier 1 Date Time Peak Nr Start Rt End Area All  Ampl 44 BGD 44 BGD 45 BGD 46 d13C/12C
R M263143 05/07/18 14:44:26 1 26.3 47 50.6 55.894 2816 4.9 5.9 22.6 -36.007
R M263143 05/07/18 14:44:26 2 66.3 86.9 90.3 55.94 2814 5.0 6.1 22.6 -36.1
R M263143 05/07/18 14:44:26 3 106 126.7 130.2 56.078 2817 5.0 6.0 22.3 -36.168
PE M263143 05/07/18 14:44:26 4 233.7 253.1 308.3 7.031 261 4.5 5.5 20.8 -33.598
S M263143 05/07/18 14:44:26 5 541.1 547.8 595 2.443 137 7.3 8.7 23.2 -28.227
PE M263143 05/07/18 14:44:26 6 833.7 852.1 906.4  4.695 194 5.2 6.2 19.1 -33.096
R M263143 05/07/18 14:44:26 7 1180.8 1201.5 1204.9 57.118 2871 5.2 6.2 18.3 -35.923
R M263143 05/07/18 14:44:26 8 1220.6 1241.3  1244.6 57.282 2889 5.3 6.4 18.5 -36.1
R M263143 05/07/18 14:44:26 9 1260.5 1281.2  1284.7 57.198 2872 5.4 6.5 18.6 -36.161
Identifier 1 Date Time Peak Nr Start Rt End Area All  Ampl 44 BGD 44 BGD 45 BGD 46 d13C/12C
R M270168 05/07/18 15:28:49 1 26.3 47 50.6 52.57 2649 4.7 5.8 20.7 -36.102
R M270168 05/07/18 15:28:49 2 66.3 86.9 90.5 53.318 2682 4.9 6.0 21.0 -36.1
R M270168 05/07/18 15:28:49 3 106 126.7 130 53.592 2697 4.9 5.9 20.8 -36.119
PE M270168 05/07/18 15:28:49 4 229.5 239.5 284.7  8.088 661 4.4 5.3 19.5 -32.374
S M270168 05/07/18 15:28:49 5 527.1 542.6 575.4  1.353 71 5.3 6.3 19.8 -29.843
PE M270168 05/07/18 15:28:49 6 827.6 836.6 843.7  3.102 325 4.8 5.8 18.2 -31.699
PE M270168 05/07/18 15:28:49 7 843.7 845.4 887.4  2.186 138 4.8 5.8 18.2 -32.469
R M270168 05/07/18 15:28:49 8 1180.8 1201.5 1204.7 56.762 2859 4.9 5.9 17.5 -35.909
R  M270168 05/07/18 15:28:49 9 1220.6 1241.3  1244.6 56.811 2861 5.1 6.2 18.0 -36.1
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Table A.2 (cont.) R = reference gas; PE = PE standard; S = sample. Date in MM/DD/YY format. Time is in Central European Standard Time (UTC +2). Peak Nr =
peak number. Start = peak start time (s). Rt = retention time (s). End = end peak time (s). Area all = peak area (Vs). Ampl 44 = peak amplitude. BGD 44, BGD 45,
BGD 46 = background gas levels. d13C/12C = d3C.
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R M270168 05/07/18 15:28:49 10 1260.5 1281.2  1284.5 56.916 2863 5.1 6.1 17.9 -36.132
Identifier 1 Date Time Peak Nr Start Rt End Area All  Ampl 44 BGD 44 BGD 45 BGD 46 d13C/12C

R M2765410(1) 05/07/18 16:15:30 1 26.3 47 50.6 51.688 2606 4.2 5.1 15.7 -36.14

R M2765410(1) 05/07/18 16:15:30 2 66.3 86.9 90.3 51.987 2622 4.4 5.3 15.9 -36.1

R M2765410(1) 05/07/18 16:15:30 3 106 126.7 130.2 52.266 2637 4.5 5.5 16.2 -36.126

PE M2765410(1) 05/07/18 16:15:30 4 224.7 233.5 238.7 2.783 422 4.1 4.9 15.4 -32.1

PE M2765410(1) 05/07/18 16:15:30 5 238.7 242.2 295.9  3.849 219 4.1 4.9 15.4 -33.765

S  M2765410(1) 05/07/18 16:15:30 6 518.5 527.9 568.1  2.755 129 5.1 6.1 16.6 -23.118

PE M2765410(1) 05/07/18 16:15:30 7 820.7 828.7 867.1  4.766 478 4.9 5.9 15.8 -32.502

R M2765410(1) 05/07/18 16:15:30 8 1180.6 1201.3  1204.9 56.264 2833 4.6 5.6 15.1 -35.954

R M2765410(1) 05/07/18 16:15:30 9 1220.6 1241.3  1244.6 56.611 2850 4.9 5.9 15.5 -36.1

R M2765410(1) 05/07/18 16:15:30 10 1260.3 1281 1284.5 56.479 2843 4.8 5.8 15.4 -36.198
Identifier 1 Date Time Peak Nr Start Rt End Area All Ampl 44 BGD 44 BGD 45 BGD 46 d13C/12C

R M2560314(2) 05/08/18 10:34:48 1 26.5 47 50.6 52.75 2649 25 2.9 7.0 -36.024

R M2560314(2) 05/08/18 10:34:48 2 66.3 86.9 90.5 52.877 2663 2.6 3.1 7.2 -36.1

R M2560314(2) 05/08/18 10:34:48 3 106.2 126.9 130.2  53.032 2664 2.7 3.2 7.3 -36.162

PE M2560314(2) 05/08/18 10:34:48 4 224.7 233 240.8  2.957 416 2.4 2.8 6.8 -32.113

PE M2560314(2) 05/08/18 10:34:48 5 240.8 241.2 280.9 1.763 122 2.4 2.8 6.8 -35.918

S  M2560314(2) 05/08/18 10:34:48 6 521.9 537.8 600.9 6.592 344 3.2 3.8 8.1 -25.429

PE M2560314(2) 05/08/18 10:34:48 7 825.5 833.9 887.6  4.902 234 4.1 4.8 9.0 -32.92

R M2560314(2) 05/08/18 10:34:48 8 1180.8 1201.5 1204.9 57.297 2882 3.7 4.3 8.4 -35.924

R M2560314(2) 05/08/18 10:34:48 9 1220.6 1241.3  1244.8 57.483 2887 3.9 4.6 8.8 -36.1

R M2560314(2) 05/08/18 10:34:48 10 1260.5 1281.2  1284.7 57.509 2897 3.9 4.6 8.9 -36.171
Identifier 1 Date Time Peak Nr Start Rt End Area All  Ampl 44 BGD 44 BGD 45 BGD 46 d13C/12C

R M263144 05/08/18 11:21:07 1 26.3 47 50.4 57.031 2870 4.6 5.6 15.6 -36.018

R M263144 05/08/18 11:21:07 2 66.3 86.9 90.5 57.135 2875 4.8 5.7 15.7 -36.1

R M263144 05/08/18 11:21:07 3 106 126.9 130.2  57.313 2877 4.7 5.6 15.4 -36.148

PE M263144 05/08/18 11:21:07 4 230.5 239.5 305.3 7.672 411 4.2 4.9 14.1 -32.638

S M263144 05/08/18 11:21:07 5 528.6 545.1 606.1 6.884 325 5.0 5.9 14.6 -27.9

PE M263144 05/08/18 11:21:07 6 858.6 867.3 919.6  4.837 236 5.0 5.9 13.8 -33.083
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Table A.2 (cont.) R = reference gas; PE = PE standard; S = sample. Date in MM/DD/YY format. Time is in Central European Standard Time (UTC +2). Peak Nr =
peak number. Start = peak start time (s). Rt = retention time (s). End = end peak time (s). Area all = peak area (Vs). Ampl 44 = peak amplitude. BGD 44, BGD 45,
BGD 46 = background gas levels. d13C/12C = d3C.
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R M263144 05/08/18 11:21:07 7 1180.8 1201.3 1204.9 57.991 2924 4.8 5.7 13.1 -35.913

R M263144 05/08/18 11:21:07 8 1220.6 1241.3 1244.6 57.859 2911 4.8 5.7 13.1 -36.1

R M263144 05/08/18 11:21:07 9 1260.5 1281.2  1284.5 58.056 2916 4.7 5.6 13.1 -36.159
Identifier 1 Date Time Peak Nr Start Rt End Area All Ampl 44 BGD 44 BGD 45 BGD 46 d13C/12C

R M270162 05/08/18 12:20:44 1 26.5 47 50.6 52.995 2673 5.1 6.2 17.5 -36.02

R M270162 05/08/18 12:20:44 2 66.3 86.9 90.5 53.322 2687 5.2 6.3 17.6 -36.1

R M270162 05/08/18 12:20:44 3 106.2 126.9 130 53.597 2698 5.1 6.2 17.4 -36.188

PE M270162 05/08/18 12:20:44 4 241.4 253.7 269.6  0.416 23 4.9 5.9 16.6 -40.233

S M270162 05/08/18 12:20:44 5 526.5 544.4 600 7.705 337 5.0 6.1 16.8 -29.881

PE M270162 05/08/18 12:20:44 6 839.8 854.2 872.6  0.549 26 6.5 7.8 17.5 -40.428

R M270162 05/08/18 12:20:44 7 1180.8 1201.5 1204.9 56.667 2847 5.2 6.2 15.3 -35.909

R M270162 05/08/18 12:20:44 8 1220.6 1241.3  1244.8 56.709 2857 5.4 6.5 15.6 -36.1

R M270162 05/08/18 12:20:44 9 1260.5 1281.2  1284.5 56.9 2866 5.5 6.5 15.7 -36.13
Identifier 1 Date Time Peak Nr Start Rt End Area All Ampl 44 BGD 44 BGD 45 BGD 46 D13C/12C

R M276545(2) 05/08/18 14:09:06 1 26.5 47 50.4 55.456 2793 5.2 6.3 17.5 -36.004

R M276545(2) 05/08/18 14:09:06 2 66.3 86.9 90.3 55.356 2791 5.3 6.5 17.5 -36.1

R M276545(2) 05/08/18 14:09:06 3 106.2 126.9 130 55.517 2799 5.3 6.4 17.4 -36.132

PE M276545(2) 05/08/18 14:09:06 4 237.2 247.9 266.7 0.554 34 4.9 6.0 16.5 -37.951
Identifier 1 Date Time Peak Nr Start Rt End Area All  Ampl 44 BGD 44 BGD 45 BGD 46 d13C/12C

R M276545(3) 05/08/18 14:57:29 1 26.3 47 50.6 49.588 2500 4.4 5.3 13.9 -36.088

R M276545(3) 05/08/18 14:57:29 2 66.3 86.9 90.3 49.826 2509 4.6 5.5 14.2 -36.1

R M276545(3) 05/08/18 14:57:29 3 106.2 126.7 130.2  49.995 2512 4.6 5.5 14.3 -36.033

PE M276545(3) 05/08/18 14:57:29 4 230.7 238.9 243.9  2.803 442 4.2 5.0 135 -31.716

PE M276545(3) 05/08/18 14:57:29 5 243.9 248.1 301.8 5.074 264 4.2 5.0 13.5 -32.388

S M276545(3) 05/08/18 14:57:29 6 527.7 534.8 578.1  2.023 83 5.3 6.3 15.2 -25.761

PE M276545(3) 05/08/18 14:57:29 7 827.6 836.8 842.3 3.174 450 5.0 6.0 14.4 -32.019

PE M276545(3) 05/08/18 14:57:29 8 842.3 845.6 898.1  3.892 204 5.0 6.0 14.4 -33.045

R M276545(3) 05/08/18 14:57:29 9 1180.8 1201.5 1204.9 55.534 2797 5.3 6.3 14.5 -35.916

R M276545(3) 05/08/18 14:57:29 10 1220.6 1241.3 1244.8 55.736 2803 5.3 6.4 14.7 -36.1

R M276545(3) 05/08/18 14:57:29 11 1260.5 1281.2  1284.5 56.021 2810 5.3 6.3 14.6 -36.144

Table A.2 (cont.) R = reference gas; PE = PE standard; S = sample. Date in MM/DD/YY format. Time is in Central European Standard Time (UTC +2). Peak Nr =
peak number. Start = peak start time (s). Rt = retention time (s). End = end peak time (s). Area all = peak area (Vs). Ampl 44 = peak amplitude. BGD 44, BGD 45,
BGD 46 = background gas levels. d13C/12C = d3C.
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Identifier 1 Date Time Peak Nr Start Rt End Area All  Ampl 44 BGD 44 BGD 45 BGD 46 d13C/12C
R M256031 05/08/18 15:45:15 1 26.5 47 50.6 54.419 2738 4.8 5.8 14.8 -36.024
R M256031 05/08/18 15:45:15 2 66.3 86.9 90.3 54.737 2751 4.9 5.9 14.9 -36.1
R M256031 05/08/18 15:45:15 3 106.2 126.9 130.2  54.737 2751 4.9 5.9 14.8 -36.149
PE M256031 05/08/18 15:45:15 4 224.7 241.2 303.5 9.246 364 4.5 5.5 14.1 -32.863
S  M256031 05/08/18 15:45:15 5 520.6 538.4 590.4  5.956 235 5.8 7.0 16.3 -26.39
PE M256031 05/08/18 15:45:15 6 822.6 838.3 896.8  6.875 273 6.1 7.3 15.6 -33.009
R M256031 05/08/18 15:45:15 7 1180.8 1201.5 1204.9 56.898 2864 5.7 6.9 14.8 -35.918
R M256031 05/08/18 15:45:15 8 1220.6 1241.3  1244.6 57.081 2863 5.8 6.9 14.9 -36.1
R M256031 05/08/18 15:45:15 9 1260.5 1281.2  1284.5 57.001 2867 5.7 6.9 14.9 -36.123
Identifier 1 Date Time Peak Nr Start Rt End Area All  Ampl 44 BGD 44 BGD 45 BGD 46 d13C/12C
R M270163 05/08/18 16:37:11 1 26.5 47 50.6 51.422 2595 4.1 5.0 12.0 -36.019
R M270163 05/08/18 16:37:11 2 66.3 86.9 90.3 51.791 2606 4.3 5.2 12.2 -36.1
R M270163 05/08/18 16:37:11 3 106.2 126.9 130.2 52.111 2633 4.3 5.2 12.2 -36.116
PE M270163 05/08/18 16:37:11 4 225.5 234.3 294.9  6.905 398 4.0 4.8 11.8 -32.732
S M270163 05/08/18 16:37:11 5 523.5 541.9 609.4  7.749 359 5.1 6.1 13.7 -30.783
PE M270163 05/08/18 16:37:11 6 825.1 833.3 899.3  9.029 490 5.6 6.7 13.9 -32.43
R M270163 05/08/18 16:37:11 7 1180.8 1201.5 1204.7 56.174 2823 5.2 6.3 13.2 -35.926
R M270163 05/08/18 16:37:11 8 1220.6 1241.3  1244.8 56.229 2831 5.4 6.4 13.4 -36.1
R M270163 05/08/18 16:37:11 9 1260.5 1281.2  1284.5 56.355 2837 5.3 6.4 13.4 -36.162
Identifier 1 Date Time Peak Nr Start Rt End Area All  Ampl 44 BGD 44 BGD 45 BGD 46 d13C/12C
R M276546 05/08/18 17:26:18 1 26.5 47.2 50.6 56.313 2837 5.0 6.1 15.8 -35.992
R M276546 05/08/18 17:26:18 2 66.3 86.9 90.3 56.28 2833 5.1 6.3 16.0 -36.1
R M276546 05/08/18 17:26:18 3 106.2 126.9 130.2 56.341 2832 5.0 6.2 15.8 -36.162
PE M276546 05/08/18 17:26:18 4 222.2 231.2 236.6  5.154 717 4.7 5.8 15.0 -32.235
PE M276546 05/08/18 17:26:18 5 236.8 240.4 296.6  0.215 54 290.2 335.5 411.1 12.387
S  M276546 05/08/18 17:26:18 6 523.8 541.1 597.9  8.246 387 5.8 7.0 16.2 -24.465
PE M276546 05/08/18 17:26:18 7 823.5 831.8 837 3.535 549 5.9 7.1 15.7 -32.551
PE M276546 05/08/18 17:26:18 8 837 840.2 895.4  5.481 290 5.9 7.1 15.7 -31.744
R M276546 05/08/18 17:26:18 9 1180.8 1201.5 1204.9 57.72 2901 5.6 6.7 14.7 -35.926
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Table A.2 (cont.) R = reference gas; PE = PE standard; S = sample. Date in MM/DD/YY format. Time is in Central European Standard Time (UTC +2). Peak Nr =
peak number. Start = peak start time (s). Rt = retention time (s). End = end peak time (s). Area all = peak area (Vs). Ampl 44 = peak amplitude. BGD 44, BGD 45,
BGD 46 = background gas levels. d13C/12C = d3C.
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R M276546 05/08/18 17:26:18 10 1220.8 1241.3  1244.6 57.724 2913 5.7 6.9 15.0 -36.1

R M276546 05/08/18 17:26:18 11 1260.5 1281.2  1284.7 57.987 2913 5.7 6.9 15.1 -36.145
Identifier 1 Date Time Peak Nr Start Rt End Area All Ampl 44 BGD 44 BGD 45 BGD 46 d13C/12C

R M263149 05/09/18 11:07:33 1 26.5 a7 50.6 51.075 2565 3.8 4.5 8.3 -35.947

R M263149 05/09/18 11:07:33 2 66.3 86.9 90.3 51.34 2597 3.9 4.6 8.4 -36.1

R M263149 05/09/18 11:07:33 3 106.2 126.9 130.2  51.527 2594 3.9 4.6 8.5 -36.178

PE M263149 05/09/18 11:07:33 4 224.9 234.1 239.7  4.503 598 3.5 4.2 7.9 -32.348

PE M263149 05/09/18 11:07:33 5 239.7 243.1 302.6 5.614 286 3.5 4.2 7.9 -32.617

S M263149 05/09/18 11:07:33 6 520.4 536.7 606.7  8.019 366 4.9 5.7 10.1 -28.894

PE M263149 05/09/18 11:07:33 7 821 828.1 892 7.422 358 5.2 6.1 10.2 -32.75

R M263149 05/09/18 11:07:33 8 1180.8 1201.5 1205.1 55.765 2808 4.8 5.7 9.6 -35.925

R M263149 05/09/18 11:07:33 9 1220.6 1241.5 1245 55.803 2806 5.1 6.0 10.0 -36.1

R M263149 05/09/18 11:07:33 10 1260.5 1281.2  1284.5 55.783 2805 4.9 5.8 9.8 -36.164
Identifier 1 Date Time Peak Nr Start Rt End Area All  Ampl 44 BGD 44 BGD 45 BGD 46 d13C/12C

R M270164 05/09/18 12:15:19 1 26.5 47 50.4 52.579 2651 4.8 5.8 14.0 -35.993

R M270164 05/09/18 12:15:19 2 66.3 86.9 90.3 52.741 2655 4.8 5.8 13.8 -36.1

R M270164 05/09/18 12:15:19 3 106.2 126.9 130.2  52.928 2665 4.8 5.8 13.8 -36.141

PE M270164 05/09/18 12:15:19 4 223.8 232.8 279.9  4.488 347 4.4 5.4 13.0 -32.66

S M270164 05/09/18 12:15:19 5 519.6 524.4 529.2  0.127 23 5.0 6.0 13.4 -28.345

S M270164 05/09/18 12:15:19 6 529.2 533.8 558 0.543 38 5.0 6.0 13.4 -30.323

PE M270164 05/09/18 12:15:19 7 823.5 832.4 880.9  5.547 414 4.5 5.4 12.2 -32.622

R M270164 05/09/18 12:15:19 8 1180.8 1201.5 1204.7 55.421 2785 4.9 5.8 12.5 -35.925

R M270164 05/09/18 12:15:19 9 1220.6 1241.3  1244.8 55.747 2794 5.0 5.9 12.6 -36.1

R M270164 05/09/18 12:15:19 10 1260.5 1281.2  1284.7 55.694 2802 4.9 5.9 12.6 -36.139
Identifier 1 Date Time Peak Nr Start Rt End Area All  Ampl 44 BGD 44 BGD 45 BGD 46 d13C/12C

R M270165 05/09/18 13:58:45 1 26.5 47 50.6 56.611 2854 3.5 4.2 9.7 -35.992

R M270165 05/09/18 13:58:45 2 66.3 86.9 90.5 56.796 2860 3.7 4.5 10.1 -36.1

R M270165 05/09/18 13:58:45 3 106.2 126.7 130 56.85 2859 3.8 4.6 10.2 -36.197

PE M270165 05/09/18 13:58:45 4 229.3 239.3 292.2  6.504 409 3.5 4.2 9.6 -33.008

S M270165 05/09/18 13:58:45 5 527.7 547.2 592.3  4.903 188 4.5 5.3 11.3 -30.457
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Table A.2 (cont.) R = reference gas; PE = PE standard; S = sample. Date in MM/DD/YY format. Time is in Central European Standard Time (UTC +2). Peak Nr =
peak number. Start = peak start time (s). Rt = retention time (s). End = end peak time (s). Area all = peak area (Vs). Ampl 44 = peak amplitude. BGD 44, BGD 45,
BGD 46 = background gas levels. d13C/12C = d3C.
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PE M270165 05/09/18 13:58:45 6 826.2 835.2 841.6  3.949 531 5.1 6.1 11.6 -32.548

PE M270165 05/09/18 13:58:45 7 841.6 843.7 891.2  3.332 173 5.1 6.1 11.6 -33.199

R  M270165 05/09/18 13:58:45 8 1180.8 1201.5 1204.9 56.76 2858 4.8 5.7 11.0 -35.928

R M270165 05/09/18 13:58:45 9 1220.6 1241.3  1244.6 56.844 2858 5.0 6.0 11.3 -36.1

R M270165 05/09/18 13:58:45 10 1260.5 1281.2  1284.5 56.856 2860 4.9 5.8 11.1 -36.14
Identifier 1 Date Time Peak Nr Start Rt End Area All  Ampl 44 BGD 44 BGD 45 BGD 46 d13C/12C

R M2560310 05/09/18 14:45:49 1 26.5 47 50.6 53.565 2694 4.7 5.6 12.7 -36.034

R M2560310 05/09/18 14:45:49 2 66.3 86.9 90.3 53.89 2707 4.8 5.8 12.9 -36.1

R M2560310 05/09/18 14:45:49 3 106.2 126.9 130.2  53.992 2708 4.7 5.6 12.7 -36.143

PE M2560310 05/09/18 14:45:49 4 227.8 236 241.2  2.687 447 4.4 5.3 12.0 -31.964

PE M2560310 05/09/18 14:45:49 5 241.2 244.3 296.4  3.944 225 4.4 5.3 12.0 -33.219

S  M2560310 05/09/18 14:45:49 6 521.5 540.3 623.4  16.221 654 5.3 6.4 13.5 -25.191

PE M2560310 05/09/18 14:45:49 7 831 840.2 897 6.392 371 9.0 10.6 17.9 -32.621

R M2560310 05/09/18 14:45:49 8 1180.8 1201.5 1204.9 56.269 2837 6.0 7.2 13.6 -35.936

R M2560310 05/09/18 14:45:49 9 1220.8 1241.3  1244.8 56.16 2829 6.2 7.4 13.8 -36.1

R M2560310 05/09/18 14:45:49 10 1260.5 1281.2  1284.5 56.232 2833 5.9 7.1 135 -36.141
Identifier 1 Date Time Peak Nr Start Rt End Area All  Ampl 44 BGD 44 BGD 45 BGD 46 d13C/12C

R M2631411 05/09/18 15:37:17 1 26.5 47.2 50.4 53.459 2702 5.2 6.3 14.5 -35.981

R M2631411 05/09/18 15:37:17 2 66.3 86.9 90.3 53.628 2698 5.2 6.3 14.5 -36.1

R M2631411 05/09/18 15:37:17 3 106.2 126.9 130.2  53.569 2695 5.3 6.4 14.5 -36.149

PE M2631411 05/09/18 15:37:17 4 225.7 233.9 270.4  1.907 111 5.0 6.0 13.8 -33.813

S M2631411 05/09/18 15:37:17 5 522.1 529.8 569.5 1.295 59 5.5 6.6 14.3 -28.89

PE M2631411 05/09/18 15:37:17 6 836 849.2 881.1  2.118 150 5.2 6.3 13.4 -33.831

R M2631411 05/09/18 15:37:17 7 1180.8 1201.3  1204.7 55.937 2808 5.4 6.5 13.3 -35.887

R M2631411 05/09/18 15:37:17 8 1220.6 1241.3  1244.8 55.725 2802 5.6 6.7 13.6 -36.1

R M2631411 05/09/18 15:37:17 9 1260.5 1281.2  1284.5 55.765 2810 5.6 6.7 13.6 -36.147
Identifier 1 Date Time Peak Nr Start Rt End Area All Ampl 44 BGD 44 BGD 45 BGD 46 d13C/12C

R M270169 05/09/18 17:45:37 1 26.5 47.2 50.4 54.804 2763 5.3 6.4 135 -35.979

R M270169 05/09/18 17:45:37 2 66.3 86.9 90.3 54.818 2750 5.5 6.7 13.9 -36.1

R M270169 05/09/18 17:45:37 3 106.2 126.9 130.2 54.894 2761 5.6 6.8 14.0 -36.143
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Table A.2 (cont.) R = reference gas; PE = PE standard; S = sample. Date in MM/DD/YY format. Time is in Central European Standard Time (UTC +2). Peak Nr =
peak number. Start = peak start time (s). Rt = retention time (s). End = end peak time (s). Area all = peak area (Vs). Ampl 44 = peak amplitude. BGD 44, BGD 45,
BGD 46 = background gas levels. d13C/12C = d3C.
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PE M270169 05/09/18 17:45:37 4 226.6 235.3 241.4  4.693 659 5.1 6.2 13.2 -32.369

PE M270169 05/09/18 17:45:37 5 241.4 243.9 298.7 5.9 311 5.1 6.2 13.2 -33.123

S M270169 05/09/18 17:45:37 6 521.9 539.2 613 12.088 466 6.5 7.8 15.8 -29.932

PE M270169 05/09/18 17:45:37 7 827 835.6 908.1 9.841 382 6.9 8.3 15.4 -32.52

R M270169 05/09/18 17:45:37 8 1180.8 1201.5 1205.3 56.068 2819 6.5 7.7 14.5 -35.924

R M270169 05/09/18 17:45:37 9 1220.6 1241.3  1244.8 56.035 2821 6.6 7.9 14.7 -36.1

R M270169 05/09/18 17:45:37 10 1260.5 1281.2  1284.5 56.041 2823 6.5 7.9 14.6 -36.169
Identifier 1 Date Time Peak Nr Start Rt End Area All  Ampl 44 BGD 44 BGD 45 BGD 46 d13C/12C

R M2765412 05/11/18 14:39:55 1 26.3 47 50.4 50.27 2533 4.8 5.7 14.2 -35.926

R M2765412 05/11/18 14:39:55 2 66.3 86.9 90.3 50.753 2559 4.9 5.9 14.4 -36.1

R M2765412 05/11/18 14:39:55 3 106 126.7 130 50.97 2565 5.0 6.0 14.6 -36.17

PE M2765412 05/11/18 14:39:55 4 229.9 238.7 298.9  6.435 328 4.9 5.9 14.3 -33.035

S M2765412 05/11/18 14:39:55 5 523.5 530.7 589.6  5.585 194 6.1 7.3 16.3 -24.607

PE M2765412 05/11/18 14:39:55 6 832.9 842.5 902 8.204 357 6.7 7.9 16.5 -32.664

R M2765412 05/11/18 14:39:55 7 1180.8 1201.3  1204.7 56.045 2822 6.8 8.2 16.5 -35.956

R M2765412 05/11/18 14:39:55 8 1220.6 1241.3  1244.8 56.155 2825 6.9 8.3 16.6 -36.1

R M2765412 05/11/18 14:39:55 9 1260.5 1281.2  1284.5 56.223 2830 6.8 8.1 16.5 -36.144
Identifier 1 Date Time Peak Nr Start Rt End Area All Ampl 44 BGD 44 BGD 45 BGD 46 d13C/12C

R M2560312 05/11/18 15:26:42 1 26.3 47 50.4 53.579 2699 5.6 6.7 15.2 -36.019

R M2560312 05/11/18 15:26:42 2 66.3 86.9 90.3 53.896 2723 5.7 6.9 15.4 -36.1

R M2560312 05/11/18 15:26:42 3 106 126.7 130 54.1 2721 5.6 6.7 15.3 -36.125

PE M2560312 05/11/18 15:26:42 4 223.4 233.5 293.2 7.324 406 5.4 6.5 14.8 -32.818

S  M2560312 05/11/18 15:26:42 5 516.9 534.4 580.8  6.849 283 6.6 7.9 16.9 -28.548

PE M2560312 05/11/18 15:26:42 6 814.9 822.8 876.3  6.276 374 7.3 8.6 16.8 -32.403

R M2560312 05/11/18 15:26:42 7 1180.8 1201.3  1204.7 56.607 2848 6.7 7.9 15.7 -35.944

R M2560312 05/11/18 15:26:42 8 1220.6 1241.3  1244.6 56.566 2850 6.7 8.0 15.9 -36.1

R M2560312 05/11/18 15:26:42 9 1260.5 1281.2  1284.5 56.633 2853 6.6 7.9 15.7 -36.15
Identifier 1 Date Time Peak Nr Start Rt End Area All Ampl 44 BGD 44 BGD 45 BGD 46 d13C/12C

R M2631414 05/11/18 16:27:42 1 26.3 47 50.6 56.111 2830 5.5 6.7 16.1 -35.987

R M2631414 05/11/18 16:27:42 2 66.3 86.9 90.3 56.281 2831 5.7 6.9 16.2 -36.1
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Table A.2 (cont.) R = reference gas; PE = PE standard; S = sample. Date in MM/DD/YY format. Time is in Central European Standard Time (UTC +2). Peak Nr =
peak number. Start = peak start time (s). Rt = retention time (s). End = end peak time (s). Area all = peak area (Vs). Ampl 44 = peak amplitude. BGD 44, BGD 45,
BGD 46 = background gas levels. d13C/12C = d3C.
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R M2631414 05/11/18 16:27:42 3 106 126.7 130 56.2 2830 5.6 6.8 16.1 -36.174

PE M2631414 05/11/18 16:27:42 4 226.1 236.4 283.8  7.897 610 5.3 6.4 15.4 -32.698

S M2631414 05/11/18 16:27:42 5 519.8 537.8 605.7  8.947 431 6.8 8.1 17.7 -28.286

PE M2631414 05/11/18 16:27:42 6 823.7 833.1 873.8  5.777 444 7.4 8.8 17.5 -32.267

R M2631414 05/11/18 16:27:42 7 1180.8 1201.5 1204.9 56.892 2872 6.8 8.1 16.3 -35.952

R M2631414 05/11/18 16:27:42 8 1220.6 1241.3  1244.8 56.954 2860 6.9 8.3 16.5 -36.1

R M2631414 05/11/18 16:27:42 9 1260.5 1281.2  1284.3 57.001 2867 6.8 8.1 16.3 -36.155
Identifier 1 Date Time Peak Nr Start Rt End Area All  Ampl 44 BGD 44 BGD 45 BGD 46 d13C/12C

R M2701612 05/14/18 10:01:59 1 26.3 47 51.2 61.272 3084 2.3 2.6 3.3 -35.935

R M2701612 05/14/18 10:01:59 2 66.3 86.9 90.9 61.191 3074 25 2.9 3.5 -36.1

R M2701612 05/14/18 10:01:59 3 106.2 126.9 130.8  61.237 3073 25 2.9 3.5 -36.185

PE M2701612 05/14/18 10:01:59 4 224.5 237.8 285.5 5.148 315 2.1 2.4 3.0 -32.977

S M2701612 05/14/18 10:01:59 5 516.6 532.5 564.3  1.673 87 3.9 4.5 5.6 -29.083

PE M2701612 05/14/18 10:01:59 6 820.1 832.9 876.1  4.612 280 3.5 4.0 4.9 -32.981

R M2701612 05/14/18 10:01:59 7 1180.8 1201.5 1205.7 61.539 3092 4.0 4.5 5.5 -35.936

R M2701612 05/14/18 10:01:59 8 1220.6 1241.3  1245.6 61.492 3089 4.2 4.9 5.9 -36.1

R M2701612 05/14/18 10:01:59 9 1260.5 1281.2  1285.1 61.238 3071 4.4 5.1 6.2 -36.19
Identifier 1 Date Time Peak Nr Start Rt End Area All Ampl 44 BGD 44 BGD 45 BGD 46 d13C/12C

R M2631413 05/14/18 10:50:49 1 26.3 47 50.8 57.612 2897 3.7 4.4 7.2 -36.002

R M2631413 05/14/18 10:50:49 2 66.3 86.9 90.7 57.636 2898 3.8 4.5 7.4 -36.1

R M2631413 05/14/18 10:50:49 3 106 126.7 130.4 57.731 2894 3.8 4.6 7.4 -36.16

PE M2631413 05/14/18 10:50:49 4 222.8 233 289 6.602 379 3.4 3.9 6.5 -32.718

S  M2631413 05/14/18 10:50:49 5 518.7 525.4 529.8  0.818 149 4.4 5.1 7.9 -24.763

S M2631413 05/14/18 10:50:49 6 529.8 534.8 587.5  3.955 219 4.4 5.1 7.9 -26.595

PE M2631413 05/14/18 10:50:49 7 821.6 831.4 883.7 4.712 206 4.3 5.0 7.5 -33.074

R M2631413 05/14/18 10:50:49 8 1180.8 1201.3  1205.1 58.693 2952 4.4 5.1 7.5 -35.973

R M2631413 05/14/18 10:50:49 9 1220.6 1241.3 1245 58.732 2958 4.5 5.3 7.8 -36.1

R M2631413 05/14/18 10:50:49 10 1260.5 1281.2  1284.9 58.788 2950 4.6 5.4 7.8 -36.197
Identifier 1 Date Time Peak Nr Start Rt End Area All  Ampl 44 BGD 44 BGD 45 BGD 46 d13C/12C

R M259271 05/14/18 11:38:08 1 26.3 47 50.8 55.968 2816 3.9 4.7 9.3 -36.02
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Table A.2 (cont.) R = reference gas; PE = PE standard; S = sample. Date in MM/DD/YY format. Time is in Central European Standard Time (UTC +2). Peak Nr =
peak number. Start = peak start time (s). Rt = retention time (s). End = end peak time (s). Area all = peak area (Vs). Ampl 44 = peak amplitude. BGD 44, BGD 45,
BGD 46 = background gas levels. d13C/12C = d3C.
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R M259271 05/14/18 11:38:08 2 66.3 86.9 90.5 56.129 2829 4.0 4.9 9.5 -36.1
R M259271 05/14/18 11:38:08 3 106.2 126.9 130.4  56.387 2839 4.0 4.8 9.4 -36.13
PE M259271 05/14/18 11:38:08 4 220.3 230.3 275.9 5.836 439 3.6 4.3 8.5 -32.818
S M259271 05/14/18 11:38:08 5 515.2 519.8 524.4  0.13 24 5.0 5.9 10.2 -24.206
S M259271 05/14/18 11:38:08 6 524.4 530.2 559.1 1.021 62 5.0 5.9 10.2 -27.673
PE M259271 05/14/18 11:38:08 7 819.3 831.4 871.3 3.841 314 4.4 5.2 9.0 -32.573
R M259271 05/14/18 11:38:08 8 1180.8 1201.3  1204.9 58.259 2931 5.0 5.9 9.6 -35.927
R M259271 05/14/18 11:38:08 9 1220.6 1241.3  1244.8 58.344 2931 5.1 6.1 9.8 -36.1
R M259271 05/14/18 11:38:08 10 1260.5 1281.2  1284.7 58.252 2938 5.1 6.1 9.8 -36.158
Identifier 1 Date Time Peak Nr Start Rt End Area All  Ampl 44 BGD 44 BGD 45 BGD 46 d13C/12C
R M259272 05/14/18 12:32:44 1 26.3 47 50.8 56.796 2863 4.0 4.8 9.8 -36.012
R M259272 05/14/18 12:32:44 2 66.3 86.9 90.5 56.861 2867 4.1 4.9 9.9 -36.1
R M259272 05/14/18 12:32:44 3 106 126.7 130.2  56.759 2854 4.1 4.9 9.8 -36.192
PE M259272 05/14/18 12:32:44 4 223.6 232 279 3.83 186 3.7 4.4 9.0 -33.205
S M259272 05/14/18 12:32:44 5 520.6 539.4 571.4 1.706 75 5.0 5.9 10.6 -26.906
PE M259272 05/14/18 12:32:44 6 819.3 832.2 873.2 3.911 216 4.8 5.7 10.1 -33.24
R M259272 05/14/18 12:32:44 7 1180.8 1201.3  1205.1 57.595 2900 5.0 6.0 10.1 -35.962
R M259272 05/14/18 12:32:44 8 1220.6 1241.3  1244.8 57.622 2899 5.3 6.3 10.6 -36.1
R M259272 05/14/18 12:32:44 9 1260.5 1281.2 12845 57.7 2897 5.2 6.2 10.4 -36.151
Identifier 1 Date Time Peak Nr Start Rt End Area All  Ampl 44 BGD 44 BGD 45 BGD 46 d13C/12C
R M259273 05/14/18 13:36:45 1 26.5 47 50.8 48.559 2452 3.1 3.8 7.5 -36.172
R M259273 05/14/18 13:36:45 2 66.3 86.9 90.5 48.953 2463 3.3 4.0 7.7 -36.1
R M259273 05/14/18 13:36:45 3 106.2 126.7 130.4  49.368 2489 34 4.1 7.8 -36.075
PE M259273 05/14/18 13:36:45 4 227.6 235.3 2934 5.181 263 3.1 3.7 7.4 -32.611
S M259273 05/14/18 13:36:145 5 523.1 539 573.1 1.613 78 4.2 5.0 9.2 -26.976
PE M259273 05/14/18 13:36:45 6 827.2 837.5 843.1 3.991 445 4.5 5.3 9.3 -32
PE M259273 05/14/18 13:36:45 7 843.1 845.4 898.7 4.179 218 4.5 5.3 9.3 -32.963
R M259273 05/14/18 13:36:45 8 1180.6 1201.3  1204.9 56.108 2835 4.8 5.6 9.5 -35.953
R M259273 05/14/18 13:36:45 9 1220.6 1241.3 1245 56.381 2833 4.9 5.9 9.9 -36.1
R M259273 05/14/18 13:36:45 10 1260.5 1281.2  1284.7 56.353 2841 4.8 5.7 9.7 -36.183
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Table A.2 (cont.) R = reference gas; PE = PE standard; S = sample. Date in MM/DD/YY format. Time is in Central European Standard Time (UTC +2). Peak Nr =
peak number. Start = peak start time (s). Rt = retention time (s). End = end peak time (s). Area all = peak area (Vs). Ampl 44 = peak amplitude. BGD 44, BGD 45,
BGD 46 = background gas levels. d13C/12C = d3C.
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Identifier 1 Date Time Peak Nr Start Rt End Area All  Ampl 44 BGD 44 BGD 45 BGD 46 d13C/12C
R M259277 05/14/18 15:15:38 1 26.3 47 50.6 50.669 2550 4.0 4.9 10.5 -35.975
R M259277 05/14/18 15:15:38 2 66.3 86.9 90.5 50.975 2578 4.1 5.0 10.7 -36.1
R M259277 05/14/18 15:15:38 3 106 126.7 130.2  51.403 2587 4.2 5.1 10.7 -36.099
PE M259277 05/14/18 15:15:38 4 219.9 228.9 285.5 8.192 554 3.8 4.7 10.1 -32.605
S M259277 05/14/18 15:15:38 5 520 537.8 606.5  10.566 493 5.1 6.1 12.3 -25.067
PE M259277 05/14/18 15:15:38 6 818.9 828.5 883.9 7.713 503 6.3 7.5 13.2 -32.632
R M259277 05/14/18 15:15:38 7 1180.8 1201.5 1204.9 56.353 2832 5.5 6.5 11.7 -35.979
R M259277 05/14/18 15:15:38 8 1220.6 1241.3  1244.8 56.426 2841 5.6 6.7 12.1 -36.1
R M259277 05/14/18 15:15:38 9 1260.5 1281.2  1284.7 56.569 2848 5.7 6.8 12.1 -36.166

Identifier 1 Date Time Peak Nr Start Rt End Area All  Ampl 44 BGD 44 BGD 45 BGD 46 d13C/12C
R M259279 05/14/18 16:17:17 1 26.5 47 50.6 52.538 2645 4.6 5.6 11.3 -36.023
R M259279 05/14/18 16:17:17 2 66.3 86.9 90.5 52.992 2675 4.8 5.8 11.4 -36.1
R M259279 05/14/18 16:17:17 3 106.2 126.7 130.2  53.218 2682 4.8 5.8 11.4 -36.129
PE M259279 05/14/18 16:17:17 4 213.6 224.3 230.9 6.071 697 4.3 5.2 10.5 -32.39
PE M259279 05/14/18 16:17:17 5 230.9 233.2 284 5.043 263 4.3 5.2 10.5 -32.854
S M259279 05/14/18 16:17:17 6 512.9 533 579.3  4.046 172 5.6 6.7 12.4 -26.189
PE M259279 05/14/18 16:17:17 7 813.6 822.4 828.3 4.251 589 5.4 6.5 11.6 -32.486
PE M259279 05/14/18 16:17:17 8 828.3 831.4 885.3 5.074 253 5.4 6.5 11.6 -32.684
R M259279 05/14/18 16:17:17 9 1180.8 1201.5 1204.9 56.597 2855 54 6.4 11.2 -35.916
R M259279 05/14/18 16:17:17 10 1220.6 1241.3 1244.8 56.714 2851 5.5 6.6 11.4 -36.1
R M259279 05/14/18 16:17:17 11 1260.5 1281.2  1284.5 56.721 2850 5.4 6.4 11.2 -36.166

Identifier 1 Date Time Peak Nr Start Rt End Area All Ampl 44 BGD 44 BGD 45 BGD 46 d13C/12C
R M2592711(2) 05/15/18 10:28:12 1 26.3 47 50.6 52.577 2648 3.0 3.6 5.7 -35.993
R M2592711(2) 05/15/18 10:28:12 2 66.3 86.9 90.5 52.84 2667 3.1 3.7 5.8 -36.1
R M2592711(2) 05/15/18 10:28:12 3 106 126.7 130.2  53.105 2677 3.1 3.8 5.8 -36.161
PE M2592711(2) 05/15/18 10:28:12 4 223 233.2 273.4  4.188 355 2.8 3.3 5.2 -32.549
S M2592711(2) 05/15/18 10:28:12 5 519.4 536.7 587.3  4.623 205 3.4 4.0 6.2 -25.357
PE M2592711(2) 05/15/18 10:28:12 6 821.4 829.9 870.7  3.967 317 3.9 4.6 6.5 -32.363
R M2592711(2) 05/15/18 10:28:12 7 1180.8 1201.3 1204.9 58.236 2936 3.7 4.3 6.0 -35.955
R M2592711(2) 05/15/18 10:28:12 8 1220.6 1241.3  1244.8 58.278 2936 3.8 4.5 6.3 -36.1
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Table A.2 (cont.) R = reference gas; PE = PE standard; S = sample. Date in MM/DD/YY format. Time is in Central European Standard Time (UTC +2). Peak Nr =
peak number. Start = peak start time (s). Rt = retention time (s). End = end peak time (s). Area all = peak area (Vs). Ampl 44 = peak amplitude. BGD 44, BGD 45,
BGD 46 = background gas levels. d13C/12C = d3C.
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R M2592711(2) 05/15/18 10:28:12 9 1260.5 1281 1284.7 58.386 2935 3.9 4.5 6.4 -36.123
Identifier 1 Date Time Peak Nr Start Rt End Area All  Ampl 44 BGD 44 BGD 45 BGD 46 d13C/12C

R M26709 05/15/18 11:17:35 1 26.3 47 50.6 56.027 2833 4.2 5.0 9.2 -36.027

R M26709 05/15/18 11:17:35 2 66.3 86.9 90.5 56.234 2825 4.2 5.0 9.2 -36.1

R M26709 05/15/18 11:17:35 3 106 126.7 130.2  56.361 2830 4.2 5.1 9.1 -36.159

PE M26709 05/15/18 11:17:35 4 224.5 234.7 274.6  2.312 124 3.8 4.5 8.4 -33.321

S M26709 05/15/18 11:17:35 5 517.5 534.2 580 3.452 182 4.4 5.3 9.3 -31.57

PE M26709 05/15/18 11:17:35 6 819.3 832 873.6  2.523 138 4.5 5.4 8.9 -34.017

R M26709 05/15/18 11:17:35 7 1180.6 1201.3  1204.9 58.117 2914 4.4 5.2 8.5 -35.956

R M26709 05/15/18 11:17:35 8 1220.6 1241.3  1244.8 58.028 2924 4.6 5.4 8.8 -36.1

R M26709 05/15/18 11:17:35 9 1260.3 1279.5 1284.5 58.265 2926 4.6 5.5 8.9 -36.178
Identifier 1 Date Time Peak Nr Start Rt End Area All  Ampl 44 BGD 44 BGD 45 BGD 46 d13C/12C

R M267011 05/15/18 11:59:53 1 26.3 a7 50.6 54.919 2759 4.3 5.1 8.5 -36.073

R M267011 05/15/18 11:59:53 2 66.3 86.9 90.5 55.07 2772 4.4 5.2 8.6 -36.1

R M267011 05/15/18 11:59:53 3 106 126.7 130.2  55.348 2779 4.4 5.3 8.7 -36.117

PE M267011 05/15/18 11:59:53 4 217.6 227 279.4  7.134 583 4.0 4.8 8.1 -32.355

S M267011 05/15/18 11:59:53 5 533.2 539.4 543.8  0.479 90 4.6 5.4 9.0 -28.31

S M267011 05/15/18 11:59:53 6 543.8 549.3 594.4  3.23 183 4.6 5.4 9.0 -29.846

PE M267011 05/15/18 11:59:53 7 816.1 824.7 831.8 3.228 393 4.9 5.7 9.1 -32.376

PE M267011 05/15/18 11:59:53 8 831.8 832.9 876.1 2.221 134 4.9 5.7 9.1 -34.05

R M267011 05/15/18 11:59:53 9 1180.8 1201.3  1204.9 58.043 2918 4.5 5.3 8.5 -35.937

R M267011 05/15/18 11:59:53 10 1220.6 1241.3  1244.8 58.029 2919 4.6 5.5 8.7 -36.1

R M267011 05/15/18 11:59:53 11 1260.5 1281.2  1284.5 58.106 2918 4.7 5.5 8.8 -36.167
Identifier 1 Date Time Peak Nr Start Rt End Area All  Ampl 44 BGD 44 BGD 45 BGD 46 d13C/12C

R M267012 05/15/18 13:27:15 1 26.3 47 50.6 56.798 2858 4.1 5.0 9.9 -36.003

R M267012 05/15/18 13:27:15 2 66.3 86.9 90.5 56.817 2855 4.2 5.1 9.9 -36.1

R M267012 05/15/18 13:27:15 3 106 126.7 130.2  56.898 2863 4.3 5.2 10.0 -36.152

PE M267012 05/15/18 13:27:15 4 218.4 227.6 235.3 474 538 3.9 4.7 9.2 -32.22

PE M267012 05/15/18 13:27:15 5 235.3 237 283.8  3.038 177 3.9 4.7 9.2 -33.237

S M267012 05/15/18 13:27:15 6 512.5 517.1 522.3 0.214 39 5.0 5.9 10.7 -28.216
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Table A.2 (cont.) R = reference gas; PE = PE standard; S = sample. Date in MM/DD/YY format. Time is in Central European Standard Time (UTC +2). Peak Nr =
peak number. Start = peak start time (s). Rt = retention time (s). End = end peak time (s). Area all = peak area (Vs). Ampl 44 = peak amplitude. BGD 44, BGD 45,
BGD 46 = background gas levels. d13C/12C = d3C.
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S M267012 05/15/18 13:27:15 7 522.3 527.7 556.6 1.19 78 5.0 5.9 10.7 -29.518
PE M267012 05/15/18 13:27:15 8 819.3 827.4 833.9 3.32 471 4.5 5.4 9.6 -32.213
PE M267012 05/15/18 13:27:15 9 833.9 836.2 877.8 2.394 141 4.5 5.4 9.6 -32.924
R M267012 05/15/18 13:27:15 10 1180.8 1201.3  1204.9 58.207 2937 4.5 5.3 9.4 -35.952
R M267012 05/15/18 13:27:15 11 1220.6 1241.3  1244.6 58.185 2931 4.8 5.7 9.8 -36.1
R M267012 05/15/18 13:27:15 12 1260.5 1281.2  1284.7 58.189 2923 4.8 5.7 9.8 -36.162
Identifier 1 Date Time Peak Nr Start Rt End Area All  Ampl 44 BGD 44 BGD 45 BGD 46 d13C/12C
R M267013 05/15/18 15:18:09 1 26.3 47 50.6 52.439 2641 4.3 5.2 10.7 -36.004
R M267013 05/15/18 15:18:09 2 66.3 86.9 90.5 52.663 2657 4.4 5.4 10.8 -36.1
R M267013 05/15/18 15:18:09 3 106.2 126.7 130.2  53.094 2675 4.4 5.4 10.8 -36.17
PE M267013 05/15/18 15:18:09 4 219.4 228.4 278 6.02 460 4.1 5.0 10.1 -32.545
S M267013 05/15/18 15:18:09 5 520 534.2 568.9 1.73 93 4.8 5.8 10.9 -27.602
PE M267013 05/15/18 15:18:09 6 819.7 828.9 835.6  3.591 507 4.6 5.6 10.2 -32.43
PE M267013 05/15/18 15:18:09 7 835.6 837.5 873.2 2.134 138 4.6 5.6 10.2 -32.594
R M267013 05/15/18 15:18:09 8 1180.8 1201.5 1205.1 57.345 2889 4.6 5.6 10.0 -35.942
R M267013 05/15/18 15:18:09 9 1220.6 1241.3  1244.6 57.499 2902 4.9 5.9 10.4 -36.1
R M267013 05/15/18 15:18:09 10 1260.5 1281.2 1284.5 57.661 2897 5.0 6.0 10.6 -36.16
Identifier 1 Date Time Peak Nr Start Rt End Area All  Ampl 44 BGD 44 BGD 45 BGD 46 d13C/12C
R M267015 05/15/18 16:13:30 1 26.3 47 50.6 56.836 2849 4.6 5.6 11.2 -36.019
R M267015 05/15/18 16:13:30 2 66.3 86.9 90.3 56.772 2860 4.8 5.9 11.5 -36.1
R M267015 05/15/18 16:13:30 3 106.2 126.7 130.4  56.907 2862 4.8 5.8 11.4 -36.183
PE M267015 05/15/18 16:13:30 4 220.7 229.5 269.4  6.523 557 4.3 5.2 10.5 -32.605
S M267015 05/15/18 16:13:30 5 521 538 582.1  3.086 138 5.1 6.1 11.5 -30.346
PE M267015 05/15/18 16:13:30 6 820.1 831.2 878.6  6.549 464 5.1 6.2 111 -32.46
R M267015 05/15/18 16:13:30 7 1180.8 1201.5 1205.1 58.209 2937 5.1 6.1 10.9 -35.943
R M267015 05/15/18 16:13:30 8 1220.6 1241.3  1244.8 58.325 2934 5.3 6.3 11.2 -36.1
R M267015 05/15/18 16:13:30 9 1260.5 1281.2  1284.5 58.451 2939 5.2 6.2 11.0 -36.13
Identifier 1 Date Time Peak Nr Start Rt End Area All Ampl 44 BGD 44 BGD 45 BGD 46 d13C/12C
R M26707 05/15/18 17:02:56 1 26.3 47 50.4 56.972 2872 4.5 5.5 11.6 -35.99
R M26707 05/15/18 17:02:56 2 66.3 86.9 90.5 57.124 2872 4.8 5.8 11.8 -36.1
R M26707 05/15/18 17:02:56 3 106 126.7 130.2  57.051 2869 4.7 5.7 11.7 -36.13
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Table A.2 (cont.) R = reference gas; PE = PE standard; S = sample. Date in MM/DD/YY format. Time is in Central European Standard Time (UTC +2). Peak Nr =
peak number. Start = peak start time (s). Rt = retention time (s). End = end peak time (s). Area all = peak area (Vs). Ampl 44 = peak amplitude. BGD 44, BGD 45,
BGD 46 = background gas levels. d13C/12C = d3C.
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PE M26707 05/15/18 17:02:56 4 225.3 232.6 241.8  3.939 515 4.3 5.2 10.9 -32.184
PE M26707 05/15/18 17:02:56 5 241.8 242.4 282.4 1.84 118 4.3 5.2 10.9 -33.214
S  M26707 05/15/18 17:02:56 6 529.6 547.6 584.6  2.808 131 5.1 6.1 11.8 -29.738
PE M26707 05/15/18 17:02:56 7 825.1 835 842.3  4.776 519 5.1 6.2 11.3 -32.366
PE M26707 05/15/18 17:02:56 8 842.3 844.8 891.4  3.672 186 5.1 6.2 11.3 -32.308
R M26707 05/15/18 17:02:56 9 1180.8 1201.5 1204.9 58.263 2938 5.3 6.4 11.4 -35.967
R M26707 05/15/18 17:02:56 10 1220.6 1241.3  1244.8 58.234 2937 5.4 6.4 11.4 -36.1

R M26707 05/15/18 17:02:56 11 1260.5 1281.2  1284.5 58.524 2944 5.3 6.4 11.4 -36.159

Identifier 1 Date Time Peak Nr Start Rt End Area All Ampl 44 BGD 44 BGD 45 BGD 46 d13C/12C

R M26704 05/16/18 10:17:23 1 26.3 47 50.8 54.313 2736 2.9 3.4 5.6 -35.985
R M26704 05/16/18 10:17:23 2 66.3 86.9 90.5 54.568 2755 3.0 3.5 5.7 -36.1

R M26704 05/16/18 10:17:23 3 106 126.7 130.4 54.792 2756 3.1 3.6 5.8 -36.192
PE M26704 05/16/18 10:17:23 4 220.5 227.4 232 4.118 812 2.7 3.2 5.2 -32.275
PE M26704 05/16/18 10:17:23 5 232 237.4 327.3 14.706 610 2.7 3.2 5.2 -33.353
S M26704 05/16/18 10:17:23 6 513.7 531.3 575 3.142 134 6.0 7.0 9.9 -30.912
PE M26704 05/16/18 10:17:23 7 814.1 821.4 826.4 4.431 773 5.3 6.1 8.5 -32.444
PE M26704 05/16/18 10:17:23 8 826.4 831 914 10.727 448 5.3 6.1 8.5 -32.95
R M26704 05/16/18 10:17:23 9 1180.8 1201.5 1205.1 58.185 2928 5.5 6.4 8.9 -35.944
R M26704 05/16/18 10:17:23 10 1220.6 1241.3  1244.8 58.374 2941 5.6 6.5 9.0 -36.1

R M26704 05/16/18 10:17:23 11 1260.5 1281.2  1284.7 58.407 2934 5.4 6.3 8.8 -36.154

Identifier 1 Date Time Peak Nr Start Rt End Area All  Ampl 44 BGD 44 BGD 45 BGD 46 d13C/12C

R M272921 05/16/18 11:08:55 1 26.3 47 50.6 56.898 2855 3.8 4.6 8.9 -35.994
R M272921 05/16/18 11:08:55 2 66.3 86.9 90.5 56.767 2852 4.0 4.8 9.1 -36.1

R M272921 05/16/18 11:08:55 3 106 126.7 130.2 56.764 2859 4.0 4.8 8.9 -36.16
PE M272921 05/16/18 11:08:55 4 225.3 241.2 303.7 10.554 420 3.6 4.2 8.2 -32.986
S M272921 05/16/18 11:08:55 5 521.2 540.1 618.6  10.841 492 5.9 7.0 11.4 -26.257
PE M272921 05/16/18 11:08:55 6 824.5 841 903.1 6.615 259 7.7 9.0 13.6 -33.61
R M272921 05/16/18 11:08:55 7 1180.8 1201.5 1205.1 58.022 2918 6.4 7.5 11.5 -35.933
R M272921 05/16/18 11:08:55 8 1220.6 1241.3  1244.8 58.159 2925 6.4 7.5 11.5 -36.1

R M272921 05/16/18 11:08:55 9 1260.5 1281.2  1284.7 58.187 2927 6.2 7.3 11.2 -36.13
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Table A.2 (cont.) R = reference gas; PE = PE standard; S = sample. Date in MM/DD/YY format. Time is in Central European Standard Time (UTC +2). Peak Nr =
peak number. Start = peak start time (s). Rt = retention time (s). End = end peak time (s). Area all = peak area (Vs). Ampl 44 = peak amplitude. BGD 44, BGD 45,
BGD 46 = background gas levels. d13C/12C = d3C.
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Identifier 1 Date Time Peak Nr Start Rt End Area All  Ampl 44 BGD 44 BGD 45 BGD 46 d13C/12C
R M272923 05/16/18 11:57:06 1 26.3 47 50.6 54.257 2734 4.2 5.1 10.4 -36.044
R M272923 05/16/18 11:57:06 2 66.3 86.9 90.5 54.588 2760 4.3 5.1 10.5 -36.1
R M272923 05/16/18 11:57:06 3 106 126.7 130.4 54.9 2762 4.4 5.3 10.5 -36.137
PE M272923 05/16/18 11:57:06 4 220.5 229.7 235.1  4.643 733 4.0 4.8 9.7 -32.258
PE M272923 05/16/18 11:57:06 5 235.1 237.8 296.4  6.214 332 4.0 4.8 9.7 -32.927
S  M272923 05/16/18 11:57:06 6 516.9 523.3 527.9  0.667 112 6.1 7.3 12.8 -26.012
S  M272923 05/16/18 11:57:06 7 527.9 533 578.5 3.321 190 6.1 7.3 12.8 -26.757
PE M272923 05/16/18 11:57:06 8 820.3 829.5 836.6 7.63 1025 5.7 6.8 11.5 -32.138
PE M272923 05/16/18 11:57:06 9 836.6 838.7 894.9  4.945 245 5.7 6.8 11.5 -32.549
R M272923 05/16/18 11:57:06 10 1180.8 1201.3  1205.1 57.914 2911 6.3 7.5 12.2 -35.934
R M272923 05/16/18 11:57:06 11 1220.6 1241.3  1244.8 58.085 2926 6.4 7.6 12.2 -36.1
R M272923 05/16/18 11:57:06 12 1260.5 1281.2  1284.7 58.191 2926 6.2 7.4 12.0 -36.15
Identifier 1 Date Time Peak Nr Start Rt End Area All Ampl 44 BGD 44 BGD 45 BGD 46 d13C/12C
R M272924 05/16/18 13:31:43 1 26.3 47 50.6 57.37 2891 4.1 5.0 10.4 -36.016
R M272924 05/16/18 13:31:43 2 66.3 86.9 90.5 57.409 2886 4.4 5.3 10.7 -36.1
R M272924 05/16/18 13:31:43 3 106 125.4 130.2  57.323 2887 4.4 5.3 10.7 -36.155
PE M272924 05/16/18 13:31:43 4 226.8 234.9 243.1  7.933 1086 3.9 4.8 9.8 -32.294
PE M272924 05/16/18 13:31:43 5 243.1 244.5 297 4.152 214 3.9 4.8 9.8 -33.068
S M272924 05/16/18 13:31:43 6 526.1 542.8 588.8 3.624 164 6.2 7.4 13.1 -25.647
PE M272924 05/16/18 13:31:43 7 829.3 837.7 845 7.571 1063 5.9 7.1 12.1 -32.091
PE M272924 05/16/18 13:31:43 8 845 847.5 905.8  4.595 222 5.9 7.1 12.1 -32.167
R M272924 05/16/18 13:31:43 9 1180.8 1201.3  1204.9 58.109 2923 6.3 7.4 12.3 -35.962
R M272924 05/16/18 13:31:43 10 1220.6 1241.3  1244.8 58.116 2926 6.3 7.5 12.4 -36.1
R M272924 05/16/18 13:31:43 11 1260.5 1279.5 1284.5 58.339 2926 6.1 7.2 12.1 -36.155
M272924 05/16/18 13:31:43 12 3531.7 3532.7 3537.1 0.091 26 1.3 1.4 2.0 60541.4
Identifier 1 Date Time Peak Nr Start Rt End Area All  Ampl 44 BGD 44 BGD 45 BGD 46 d13C/12C
R M272925 05/16/18 15:09:48 1 26.3 47 50.6 53.596 2699 4.2 5.1 11.0 -35.976
R M272925 05/16/18 15:09:48 2 66.3 86.9 90.3 53.919 2722 4.3 5.2 11.1 -36.1
R M272925 05/16/18 15:09:48 3 106 126.7 130.2 53.974 2722 4.3 5.3 11.1 -36.142
PE M272925 05/16/18 15:09:48 4 222.4 231.4 237.4  8.496 1145 4.0 4.8 10.3 -32.343
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Table A.2 (cont.) R = reference gas; PE = PE standard; S = sample. Date in MM/DD/YY format. Time is in Central European Standard Time (UTC +2). Peak Nr =
peak number. Start = peak start time (s). Rt = retention time (s). End = end peak time (s). Area all = peak area (Vs). Ampl 44 = peak amplitude. BGD 44, BGD 45,
BGD 46 = background gas levels. d13C/12C = d3C.
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PE M272925 05/16/18 15:09:48 5 237.4 239.9 307 11.013 518 4.0 4.8 10.3 -33.093

S M272925 05/16/18 15:09:48 6 520.6 539.2 587.3  4.723 193 6.9 8.2 14.7 -27.765

PE M272925 05/16/18 15:09:48 7 820.1 828.9 834.7  8.588 1265 6.4 7.6 13.1 -32.252

PE M272925 05/16/18 15:09:48 8 834.7 837.7 921.5 11.845 507 6.4 7.6 13.1 -32.358

R M272925 05/16/18 15:09:48 9 1180.8 1201.5 1204.9 57.676 2903 7.0 8.3 13.7 -35.937

R M272925 05/16/18 15:09:48 10 1220.6 1241.3  1244.8 57.728 2911 6.9 8.2 13.6 -36.1

R M272925 05/16/18 15:09:48 11 1260.5 1281.2  1284.7 57.808 2913 6.6 7.9 13.2 -36.154
Identifier 1 Date Time Peak Nr Start Rt End Area All  Ampl 44 BGD 44 BGD 45 BGD 46 d13C/12C

R M272927 05/16/18 15:43:28 1 26.3 47 50.6 54.635 2753 4.7 5.7 11.9 -36.037

R M272927 05/16/18 15:43:28 2 66.3 86.9 90.3 55.005 2773 4.7 5.7 11.8 -36.1

R M272927 05/16/18 15:43:28 3 106 126.7 130.2  55.177 2775 4.7 5.7 11.8 -36.115

PE M272927 05/16/18 15:43:28 4 214.9 226.8 294.7  11.649 499 4.4 5.3 11.1 -32.788
Identifier 1 Date Time Peak Nr Start Rt End Area All Ampl 44 BGD 44 BGD 45 BGD 46 d13C/12C

R M272928 05/16/18 17:22:08 1 26.3 47 50.6 54.021 2720 4.6 5.7 14.1 -35.958

R M272928 05/16/18 17:22:08 2 66.3 86.9 90.3 54.217 2738 4.8 5.9 14.1 -36.1

R M272928 05/16/18 17:22:08 3 106 126.7 130 54.605 2751 4.7 5.9 14.0 -36.153

PE M272928 05/16/18 17:22:08 4 226.8 238.5 264.8 0.918 46 4.3 5.3 13.1 -36.077

S  M272928 05/16/18 17:22:08 5 534.4 543.6 611.1  11.201 493 5.1 6.2 15.0 -25.418

PE M272928 05/16/18 17:22:08 6 830.1 847.9 878.8  1.308 52 6.1 7.3 14.3 -34.786
Identifier 1 Date Time Peak Nr Start Rt End Area All  Ampl 44 BGD 44 BGD 45 BGD 46 d13C/12C

R M272928(1) 05/17/18 10:09:04 1 26.3 47 50.6 55.938 2812 2.4 2.9 8.1 -35.953

R M272928(1) 05/17/18 10:09:04 2 66.3 86.9 90.5 56.178 2832 2.6 3.0 8.2 -36.1

R M272928(1) 05/17/18 10:09:04 3 106 126.7 130.4  56.301 2838 2.6 3.0 8.0 -36.204
Identifier 1 Date Time Peak Nr Start Rt End Area All  Ampl 44 BGD 44 BGD 45 BGD 46 d13C/12C

R M272928(2) 05/17/18 11:06:19 1 26.3 47 50.6 56.608 2847 3.9 4.6 10.3 -36.048

R M272928(2) 05/17/18 11:06:19 2 66.3 86.9 90.5 56.73 2858 4.0 4.8 10.5 -36.1

R M272928(2) 05/17/18 11:06:19 3 106 126.7 130 56.89 2864 4.1 4.9 10.5 -36.183

PE M272928(2) 05/17/18 11:06:19 4 228.2 240.1 283.4  5.352 378 3.8 4.5 10.0 -32.624

S M272928(2) 05/17/18 11:06:19 5 524 541.9 609.7 12.184 495 4.7 5.5 11.4 -26.014

PE M272928(2) 05/17/18 11:06:19 6 827 840 8749  2.185 103 6.4 7.5 13.1 -34.381
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Table A.2 (cont.) R = reference gas; PE = PE standard; S = sample. Date in MM/DD/YY format. Time is in Central European Standard Time (UTC +2). Peak Nr =
peak number. Start = peak start time (s). Rt = retention time (s). End = end peak time (s). Area all = peak area (Vs). Ampl 44 = peak amplitude. BGD 44, BGD 45,
BGD 46 = background gas levels. d13C/12C = d3C.
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R M272928(2) 05/17/18 11:06:19 7 1180.6 1201.3 1204.9 58.48 2949 5.0 5.9 10.9 -35.945

R M272928(2) 05/17/18 11:06:19 8 1220.6 1241.3 1244.6 58.505 2940 5.3 6.3 11.4 -36.1

R M272928(2) 05/17/18 11:06:19 9 1260.3 1281 1284.5 58.518 2943 5.2 6.1 11.2 -36.157
Identifier 1 Date Time Peak Nr Start Rt End Area All Ampl 44 BGD 44 BGD 45 BGD 46 d13C/12C

R M2729210 05/17/18 11:54:27 1 26.3 47 50.8 55.224 2777 4.3 5.2 12.7 -36.036

R M2729210 05/17/18 11:54:27 2 66.3 86.9 90.3 55.528 2794 4.6 5.5 13.0 -36.1

R M2729210 05/17/18 11:54:27 3 106 126.7 130.2  55.828 2809 4.6 5.5 12.9 -36.145

PE M2729210 05/17/18 11:54:27 4 224.7 232.8 285.1  7.065 466 4.1 4.9 11.9 -32.559

S M2729210 05/17/18 11:54:27 5 527.3 545.3 589 3.642 152 5.3 6.3 13.6 -26.491

PE M2729210 05/17/18 11:54:27 6 826.2 837.3 875.7  3.458 215 5.5 6.5 131 -32.663

R M2729210 05/17/18 11:54:27 7 1180.6 1201.3 1204.9 57.984 2916 5.5 6.5 12.7 -35.943

R M2729210 05/17/18 11:54:27 8 1220.6 1241.3  1244.6 57.833 2907 5.6 6.6 12.9 -36.1

R M2729210 05/17/18 11:54:27 9 1260.5 1281.2  1284.5 57.996 2917 5.6 6.7 12.9 -36.166
Identifier 1 Date Time Peak Nr Start Rt End Area All  Ampl 44 BGD 44 BGD 45 BGD 46 d13C/12C

R M264181 05/17/18 12:47:19 1 26.3 47 50.6 54.571 2742 3.0 3.6 9.4 -36.009

R M264181 05/17/18 12:47:19 2 66.3 86.9 90.3 54.89 2756 3.1 3.8 9.7 -36.1

R M264181 05/17/18 12:47:19 3 106 126.7 130.2 55.2 2777 3.2 3.8 9.7 -36.135

PE M264181 05/17/18 12:47:19 4 235.3 246.8 274.4  1.917 146 3.0 3.6 9.3 -32.303

S M264181 05/17/18 12:47:19 5 528.1 542.8 5835 3.211 195 3.2 3.8 9.9 -27.141

PE M264181 05/17/18 12:47:19 6 829.1 838.1 870.5 2.394 216 3.6 4.3 9.7 -32.576

R M264181 05/17/18 12:47:19 7 1180.6 1201.3  1204.7 58.211 2938 3.5 4.2 9.4 -35.962

R M264181 05/17/18 12:47:19 8 1220.6 1241.3  1244.6 58.19 2927 3.7 4.4 9.7 -36.1

R M264181 05/17/18 12:47:19 9 1260.3 1281 1284.7 58.342 2935 3.8 4.6 9.9 -36.177
Identifier 1 Date Time Peak Nr Start Rt End Area All  Ampl 44 BGD 44 BGD 45 BGD 46 d13C/12C

R M264184 05/17/18 14:16:48 1 26.3 47 50.4 54.176 2727 3.2 3.9 9.8 -36.025

R M264184 05/17/18 14:16:48 2 66.3 86.9 90.5 54.407 2745 3.3 4.0 9.9 -36.1

R M264184 05/17/18 14:16:48 3 106 126.7 130.2 54.744 2758 3.4 4.1 10.1 -36.173

PE M264184 05/17/18 14:16:48 4 228.6 239.5 277.6  3.077 258 3.1 3.7 9.4 -33.253

S M264184 05/17/18 14:16:48 5 520 539.4 609.2  13.881 526 4.1 4.8 11.5 -26.47

PE M264184 05/17/18 14:16:48 6 824.5 832.7 875.1  3.459 229 6.1 7.2 13.2 -32.897
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Table A.2 (cont.) R = reference gas; PE = PE standard; S = sample. Date in MM/DD/YY format. Time is in Central European Standard Time (UTC +2). Peak Nr =
peak number. Start = peak start time (s). Rt = retention time (s). End = end peak time (s). Area all = peak area (Vs). Ampl 44 = peak amplitude. BGD 44, BGD 45,
BGD 46 = background gas levels. d13C/12C = d3C.
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R M264184 05/17/18 14:16:48 7 1180.8 1201.3 1204.9 57.824 2906 5.0 5.8 11.3 -35.95

R M264184 05/17/18 14:16:48 8 1220.6 1241.3 1244.8 57.986 2920 5.1 6.0 11.5 -36.1

R M264184 05/17/18 14:16:48 9 1260.5 1281.2  1284.5 57.926 2901 5.1 6.1 11.6 -36.173
Identifier 1 Date Time Peak Nr Start Rt End Area All Ampl 44 BGD 44 BGD 45 BGD 46 d13C/12C

R M264185 05/17/18 15:29:52 1 26.3 47 50.4 48.687 2455 3.2 3.9 8.8 -36.096

R M264185 05/17/18 15:29:52 2 66.3 86.7 90.3 48.907 2466 3.4 4.1 9.1 -36.1

R M264185 05/17/18 15:29:52 3 106 126.7 130 49.374 2492 3.3 4.0 9.0 -36.091

PE M264185 05/17/18 15:29:52 4 229.3 238.1 267.9  1.947 185 3.2 3.8 8.6 -32.694

S M264185 05/17/18 15:29:52 5 523.1 542.6 593.4  7.016 311 4.0 4.8 10.7 -26.269

PE M264185 05/17/18 15:29:52 6 827.2 835.4 886.6  4.383 319 5.1 6.0 11.4 -32.367

R M264185 05/17/18 15:29:52 7 1180.6 1201.3 1204.9 56.843 2874 5.1 6.1 11.4 -35.923

R M264185 05/17/18 15:29:52 8 1220.6 1241.3  1244.6 57.091 2867 5.1 6.1 11.5 -36.1

R M264185 05/17/18 15:29:52 9 1260.3 1281 1284.5 57.174 2871 5.3 6.3 11.7 -36.167
Identifier 1 Date Time Peak Nr Start Rt End Area All  Ampl 44 BGD 44 BGD 45 BGD 46 d13C/12C

R M264187 05/17/18 16:06:04 1 26.3 47 50.4 56.092 2821 4.8 5.9 13.4 -36.045

R M264187 05/17/18 16:06:04 2 66.3 86.9 90.3 56.221 2838 4.9 5.9 13.4 -36.1

R M264187 05/17/18 16:06:04 3 106 126.7 130.4  56.363 2838 5.0 6.0 13.5 -36.163

PE M264187 05/17/18 16:06:04 4 234.7 247.5 270 0.736 35 4.6 5.5 12.8 -36.438
Identifier 1 Date Time Peak Nr Start Rt End Area All  Ampl 44 BGD 44 BGD 45 BGD 46 d 3C/12C

R M264187(1) 05/17/18 16:12:38 1 26.3 47 50.4 57.172 2870 6.2 7.4 14.7 -36.062

R M264187(1) 05/17/18 16:12:38 2 66.3 86.9 90.3 57.301 2883 6.0 7.2 14.4 -36.1

R M264187(1) 05/17/18 16:12:38 3 106 126.7 130.4  57.569 2892 5.8 7.0 14.2 -36.124

PE M264187(1) 05/17/18 16:12:38 4 236.6 248.1 264.6  0.361 20 5.2 6.2 13.0 -38.377
Identifier 1 Date Time Peak Nr Start Rt End Area All  Ampl 44 BGD 44 BGD 45 BGD 46 d13C/12C

R M264187(2) 05/17/18 16:59:27 1 26.3 47 50.4 55.845 2808 5.0 6.1 15.1 -36.037

R M264187(2) 05/17/18 16:59:27 2 66.3 86.9 90.5 56 2819 5.1 6.2 15.2 -36.1

R M264187(2) 05/17/18 16:59:27 3 106 126.7 130 56.163 2831 5.2 6.3 15.1 -36.163

PE M264187(2) 05/17/18 16:59:27 4 226.8 237 268.1  2.431 207 4.6 5.6 13.9 -33.347

S M264187(2) 05/17/18 16:59:27 5 522.9 542.4 588.5  6.594 281 5.3 6.4 15.0 -29.123

Table A.2 (cont.) R = reference gas; PE = PE standard; S = sample. Date in MM/DD/YY format. Time is in Central European Standard Time (UTC +2). Peak Nr =
peak number. Start = peak start time (s). Rt = retention time (s). End = end peak time (s). Area all = peak area (Vs). Ampl 44 = peak amplitude. BGD 44, BGD 45,
BGD 46 = background gas levels. d13C/12C = d3C.
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© 0O ~NO O WNEFE T © 0o ~NO O WNPEFE T HOWDN PP
[ (¢}
Q Q
x~ ~
4 z
= =

-
o

823.5

1180.6
1220.6
1260.3

Start
26.3
66.3
106
228.4

Start
26.3
66.3
106
222.6
517.1
826.4
1180.6
1220.6
1260.3

Start
26.3
66.3
106
228
526.1
538.4
826.4
1180.6
1220.6
1260.3

832.2
1201.3
1241.3
1281

Rt

47
86.9
126.7
239.3

Rt

47
86.9
126.7
231.6
531.3
837.3
1201.3
1241.3
1281

Rt

47
86.9
125.4
236.2
533.4
544
834.5
1201.3
1241.3
1281

880.5

1204.7
1244.8
1284.3

End
50.6
90.1
130
269.8

End
50.4
90.3
130.2
261.3
573.9
852.3
1204.9
1244.6
1284.5

End
50.6
90.5
130
286.1
538.4
572.9
882
1204.7
1244.8
1284.5

4.628
58.77
58.888
58.935

Area All
57.138
57.27
57.225
1.74

Area All
53.383
53.573
53.998
2.701
2.891
0.249
58.115
58.125
58.235

Area All
57.079
57.15
57.043
7.073
0.536
1.327
5.25
58.314
58.351
58.441

344

2959
2960
2966

Ampl 44
2881
2885
2883

134

Ampl 44
2692
2693
2716
329

138

15

2928
2924
2921

Ampl 44
2868
2878
2859
489
82
76
286
2926
2935
2933

6.0
5.5
5.6
5.7

BGD 44
5.3
5.5
54
4.8

BGD 44
3.0
3.2
3.2
29
3.8
4.2
3.8
4.1
4.1

BGD 44
3.9
4.0
4.0
3.7
4.7
4.7
4.3
4.6
4.7
4.7

7.2
6.6
6.8
6.8

BGD 45
6.4
6.7
6.6
5.9

BGD 45
3.6
3.8
3.8
3.4
4.4
4.9
4.4
4.8
4.8

BGD 45
4.7
4.8
4.8
4.4
5.6
5.6
5.2
5.4
5.6
5.6

14.8
13.6
13.9
13.8

BGD 46
17.0
17.1
16.8
15.5

BGD 46
7.0
7.3
7.2
6.8
8.1
8.3
7.4
8.0
8.0

BGD 46
10.1
10.2
10.2
9.5
10.9
10.9
9.8
10.0
10.2
10.1

-32.562
-35.922
-36.1

-36.163

d13C/12C
-36.032
-36.1
-36.16
-33.831

d13C/12C
-35.956
-36.1
-36.161
-32.657
-27.218
-36.339
-35.9
-36.1
-36.133

d13C/12C
-36.036
-36.1
-36.17
-32.625
-25.977
-28.282
-32.982
-35.928
-36.1
-36.141

Table A.2 (cont.) R = reference gas; PE = PE standard; S = sample. Date in MM/DD/YY format. Time is in Central European Standard Time (UTC +2). Peak Nr =
peak number. Start = peak start time (s). Rt = retention time (s). End = end peak time (s). Area all = peak area (Vs). Ampl 44 = peak amplitude. BGD 44, BGD 45,
BGD 46 = background gas levels. d13C/12C = d3C.
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Identifier 1 Date Time Peak Nr Start Rt End Area All  Ampl 44 BGD 44 BGD 45 BGD 46 d13C/12C
R M252976 05/18/18 11:43:13 1 26.8 47 66.5 57.593 3295 436.5 488.6 5105.5 -56763.322
R M252976 05/18/18 11:43:13 2 66.5 69.4 106.2  63.208 3304 436.5 488.6 51055 -36.1
R M252976 05/18/18 11:43:13 3 106.2 110.1 160.1  56.016 2884 436.5 488.6 5105.5 5089619.47
Identifier 1 Date Time Peak Nr Start Rt End Area All  Ampl 44 BGD 44 BGD 45 BGD 46 d13C/12C
R M252976(1) 05/18/18 13:25:52 1 26.3 47 50.6 59.339 2985 3.5 4.2 13.0 -35.925
R M252976(1) 05/18/18 13:25:52 2 66.3 86.9 90.3 59.348 2984 3.7 4.4 13.2 -36.1
R M252976(1) 05/18/18 13:25:52 3 106 126.7 130.2  59.423 2989 3.8 4.5 13.4 -36.153
PE M252976(1) 05/18/18 13:25:52 4 223.4 231.8 238.7  3.239 488 3.4 4.0 12.6 -32.252
PE M252976(1) 05/18/18 13:25:52 5 238.7 240.4 281.3 1.741 93 3.4 4.0 12.6 -29.922
S M252976(1) 05/18/18 13:25:52 6 527.9 544.7 566 0.714 33 4.2 4.9 13.3 -28.656
PE M252976(1) 05/18/18 13:25:52 7 819.7 827.4 8354 2.7 375 4.1 4.8 12.8 -32.3
PE M252976(1) 05/18/18 13:25:52 8 835.4 836.4 880.5 1.692 85 4.1 4.8 12.8 -32.773
R M252976(1) 05/18/18 13:25:52 9 1180.6 1201.3  1205.1 59.444 2990 4.2 4.9 12.6 -35.949
R M252976(1) 05/18/18 13:25:52 10 1220.6 1241.3  1244.8 59.365 2988 4.4 5.3 13.0 -36.1
R M252976(1) 05/18/18 13:25:52 11 1260.3 1281 1284.5 59.56 2990 4.4 5.2 13.0 -36.17
Identifier 1 Date Time Peak Nr Start Rt End Area All  Ampl 44 BGD 44 BGD 45 BGD 46 d13C/12C
R M2729214 05/18/18 13:59:34 1 26.3 47 50.6 57.274 2891 4.4 5.3 16.6 -35.992
R M2729214 05/18/18 13:59:34 2 66.3 86.9 90.3 57.238 2880 4.5 5.5 16.7 -36.1
R M2729214 05/18/18 13:59:34 3 106 126.7 130.2  57.527 2903 4.5 5.5 16.7 -36.136
PE M2729214 05/18/18 13:59:34 4 223.6 231.6 263.1  1.998 187 4.2 5.0 15.7 -33.211
Identifier 1 Date Time Peak Nr Start Rt End Area All Ampl 44 BGD 44 BGD 45 BGD 46 d13C/12C
R M2701613 05/18/18 14:48:30 1 26.3 47 50.4 56.112 2823 4.3 5.2 17.7 -35.993
R M2701613 05/18/18 14:48:30 2 66.3 86.9 90.1 56.199 2829 4.4 5.3 17.8 -36.1
R M2701613 05/18/18 14:48:30 3 106 126.7 130.2  56.378 2834 4.4 5.4 17.7 -36.154
PE M2701613 05/18/18 14:48:30 4 221.1 229.3 236.2  3.207 453 4.1 4.9 16.7 -31.951
PE M2701613 05/18/18 14:48:30 5 236.2 238.3 274.2 2151 139 4.1 4.9 16.7 -31.569
S M2701613 05/18/18 14:48:30 6 526.1 540.7 572.2  1.536 87 4.7 5.7 16.9 -30.731
PE M2701613 05/18/18 14:48:30 7 819.5 827.4 868.2  3.556 327 4.7 5.6 16.1 -32.74

Vv Xipuaddy

Table A.2 (cont.) R = reference gas; PE = PE standard; S = sample. Date in MM/DD/YY format. Time is in Central European Standard Time (UTC +2). Peak Nr =
peak number. Start = peak start time (s). Rt = retention time (s). End = end peak time (s). Area all = peak area (Vs). Ampl 44 = peak amplitude. BGD 44, BGD 45,
BGD 46 = background gas levels. d13C/12C = d3C.
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R M2701613 05/18/18 14:48:30 8 1180.6 1201.3 1204.9 58.213 2929 4.5 5.4 15.4 -35.931
R M2701613 05/18/18 14:48:30 9 1220.6 1241.3  1244.8 58.212 2931 4.8 5.7 15.7 -36.1
R M2701613 05/18/18 14:48:30 10 1260.3 1281 1284.5 58.256 2926 4.8 5.8 15.8 -36.162

Table A.2 (cont.) R = reference gas; PE = PE standard; S = sample. Date in MM/DD/YY format. Time is in Central European Standard Time (UTC +2). Peak Nr =
peak number. Start = peak start time (s). Rt = retention time (s). End = end peak time (s). Area all = peak area (Vs). Ampl 44 = peak amplitude. BGD 44, BGD 45,

BGD 46 = background gas levels. d13C/12C = d3C.
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APPENDIX B MOCHRAS SINGLE-PHYTOCLAST 013C

RANDOM NUMBER GENERATOR RECORDS

Appendix B contains the results of the twenty single measurement 33Cphytockst
records produced using a random number generator (RNG) function
(=FRANDBETWEEN) in Microsoft Excel 2013. A discussion of this data is provided
in Chapter 5, Section 5.5.2.6. (p. 142).

Table A.3 shows the numbers assigned to each individual phytoclast per sample.

Table A.4 shows the phytoclast chosen by the random number generator function

for each sample, for twenty total runs.

Figures A.1- A.3 show the results of runs 6-20 graphically. The results of run 1-

5 are shown in Figure 5.16.
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Appendix B

Sample M2560 M2592 M2631 M2641 M267 M2701 M2729 M2765
7 4 8 0 6 2 4
Depth (m) | 780.36 790.22 802.03 805.18 813.8 823.42 831.85 842.87
2
Fragment | &13C 813C 813C d13C 813C d13C d13C d13C
1 -25.6 -27.13 -27.03 -25.55 -28.13 -30.43 -25.11 -25.86
2 -26.67 -25.84 -27.19 -25.89 -30.7 -29.83 -26.55 -26.05
3 -26.15 -26.82 -24.56 -28.71 | -29.61 -29.83 -26.71 -24.22
4 -27.23 -26.16 -28.5 -25.33 -29.63 -29.96 -25.61 -26.57
5 -25.05
6 -26.47
7 -28.09
8 -26.38
9 -25.06

Table A.3 The numbers assigned to each single-phytoclast O13C measurement per sample, for

use with the =RANDBETWEEN function.

Sample M256 | M2592 | M2631 | M2641 | M267 | M2701 | M2729 | M2765
03 7 4 8 0 6 2 4

Depth (m) 780.3 | 790.22 | 802.03 | 805.18 | 813.8 | 823.42 | 831.85 | 842.87

6 2

Run Phyto. 4 5 1 3 2 1 7 2

! dt3C -27.23 | -28.53 | -27.03 | -28.71 | -30.7 | -30.43 | -26.03 | -26.05

Run Phyto. 8 2 1 4 7 1 2 6

2 o13C -26.38 | -25.84 | -27.03 | -25.33 | -29.97 | -30.43 | -26.55 | -23.91

Run Phyto. 8 6 2 1 2 1 3 3

3 d13C -26.38 -24.6 -27.19 -25.55 -30.7 -30.43 -26.71 -24.22

Run Phyto. 8 5 5 1 2 4 7 1

‘ o3C -26.38 | -28.53 | -25.85 | -25.55 | -30.7 | -29.96 | -26.03 | -25.86

Run Phyto. 2 1 6 4 6 7 2 6

> dl3C -26.67 | -27.13 -27.96 -25.33 | -27.27 | -28.26 -26.55 -23.91

Run Phyto. 2 4 2 2 6 9 2 4

° dt3C -26.67 | -26.16 | -27.19 | -25.89 | -27.27 | -30.88 | -26.55 | -26.57

Run Phyto. 5 2 2 2 2 7 6 1

! d13C -25.05 | -25.84 | -27.19 | -25.89 | -30.7 | -28.26 | -25.54 | -25.86

Run Phyto. 7 7 2 1 3 8 5 2

8 o13C -28.09 | -25.9 -27.19 | -25.55 | -29.61 | -29.91 | -27.62 | -26.05

Table A.4 Results of runs 1-16 of the random number generator. Phyto. = Phytoclast.
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Appendix B

Sample M256 | M2592 | M2631 | M2641 | M267 | M2701 | M2729 | M2765
03 7 4 8 0 6 2 4
Depth (m) 780.3 | 790.22 | 802.03 | 805.18 | 813.8 | 823.42 | 831.85 | 842.87
6 2
Run 9 | Phyto. 5 8 1 4 2 9 1 1
di3C - -25.05 | -27.03 | -25.33 | -30.7 | -30.88 | -25.11 | -25.86
25.05
Run Phyto. 6 7 4 1 5 7 2 4
10
d13C - -25.9 -28.5 -25.55 - -28.26 | -26.55 | -26.57
26.47 29.45
Run Phyto. 6 7 6 3 3 8 6 6
11
d13C - -25.9 -27.96 | -28.71 - -29.91 | -25.54 | -23.91
26.47 29.61
Run Phyto. 3 8 6 3 2 7 3 3
12
d13C - -25.05 | -27.96 | -28.71 | -30.7 | -28.26 | -26.71 | -24.22
26.15
Run Phyto. 1 8 1 1 7 6 4 4
13
dlsC -25.6 | -25.05 | -27.03 | -25.55 - -30.91 | -25.61 | -26.57
29.97
Run Phyto. 9 5 1 1 2 3 2 3
14
d13C - -28.53 | -27.03 | -25.55 | -30.7 | -29.83 | -26.55 | -24.22
25.06
Run Phyto. 4 2 5 3 2 2 6 4
15
d13C - -25.84 | -25.85 | -28.71 | -30.7 | -29.83 | -30.91 | -26.57
27.23
Run Phyto. 3 4 5 1 7 8 3 6
16
d13C - -26.16 | -25.85 | -25.55 - -29.91 | -26.71 | -23.91
26.15 29.97
Run Phyto. 5 4 3 2 4 5 7 3
19
dlsC - -26.16 | -24.56 | -25.89 - -26.64 | -26.03 | -24.22
25.05 29.63
Run Phyto. 1 4 2 3 2 9 5 6
20
dl3C -25.6 | -26.16 | -27.19 | -28.71 | -30.7 | -30.88 | -27.62 | -23.91

Table A.4 (cont.) Results of runs 17-20 of the random number generator. Phyto. = Phytoclast.
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Figure A.1 The results of RNG runs 6-10. O13Cphytoclast is plotted against depth for each run.
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Figure A.2 The results of RNG runs 11-15. O13Cphytoclast is plotted against depth for each run.
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Figure A.3 The results of RNG runs 16-20. O13Cphytoclast is plotted against depth for each run.
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APPENDIX C FossiL CHARCOAL ABUNDANCE DATA

Appendix C contains all of the fossil charcoal and non-charcoal particle counts.

Tables A5 — A.7 show the coarse fossil charcoal counts for the Kaszewy-1
Pliensbachian-Toarcian, Kaszewy-1 Rhaetian-Hettangian, and Niekian PIG-1
Rhaetian-Hettangian study sections. A discussion of this data is provided in
Chapter 6 (p. 149) and Chapter 7 (p. 176).

Tables A.8 — A.10 show the fine fossil charcoal and non-charcoal counts for the
Kaszewy-1 Pliensbachian-Toarcian, Kaszewy-1 Rhaetian-Hettangian, and
Niektan PIG-1 Rhaetian-Hettangian study sections. A discussion of this data is
provided in Chapter 6 (p. 149) and Chapter 7 (p. 176).
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5 Charcoal Non- Ngmber of Area Total Volume | Weight of Charcoal Non-charcoal
Sample ((arg;h fragments f(r::arfgr?tls f'(\elli(ijv()f counted SaaTep;e of water [ sample fralgomergtus”fer ]Igg "k])irl]lisrgsli Chaor/:oal
counted cogunted counted (mm?) (mm?2) (mi) @) rockgsample gsample
kk 341 1297.20 44 265 90 85.50 484.00 45.48 10.25 187879 1131542 14.2
kk_34 2 1297.20 22 136 91 86.45 376.97 45.48 10.25 72362 447328 13.9
kk_351 1289.70 41 257 80 76.00 287.10 21.57 10.80 52587 329631 13.8
kk_352 1289.70 31 211 80 76.00 484.00 21.57 10.80 67030 456236 12.8
kk 381 1265.90 16 320 80 76.00 484.00 24.48 8.12 52222 1044446 4.8
kk_38 2 1265.90 29 600 77 73.15 484.00 24.48 8.12 98341 2034635 4.6
kk_391 1250.75 39 1124 65 61.75 484.00 34.74 5.84 309128 8909239 3.4
kk_39 2 1250.75 26 950 66 62.70 484.00 34.74 5.84 202963 7415959 2.7
kk 421 1238.07 16 267 84 79.80 484.00 18.60 11.31 27131 452744 5.7
kk_42 2 1238.07 15 207 86 81.70 484.00 18.60 11.31 24844 342841 6.8
kk_42c 1 | 1215.75 5 62 83 78.85 484.00 22.28 10.08 11532 143001 7.5
kk_42c 2 | 1215.75 5 49 77 73.15 484.00 22.28 10.08 12431 121823 9.3
kk_45y 1 1188.15 15 67 76 72.20 484.00 25.62 7.25 60407 269819 18.3
kk_45y 2 1188.15 14 84 78 74.10 484.00 25.62 7.25 54935 329607 14.3
kk_46b 1 | 1178.00 15 137 80 76.00 309.55 26.87 10.48 26630 243217 9.9
kk_471 1169.10 54 371 80 76.00 484.00 29.38 8.07 212840 1462288 12.7
kk_47 2 1169.10 38 262 82 77.90 454.48 29.38 8.07 137211 946032 12.7

Table A.5 Fine fossil charcoal and non-charcoal particle counts for the Kaszewy-1 Pliensbachian-Toarcian study section. The numbers 1 and 2 following each sample

number denote the slide analysed.
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crarcon || 0% | TS| vea | T | votume | SN | agmens | Menehesont |
Sample Depth (m) frcaogun:]?endts fragments view c?r;]mmt%d arepa of(vrvnzT)ter sample bpelrklo gk 190 g bull? %
counted counted (mm?2) (9) :amrpcig rock sample
kk 51 1925.56 31 141 83 78.85 484.00 13.88 9.76 46004 209243 18.0
kk 52 1925.56 38 163 84 79.80 484.00 13.88 9.76 55720 239011 18.9
kk 81 1913.40 8 61 79 75.05 484.00 20.05 14.85 11842 90295 11.6
kk 82 1913.40 33 234 82 77.90 373.89 20.05 14.85 36354 257786 12.4
kk 91 1903.55 40 155 42 39.90 129.67 21.97 10.53 46108 178669 20.5
kk_ 92 1903.55 56 175 85 80.75 484.00 21.97 10.53 119053 372042 24.2
kk 101 1896.70 107 545 81 76.95 484.00 23.38 7.59 352429 1795084 16.4
kk 102 1896.70 130 686 83 78.85 484.00 23.38 7.59 417868 2205055 15.9
kk_10b 1 1885.67 33 66 80 76.00 392.40 23.97 7.59 91475 182951 33.3
kk_10b 3 1885.67 24 30 69 65.55 413.93 23.07 7.59 78311 97888 44.4
kk _10d 1 1875.30 23 47 84 79.80 472.19 17.90 14.66 28249 57727 32.9
kk_10d 2 1875.30 10 55 81 76.95 484.00 17.90 14.66 13056 71807 154
kk 111 1869.30 13 41 81 76.95 484.00 40.98 7.78 73219 230920 24.1
kk 112 1869.30 6 28 80 76.00 399.83 40.98 7.78 28265 131905 17.6
kk_11b 2 1857.30 16 40 80 76.00 484.00 38.54 10.03 66560 166399 28.6
kk_11b 3 1857.30 15 43 81 76.95 418.29 38.54 10.03 53262 152685 25.9
kk_11c 1 1852.80 25 79 80 76.00 163.66 29.09 10.68 24928 78773 24.0
kk_11c 2 1852.80 14 37 80 76.00 445.82 29.09 10.68 38027 100501 27.5
kk_12a 1 1826.30 18 96 53 50.35 170.70 47.89 7.82 63532 338838 15.8
kk_12a 2 1826.30 24 115 56 53.20 156.88 47.89 7.82 73681 353054 17.3
kk_14b 1 1803.80 9 46 53 50.35 199.99 28.91 10.10 17395 88908 16.4
kk_14b 2 1803.80 36 31 29.45 142.90 28.91 10.10 14167 85001 14.3

Table A.6 Fine fossil charcoal and non-charcoal particle counts for the Kaszewy-1 Rhaetian-Hettangian study section. The numbers 1, 2 and 3 following each sample

number denote the slide analysed.
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ch | Non-
Non- Number of Total Weight arcoa charcoal
Charcoal charcoal fields of Area sample Volume of fragments fragments Charcoal
Sample Depth (m) fragments ) counted P of water per 10 g Y o
counted fragments view (mm?) area (ml) sample bulk rock per 10 g %
counted counted (mm?2) (9) bulk rock
sample
sample

NC1l 1 165.20 3 46 85 80.75 273.57 16.28 9.97 2821 43261 6.1
NC1 2 165.20 6 87 94 89.30 411.54 16.28 9.97 7676 111298 6.5
NC4 1 163.00 1 46 81 76.95 350.12 21.37 15.00 1102 50691 2.1
NC4 2 163.00 2 62 80 76.00 484.00 21.37 15.00 3085 95628 3.1
NC6 1 160.00 49 253 87 82.65 484.00 14.94 8.90 81886 422798 16.2
NC6 3 160.00 78 481 100 95.00 241.31 14.94 8.90 56540 348663 14.0
NC8 1 158.05 119 706 80 76.00 190.83 32.53 7.20 229499 1361565 14.4
NC8 2 158.05 154 933 84 79.80 268.71 32.53 7.20 398293 2413032 14.2
NC9 1 155.50 61 248 84 79.80 484.00 27.62 11.42 152117 618444 19.7
NC9 2 155.50 73 279 80 76.00 4384.00 27.62 11.42 191144 730537 20.7
NC10 1 152.10 16 326 83 78.85 484.00 22.35 11.13 33527 683113 4.7
NC10 2 152.10 13 278 100 95.00 484.00 22.35 11.13 22610 483502 4.5
NC12 1 147.50 56 318 97 92.15 484.00 20.49 9.44 108532 616305 15.0
NC12 2 147.50 35 301 88 83.60 434.00 20.49 9.44 74770 643020 10.4
NC13 1 145.00 28 132 90 85.50 484.00 13.55 9.18 39772 187499 17.5
NC13 2 145.00 40 170 84 79.80 484.00 13.55 9.18 60876 258724 19.0
NC14 2 143.00 107 491 75 71.25 198.36 29.62 10.85 138247 634388 17.9
NC15 1 141.10 91 450 75 71.25 268.02 32.48 11.22 168460 833042 16.8
NC15 2 141.10 117 465 84 79.80 284.39 32.48 11.22 205196 815523 20.1

Table A.7 Fine fossil charcoal and non-charcoal particle counts for the Niekfarh PIG-1 Rhaetian-Hettangian study section. The numbers 1 and 2 following each sample

number denote the slide analysed.
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Appendix C

Sample | Depth (m) Total charcoal Weight of | Charcoal per
P P fragments counted | sample (9) 10 g sample
kk_47 1169.10 0 8.07 0
kk_46b 1178.00 4 10.48 4
kk_45y 1188.15 11 7.25 15
kk_42c 1215.75 0 10.08 0
kk_42 1238.07 0 11.31 0
kk_39 1250.75 1 5.84 2
kk_38 1265.90 0 8.12 0
kk_34 1297.20 1 10.25 1

Table A.8 Coarse charcoal counts per sample, weight of sample, and charcoal count per 10 g

sample for the Kaszewy-1 Pliensbachian-Toarcian study section.

Total charcoal Weight of Charcoal per
Sample | Depth (m) fragments counted | sample (9) 10 g sample
kk 5 1925.56 3 9.76 3
kk_9 1903.55 0 10.53 0
kk_10 1896.70 953 7.59 1256
kk_10b 1885.67 7 7.59 9
kk_11 1869.30 8 7.78 10
kk_11b 1857.30 24 10.03 24
kk_11c 1852.80 14 10.68 13
kk_12a 1826.30 11 7.82 14
kk_14b 1803.80 5 10.10 5

Table A.9 Coarse charcoal counts per sample, weight of sample, and charcoal count per 10 g

sample for the Kaszewy-1 Rhaetian-Hettangian study section.

sample | Depth (m Total charcoal Weight of | Charcoal per
P pth (m) fragments counted | sample (g) 10 g sample
NC1 165.20 0 9.97 0
NC4 163.00 0 15.00 0
NC6 160.00 3656 8.90 4108
NC8 158.05 91 7.20 126
NC9 155.50 1090 11.42 954
NC10 152.10 0 11.13 0
NC12 147.50 17 9.44 18
NC13 145.00 0 9.18 0
NC14 143.00 16 10.85 15
NC15 141.10 34 11.22 30

Table A.10 Coarse charcoal counts per sample, weight of sample, and charcoal count per 10 g

sample for the Niektan PIG-1 Rhaetian-Hettangian study section.
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APPENDIX D PAH DATA

Appendix D contains all of the peak areas, and uncorrected and corrected
concentrations of the polycyclic aromatic hydrocarbons quantified as part of this
thesis. A discussion of this data is provided in Chapter 6 (p. 149) and Chapter 7
(p. 176).

Tables A.11 - A.12 show the peak areas as measured from the GC-MS
chromatograms of the polycyclic aromatic hydrocarbons quantified for the
Kaszewy-1 Pliensbachian-Toarcian study section, Kaszewy-1 Rhaetian-Toarcian

study section, and Niektan PIG-1 Rhaetian-Toarcian study section.

Tables A.13 — A.14 show the uncorrected concentrations (ng/g sediment) of the
polycyclic aromatic hydrocarbons quantified for the Kaszewy-1 Pliensbachian-
Toarcian study section, Kaszewy-1 Rhaetian-Toarcian study section, and Niektan
PIG-1 Rhaetian-Toarcian study section.

Tables A.15 — A.16 show the corrected concentrations (ng/g sediment) of the
polycyclic aromatic hydrocarbons quantified for the Kaszewy-1 Pliensbachian-
Toarcian study section, Kaszewy-1 Rhaetian-Toarcian study section, and Niektan

PIG-1 Rhaetian-Toarcian study section.
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PAH fluorene phenanthrene fluoranthene pyrene anttf)\(re(:g(;ne begﬁ?rslé):gor I?Cdde];;r[éff coronene
Retention time (min) 18.11 21.65 26.28 27.01 31.96 36.64 40.90 44.80
Molecular weight 166 178 202 202 228 252 276 300
Sample | Depth (m) Peak area
KK34 1297.20 22895293.71 229194789.2 27640864.08 39602228.61 50737424.63 111148423.5 83135616.53 14630382.75
KK35 1289.70 24143978.52 189594937.7 15455484.62 29172563.59 35395468.88 64110807.27 39016216.29 5058512.53
KK38 1265.90 41471273.96 390403278.9 32881091.41 68647150.23 196013978.6 45928871.37 19722829.17 713363.966
KK40 1247.40 4781327.578 73344711.63 4555166.955 8849498.448 6115728.045 7097686.136 7334232.308 191676.206
KK42 1238.07 463888.851 20951726.08 2593461.343 3451295.026 3115845.265 1677541.654 684535.964 142342.549
KK42c 1215.75 4951374.028 2886249.63 1575186.933 997709.134 467923.273 154235.746 153310.703
KK45e 1188.60 4127479.328 3059944.721 2009853.029 1446321.13 1850512.132 606260.307
KK46b 1178.00 10266516.78 125109386.2 21249782.14 30525177.22 22956342.24 27607721.02 28133898.2 759732.892
KK47 1169.10 163647972.6 44544730.54 48778926.88 41636995.37 32664016.8 24066792.74
KK5 1925.56 32321930.82 8030252.591 11518633.82 25820267.28 46982886.07 12624874.99 284046.727
KK8 1913.40 5867355.954 2767573.127 3926545.67 3179099.539 4019666.661 1999088.604 95538.185
KK9 1903.55 2806920.451 50183949.62 8164370.233 9158752.123 18611134.93 20811533.62 5969921.929 92108.216
KK10 1896.70 38127329.84 337019714.5 28017637.52 51771406.18 46492414.46 51855783.15 22026409.16 699971.514
KK10b 1885.67 8885121.395 301558574.7 42809276.23 53515494.21 106169124.1 91560909.04 66769503.9 10423161.23
KK1o0d 1875.30 530443.102 15820850.41 2164431.489 3446366.496 3618581.89 3019659.164 1417997.778
KK11 1869.30 351915.572 19396320.98 3894716.076 5078298.093 16584470.51 29158708.24 12809876.89
KK11b 1857.30 16536493.78 844779359.9 134597100.9 125751755.9 188361298.6 128400079.5 36905549.56 324341.671
KK1lc 1852.80 338712.719 17867714.2 3357853.998 4529733.53 6681438.228 6627349.481 3370693.456 355826.094
KK12a 1826.30 19247687.66 246763966.9 23361753.52 35130044.23 38076412.93 29080389.61 8383692.072 332526.602
KK14b 1803.80 7162481.387 91714841.7 10458494.82 12914398 24941384.42 30007204.59 10830053.08 350891.574

w Table A.11 Peak areas (no units) of the pyrolytic PAHSs identified and quantified as part of this thesis.
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PAH fluorene phenanthrene | fluoranthene pyrene ant%?gcz:c-ene begrz]?élé);lgor Iné:lde]gsgfé& coronene
Retention time 18.11 21.65 26.28 27.01 31.96 36.64 40.90 44.80
(minutes)
Molecular weight 166 178 202 202 228 252 276 300
Sample Depth Peak area
(m)
NC1 165.20 731299.122 1007086.321 251813.907 33942.679 138680.838 107406.447
NC2 164.40 11631157.66 2543768.753 854860.649 378279.255 190659.947 70934.22 178790.234
NC4 163.00 4903387.23 1655327.658 742752.933 22343.726 128371.372 904814.705 82121.88
NC8 158.05 3987314.084 162406377 38163017.2 69210608.2 32346120.74 40898146.15 15783359.75 930888.232
NC9 155.50 2486402.75 81940878.89 43910589.73 147453381.4 72050592.8 317183457.9 281653009.1
NC10 152.10 7466929.743 1992763.946 1759611.838 953323.373 17408262.91 21533632.12 162037.074
NC12 147.50 9953176.715 185217486 46476670.29 92949753.82 58256176.4 326441444 250104313.6 12445786.21
NC13 145.00 20612011.16 8307401.914 9016916.425 3500164.54 13221970.53 12912826.73 304965.559
NC14 143.00 68317019.2 13135270.79 17099813.38 7700846.223 27577158.3 37630044.93 234419.964
NC15 141.10 48168836.64 12509450.45 17098387.84 8301575.136 24464709.28 41160335.01 496549.514

Table A.11 (cont.) Peak areas (no units) of the pyrolytic PAHs identified and quantified as part of this thesis.
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PAH methylﬁaphtha dimeth13,/l7naphth methylpzhenanth methypghenanth dimeth23;I5phenan 1-methylpyrene retene
lene alene rene rene threne
Retention time (min) 12.16 14.93 23.80 24.10 26.04 28.58 28.91
Molecular weight 142 156 192 192 206 216 234
Sample | Depth (m) Peak area
KK34 1297.20 87759046.36 106045098.4 95833405.32 108950470.3 80231393.98 90535016.23 65723475.04
KK35 1289.70 104267224.9 115779527.8 83210045.35 80195925.65 69181166.31 64180201.36 44238132.75
KK38 1265.90 407830484 362770416.4 188482994.1 199138888.4 195967916.5 142366244.8 176261125.4
KK40 1247.40 32050818.9 43927118.64 32422230.16 30656122.18 28430197.4 13826710.63 9132262.307
KK42 1238.07 183775.06 13067419.59 10209133.75 11952245.81 7251189.934 2775050.291
KK42c 1215.75 46856.024 1080966.266 2297932.165 2547794.171 4108988.138 2044874.703 2060793.644
KK45e 1188.60 245057.579 705759.026 1917193.468 2011066.311 1908296.4 141970.756 1407260.855
KK46b 1178.00 32852780.47 46391112.94 57328435.07 86195610.29 75820764.18 54399650.44 109004169.2
KK47 1169.10 43213711.86 44752698.12 109406516.7 144497890.4 143535090.3 115350672.8 162349558.8
KK5 1925.56 30704.278 662689.829 9719847.096 4725960.531 1925199.521 6817285.156 3687462.655
KK8 1913.40 433119.133 2848884.879 1728954.289 1108695.379 3022024.608 67415.68
KK9 1903.55 3140329.575 3027867.122 32810037.42 25363561.06 22982438.27 26309253.06 7127980.134
KK10 1896.70 71454892.23 82228020.87 180420342.7 182451664.8 152531102.9 115265206.2 46772121.84
KK10b 1885.67 4563268.128 2804903.817 182789516.3 183829887.3 121621956 191825847.6 36395794
KK10d 1875.30 763630.699 11929935.92 10150643.84 10030602.06 8182174.678 2748681.602
KK11 1869.30 718422.88 17455407.77 14993932.6 14021735.66 12865997.39 3263472.805
KK11b 1857.30 28561655.99 14514980.15 492523788.6 439717497.4 430904567.9 453520068 111791225.3
KK1lc 1852.80 12278561.84 10579028.92 10340305.09 13520489.45 3061375.184
KK12a 1826.30 8368798.482 16990499.38 141161862.9 133475839.7 128999818.3 81591453.64 44499662.06
KK14b 1803.80 1925190.366 6622666.633 48917533.69 44027461.33 46618169.8 48176998.37 14914004.14

Table A.12 Peak areas (no units) of the petrogenic and biomarker PAHSs identified and quantified as part of this thesis.
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PAH methylrzuaphthal dimeth13,/l7naphth methylpzhenanth methyp%enanth dimeth23;I5phenan 1-methylpyrene retene
ene alene rene rene threne
Retention time 12.16 14.93 23.80 24.10 26.04 28.58 28.91
(minutes)
Molecular weight 142 156 192 192 206 216 234
Sample Depth Peak area
(m)

NC1 165.20 637874.164 944860.364 630230.637 800397.727

NC2 164.40 645797.375 3420722.819 2558268.999 1531610.801

NC4 163.00 735932.802 2434957.788 1696464.287 1445144.1 194579.085

NC8 158.05 2989594.801 19521004.46 82122594.31 96797282.59 76106854.88 61979171.15 58923677.34

NC9 155.50 1935307.296 4224954.511 54097878.99 78149054.02 42864337.24 95257059.88 105540670.2
NC10 152.10 698605.337 3418008.496 2566495.91 2120168.159 705666.972 1404775.638
NC12 147.50 5291519.491 23216521.28 83421742.04 94797143.14 70270453.92 87627638.57 85000461.73
NC13 145.00 1518183.244 8217945.758 8762230.847 5674028.32 5342689.305 4907422.684
NC14 143.00 970626.009 25926627.32 29698295.09 14783503.68 13891698.06 14100462.29
NC15 141.10 609100.146 675013.224 16031253.06 17450002.05 7499401.614 11485274.39 8468699.516

Table A.12 (cont.) Peak areas (no units) of the petrogenic and biomarker PAHs identified and quantified as part of this thesis.

a Xipuaddy



€

PAH fluorene phenanthrene | fluoranthene pyrene ant%?ggt-ane benzo(k)fluoranthene mcdde]ggr[é’nzé?’- coronene
Retention time 18.11 21.65 26.28 27.01 31.96 36.64 40.9 44.8
(minutes)
Molecular weight 166 178 202 202 228 252 276 300
Sample Depth (m) Uncorrected concentration (ng/ g sediment)
KK34 1297.20 82.64989154 | 480.1441025 91.7935724 | 114.8405176 | 136.2956159 252.6944576 198.7198777 | 66.7252076
KK35 1289.70 82.51210939 | 391.7662387 66.27193387 | 91.91133381 | 103.5429325 157.2164622 110.3106847 | 46.83834118
KK38 1265.90 117.9870901 787.7222243 101.4992158 170.148081 414.6141624 126.5429393 76.24343411 39.7569366
KK40 1247.40 36.49680056 | 137.4738021 36.16372158 | 42.48821568 | 38.46204425 39.908227 40.25660134 | 29.73737291
KK42 1238.07 39.73570651 | 79.51791471 43.87079872 | 45.5364952 | 44.88513644 42.09231389 40.1641475 | 39.11134476
KK42c 1215.75 44.71572406 41.01478428 | 38.66520956 | 37.63030311 36.68086608 36.11870205 | 36.11704427
KK45e 1188.60 44.02824695 42.0801911 40.16396538 39.1356225 39.87319732 37.60266479
KK46b 1178.00 57.65050816 | 276.3988309 78.57101359 | 96.23843279 | 81.82160426 90.68137336 91.68361563 | 39.54234837
KK47 1169.10 343.910061 120.8702819 | 128.7994885 | 115.425085 98.6217543 82.52208378
KK5 1925.56 102.1912711 54.74658709 | 61.55983167 | 89.49270952 130.8259494 63.72045896 | 39.61727876
KK8 1913.40 47.72574899 42.00659249 | 44.14491821 | 42.76586631 44.31672816 40.58872436 | 37.07663872
KK9 1903.55 39.45833988 | 121.4255184 48.72728414 | 50.44766803 | 66.8012715 70.60818966 44.93066078 | 34.7614329
KK10 1896.70 112.4319726 | 690.5603762 92.877442 138.8228359 | 128.6120202 138.9860409 81.28899256 | 40.03862962
KK10b 1885.67 54.19347354 603.2993898 117.8410436 | 137.9277565 | 236.7150546 209.3075217 162.7945664 | 57.07910174
KK1od 1875.30 36.33706744 | 63.39973524 39.22908228 | 41.4979938 | 41.80279981 40.74275958 37.90796067
KK11 1869.30 37.4805075 72.5530773 44.00500198 | 46.18471104 | 67.37471549 90.53169106 60.42334602
KK11b 1857.30 70.26248804 1663.037231 297.3021171 | 280.2918383 | 400.6948049 285.3847682 109.4337492 | 39.08527244
KK1i1c 1852.80 37.94535955 | 70.64872053 43.57808582 | 45.76442823 | 49.77880266 49.67789082 43.60204003 | 37.97728749
KK12a 1826.30 72.5465576 493.0942087 80.15111556 | 101.9039635 | 107.3501163 90.72160742 52.46523488 | 37.58322847
KK14b 1803.80 52.9483068 217.7677226 59.37328425 | 64.16061988 | 87.60503785 97.47993098 60.09756936 | 39.67035395

\l
© Table A.13 Uncorrected concentrations (ng/g sediment) of the pyrolytic PAHs identified and quantified as part of this thesis.
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benz- indeno[1,2,3-
PAH fluorene phenanthrene | fluoranthene pyrene benzo(k)fluoranthene coronene
anthracene cd]pyrene
Retention time 18.11 21.65 26.28 27.01 31.96 36.64 40.9 44.8
(minutes)
Molecular weight 166 178 202 202 228 252 276 300

Sample Depth (m) Uncorrected concentration (ng/ g sediment)

NC1 165.20 38.24962938 38.75846185 | 37.36497031 | 36.96299387 37.15623771 | 37.09853588
NC2 164.40 51.34928191 36.5970272 33.85529326 | 33.08162217 32.77704537 32.58268542 | 32.75777635
NC4 163.00 47.98340507 41.72510146 | 39.96676866 | 38.57869697 38.78298916 40.27902641 | 38.69387645
NC8 158.05 46.21833157 351.4573737 112.0674705 | 171.8894185 | 100.8595775 117.3374685 68.94674326 | 40.32926442
NC9 155.50 42.5073776 192.704875 120.8139692 | 316.5470348 174.008682 637.397841 570.2325314

NC10 152.10 54.82421106 43.89773243 | 43.43235896 | 41.82300074 74.66719143 82.90146131 | 40.24358697
NC12 147.50 57.82466547 396.1727528 128.3333403 | 218.0497178 | 151.0736996 668.8058765 521.4368988 | 62.63665292
NC13 145.00 79.94490386 55.72323211 | 57.11991422 | 46.26016642 65.39757978 64.789029 39.97040464
NC14 143.00 171.8229946 64.46550737 | 72.17862525 | 53.89269693 92.56256478 112.12071 39.36657581
NC15 141.10 126.0052433 60.09140564 | 68.57372983 | 52.31344757 82.1898508 113.0505268 | 37.88641315

Table A.13 (cont.) Uncorrected concentrations (ng/g sediment) of the pyrolytic PAHs identified and quantified as part of this thesis.
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PAH 2-methyl 1,7-dimethyl 2-methyl 9-methyl 2,5-dimethyl 1-methyl retene
naphthalene naphthalene phenanthrene phenanthrene | phenanthrene pyrene
Retention time (min) 12.16 14.93 23.8 24.1 26.04 28.58 28.91
Molecular weight 142 156 192 192 206 216 234
Sample Depth (m) Uncorrected concentration (ng/ g sediment)

KK34 1297.20 207.6282203 242.8614612 223.1857521 248.4594803 193.1240732 212.9769099 165.1704721
KK35 1289.70 232.2751868 253.7935099 192.9159726 187.282104 166.6937688 157.3461708 120.0712762
KK38 1265.90 821.1717543 734.6841006 400.1592976 420.6120699 414.5257514 311.643464 376.7008165
KK40 1247.40 76.65805435 94.14892288 77.20505179 74.6040091 71.32576936 49.81842508 42.9046573
KK42 1238.07 39.19179623 64.20858173 58.65851214 62.04319574 52.91493191 | 44.22339862
KK42c 1215.75 35.92626528 37.77950944 39.96045191 40.40823328 43.20607193 39.50694391 | 39.53547248
KK45e 1188.60 36.94353573 37.7842318 39.99487859 40.1661794 39.97864307 36.75542109 | 39.06434463
KK46b 1178.00 100.6719628 126.4592627 147.2922573 202.2773529 182.5157413 141.7136199 245.7222271
KK47 1169.10 118.3777376 121.2597343 242.334301 308.0484839 306.2454875 253.4656794 341.4785745
KK5 1925.56 39.12246929 40.35681607 58.04657636 48.29289166 42.82265531 52.37751007 46.2645755
KK8 1913.40 37.6994818 42.15661417 40.09032157 38.94593243 42.47606016 37.02475218
KK9 1903.55 40.03517228 39.84060056 91.36684674 78.48366965 74.36408005 80.11981498 | 46.93422169
KK10 1896.70 176.8953428 197.7331158 387.6602374 391.5892935 333.7158663 261.6348282 129.1530403
KK10b 1885.67 46.08493082 42.78593587 380.4681356 382.4200512 265.7072345 397.4218528 105.8082439
KK1od 1875.30 36.74978885 56.51316092 53.36397139 53.15150807 49.87995518 | 40.26315328
KK11 1869.30 38.15547492 68.97865151 64.44554806 62.65513012 60.52669869 42.84249135
KK11b 1857.30 93.38779999 66.37496182 985.6226703 884.0721104 867.1241691 910.6155154 253.4446641
KK1lc 1852.80 60.22119747 57.05042709 56.60504681 62.53822659 | 245.8791517
KK12a 1826.30 52.43770514 68.37430569 297.8962345 283.6891676 275.4155607 187.7845724 119.2230352
KK14b 1803.80 42.73916251 51.89603632 134.3421709 124.8098661 129.8599801 132.8986323 | 68.05848759

Table A.14 Uncorrected concentrations (ng/g sediment) of the petrogenic and biomarker PAHSs identified and quantified as part of this thesis.
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PAH 2-methyl 1,7-dimethyl 2-methyl 9-methyl 2,5-dimethyl 1-methyl retene
naphthalene naphthalene phenanthrene phenanthrene phenanthrene pyrene
Rez;?ﬂﬁPeg)me 12.16 14.93 23.8 24.1 26.04 28.58 28.91
Molecular weight 142 156 192 192 206 216 234
Sample Dfrrﬁ);h Uncorrected concentration (ng/ g sediment)

NC1 165.20 38.07725861 38.64365381 38.06315616 38.37711758

NC2 164.40 33.51590483 38.02065393 36.62056656 34.95391364

NC4 163.00 39.95362775 43.22727897 41.80436279 41.32012351 38.910557

NC8 158.05 44,29594374 76.14837083 196.7680044 225.0429337 185.1769844 157.9560138 152.0687425

NC9 155.50 41.46560926 45.79386486 140.0716049 185.5369641 118.8361763 217.8772399 | 237.3169568
NC10 152.10 41.31458151 46.74253193 45.04290601 44,15203225 41.32867659 42.72410307
NC12 147.50 48.8253272 83.42957777 199.6558727 221.6161065 174.2672856 207.775364 202.7035941
NC13 145.00 42.35862843 55.54713732 56.61856466 50.53942583 49.88718367 49.03035961
NC14 143.00 40.79888329 89.35141502 96.68929006 67.67218614 65.93715576 | 66.34331185
NC15 141.10 38.09445498 38.21629062 66.60120713 69.22366367 50.8306869 58.19828907 | 52.62236509

Table A.14 (cont.) Uncorrected concentrations (ng/g sediment) of the petrogenic and biomarker PAHs identified and quantified as part of this thesis.
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PAH fluorene phenanthrene | fluoranthene pyrene ant%?ggt-ane benzo(k)fluoranthene mcdde]ggr[é’nzé?’- coronene
Retention time 18.11 21.65 26.28 27.01 31.96 36.64 40.9 44.8
(minutes)
Molecular weight 166 178 202 202 228 252 276 300
Sample Depth (m) Corrected concentration (ng/ g sediment)
KK34 1297.20 103.3123644 | 600.1801281 114.7419655 | 143.5506469 | 170.3695198 315.868072 248.3998471 | 83.4065095
KK35 1289.70 103.1401367 | 489.7077983 82.83991733 | 114.8891673 | 129.4286656 196.5205777 137.8883558 | 58.54792647
KK38 1265.90 147.4838627 984.6527804 126.8740197 | 212.6851013 518.267703 158.1786741 95.30429264 | 49.69617074
KK40 1247.40 45.6210007 171.8422526 45.20465198 53.1102696 48.07755531 49.88528376 50.32075167 | 37.17171614
KK42 1238.07 49.66963313 | 99.39739339 54.83849841 56.920619 56.10642055 52.61539236 50.20518438 | 48.88918094
KK42c 1215.75 55.89465508 51.26848035 | 48.33151195 | 47.03787888 45.8510826 45.14837757 | 45.14630534
KK45e 1188.60 55.03530869 52.60023887 | 50.20495673 | 48.91952813 49.84149665 47.00333099
KK46b 1178.00 72.0631352 345.4985387 98.21376699 | 120.298041 | 102.2770053 113.3517167 114.6045195 | 49.42793546
KK47 1169.10 429.8875763 151.0878524 | 160.9993607 | 144.2813562 123.2771929 103.1526047
KK5 1925.56 127.7390889 68.43323386 | 76.94978959 | 111.8658869 163.5324367 79.6505737 | 49.52159845
KK8 1913.40 59.65718624 52.50824061 | 55.18114776 | 53.45733289 55.3959102 50.73590545 46.3457984
KK9 1903.55 49.32292485 151.781898 60.90910518 | 63.05958504 | 83.50158938 88.26023707 56.16332597 | 43.45179112
KK10 1896.70 140.5399658 | 863.2004703 116.0968025 | 173.5285449 | 160.7650253 173.7325511 101.6112407 | 50.04828703
KK10b 1885.67 67.74184192 754.1242372 147.3013045 | 172.4096956 | 295.8938182 261.6344021 203.493208 71.34887718
KK1od 1875.30 45.4213343 79.24966905 49.03635285 | 51.87249225 | 52.25349976 50.92844948 47.38495084
KK11 1869.30 46.85063437 | 90.69134663 55.00625248 | 57.7308888 | 84.21839436 113.1646138 75.52918252
KK11b 1857.30 87.82811005 | 2078.796538 371.6276463 | 350.3647978 | 500.8685062 356.7309603 136.7921864 | 48.85659056
KK1lc 1852.80 47.43169944 | 88.31090066 54.47260727 | 57.20553528 | 62.22350333 62.09736353 54.50255004 | 47.47160936
KK12a 1826.30 90.683197 616.3677609 100.1888944 | 127.3799543 | 134.1876454 113.4020093 65.5815436 46.97903559
KK14b 1803.80 66.1853835 272.2096533 74.21660531 | 80.20077486 | 109.5062973 121.8499137 75.1219617 | 49.58794243

\l
& Table A.15 Corrected concentrations (ng/g sediment) of the pyrolytic PAHSs identified and quantified as part of this thesis.
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PAH fluorene phenanthrene | fluoranthene pyrene anttf)ﬁggt-ene benzo(k)fluoranthene mcdde]ggr[é’nzé?’- coronene
Retention time 18.11 21.65 26.28 27.01 31.96 36.64 40.9 44.8
(minutes)
Molecular weight 166 178 202 202 228 252 276 300
Sample Depth (m) Corrected concentration (ng/ g sediment)
NC1 165.20 47.81203672 48.44807731 | 46.70621289 | 46.20374234 46.44529714 | 46.37316985
NC2 164.40 64.18660239 45.746284 42.31911658 | 41.35202771 40.97130671 40.72835678 | 40.94722044
NC4 163.00 59.97925633 52.15637683 | 49.95846082 | 48.22337121 48.47873645 50.34878301 | 48.36734557
NC8 158.05 57.77291446 439.3217171 140.0843381 | 214.8617731 | 126.0744719 146.6718356 86.18342908 | 50.41158052
NC9 155.50 53.134222 240.8810938 151.0174616 | 395.6837935 | 217.5108526 796.7473012 712.7906643
NC10 152.10 68.53026383 54.87216553 | 54.2904487 | 52.27875093 93.33398929 103.6268266 | 50.30448372
NC12 147.50 72.28083184 495.2159411 160.4166754 | 272.5621472 | 188.8421245 836.0073456 651.7961235 ([ 78.29581614
NC13 145.00 99.93112983 69.65404014 | 71.39989278 | 57.82520802 81.74697472 80.98628625 | 49.9630058
NC14 143.00 214.7787432 80.58188422 | 90.22328156 | 67.36587116 115.703206 140.1508875 | 49.20821976
NC15 141.10 157.5065541 75.11425704 | 85.71716229 | 65.39180946 102.7373135 141.3131585 | 47.35801644

Table A.15 (cont.) Corrected concentrations (ng/g sediment) of the pyrolytic PAHs identified and quantified as part of this thesis.
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2-methyl 1,7-dimethyl 2-methyl 9-methyl 2,5-dimethyl 1-methyl
PAH retene
naphthalene naphthalene phenanthrene phenanthrene phenanthrene pyrene
Retention time (min) 12.16 14.93 23.8 24.1 26.04 28.58 28.91
Molecular weight 142 156 192 192 206 216 234

Sample Depth (m) Corrected concentration (ng/ g sediment)
KK34 1297.20 259.5352754 303.5768265 278.9821901 310.5743503 241.4050915 266.2211374 | 206.4630902
KK35 1289.70 290.3439835 317.2418873 241.1449658 234.10263 208.367211 196.6827135 | 150.0890952
KK38 1265.90 1026.464693 918.3551258 500.1991221 525.7650874 518.1571893 389.55433 470.8760207
KK40 1247.40 95.82256793 117.6861536 96.50631473 93.25501137 89.1572117 62.27303135 53.63082163
KK42 1238.07 48.98974529 80.26072716 73.32314018 77.55399468 66.14366489 | 55.27924828
KK42c 1215.75 44.90783159 47.2243868 49.95056489 50.5102916 54.00758991 49.38367989 49.4193406
KK45e 1188.60 46.17941966 47.23028975 49.99359824 50.20772425 49.97330383 45.94427636 | 48.83043078
KK46b 1178.00 125.8399535 158.0740784 184.1153216 252.8466912 228.1446766 177.1420249 307.1527838
KK47 1169.10 147.972172 151.5746679 302.9178762 385.0606049 382.8068594 316.8320992 | 426.8482181
KK5 1925.56 48.90308662 50.44602009 72.55822045 60.36611458 53.52831914 65.47188759 | 57.83071937
KK8 1913.40 47.12435224 52.69576771 50.11290196 48.68241554 53.0950752 46.28094022
KK9 1903.55 50.04396534 49.8007507 114.2085584 98.10458707 92.95510006 100.1497687 | 58.66777711
KK10 1896.70 221.1191785 247.1663948 484.5752967 489.4866169 417.1448328 327.0435352 | 161.4413004
KK10b 1885.67 57.60616353 53.48241983 475.5851695 478.025064 332.1340431 496.777316 132.2603049
KK10d 1875.30 45.93723606 70.64145115 66.70496424 66.43938508 62.34994398 50.3289416
KK11 1869.30 47.69434365 86.22331438 80.55693508 78.31891265 75.65837336 53.55311419
KK11b 1857.30 116.73475 82.96870227 1232.028338 1105.090138 1083.905211 1138.269394 316.8058301
KK1ilc 1852.80 75.27649684 71.31303386 70.75630851 78.17278324 | 307.3489397
KK12a 1826.30 65.54713143 85.46788212 372.3702931 354.6114595 344.2694509 234.7307154 149.028794
KK14b 1803.80 53.42395313 64.8700454 167.9277137 156.0123327 162.3249751 166.1232904 85.07310949

Table A.16 Corrected concentrations (ng/g sediment) of the petrogenic and biomarker PAHs identified and quantified as part of this thesis.
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PAH 2-methyl 1,7-dimethyl 2-methyl 9-methyl 2,5-dimethyl 1-methyl retene
naphthalene naphthalene phenanthrene phenanthrene phenanthrene pyrene
Retention time
(minutes) 12.16 14.93 23.8 24.1 26.04 28.58 28.91
Molecular weight 142 156 192 192 206 216 234
Sample D(erg;h Corrected concentration (ng/ g sediment)
NC1 165.20 47.59657326 48.30456726 47.5789452 47.97139697
NC2 164.40 41.89488104 47.52581741 45.7757082 43.69239205

NC4 163.00

49.94203469

54.03409872

52.25545349

51.65015438

48.63819625

NC8 158.05

55.36992967

95.18546354

245.9600056

281.3036671

231.4712304

197.4450172

190.0859281

NC9 155.50

51.83201157

57.24233108

175.0895061

231.9212052

148.5452203

272.3465498

296.646196

NC10 152.10

51.64322689

58.42816491

56.30363251

56.19004032

51.66084574

53.40512884

NC12 147.50 61.031659 104.2869722 249.5698408 277.0201331 217.8341069 259.719205 253.3794926
NC13 145.00 52.94828554 69.43392165 70.77320582 63.17428228 62.35897959 | 61.28794952
NC14 143.00 50.99860411 111.6892688 120.8616126 84.59023267 82.4214447 82.92913981

NC15 141.10

47.61806873

47.77036327

83.25150892

86.52957959

63.53835863

72.74786134

65.77795637

Table A.16 (cont.) Corrected concentrations (ng/g sediment) of the petrogenic and biomarker PAHs identified and quantified as part of this thesis.
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APPENDIX E NiektAN PIG-1 CARBON-ISOTOPE

DATA

Appendix E contains all of the new carbon- and nitrogen-isotope data from the
Niektan PIG-1 bulk organic matter, macrofossil plant material, and bulk woody
phytoclast samples. A discussion of this data is provided in Chapter 7 (p. 176).

Table A.17 shows the carbon-isotope values (513C) and percentage of all carbon

present in each sample for the bulk organic matter samples.

Table A.18 shows the percentage of nitrogen, percentage of carbon, 513C values,

and Corg/Ntotal ratios for the macrofossil plant material samples.

Table A.19 shows the 813C values, percentage of carbon, percentage of nitrogen,
and Corg/Ntotal ratios of the bulk woody phytoclast samples. Blank cells indicate no

available data.
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Appendix E

Sample | Depth (m) | 8"C (%. VPDB) | %carbon | Notes
NC1 165.20 - 0.1 Too small for analysis
NC2 164.40 - 0.1 Too small for analysis
NC4 163.00 -13.6 0.3
NC5 162.25 -26.3 0.5
NC6 160.00 -26.9 13.7
NC7 159.00 -17.3 1.9
NC8 158.05 -18.0 14
NC9 155.50 -20.3 2.8
NC10 152.10 -11.6 2.8
NC11 151.00 -15.5 1.2
NC12 147.50 -27.5 1.5
NC13 145.00 -26.8 0.5
NC14 143.00 -26.1 0.3
NC15 141.10 -26.5 0.4
NC16 136.00 -23.2 0.5
NC17 134.50 -26.5 0.4
NC20 131.00 -24.9 0.2
NC21 130.25 -24.2 1.0
NC22 128.50 -25.8 0.4
NC24 123.85 -27.8 0.8
NC25 122.20 -6.2 3.6
NC26 121.40 -20.6 0.5
NC27 119.10 -24.1 0.2
NC28 118.50 -24.0 1.6
NC29 116.00 -24.6 0.3
NC31 114.00 -26.1 0.6
NC32 113.00 -25.3 0.2
NC33 112.40 -23.1 0.3
NC34 110.00 -7.8 2.1
NC35 109.30 -85 2.8
NC36 108.00 - 0.3 Too small for analysis
NC38 101.20 -23.5 0.5
NC39 100.20 - 0.2 Too small for analysis
NC40 99.40 -25.7 0.3
NC41 98.00 - 0.2 Too small for analysis
NC42 97.00 -18.2 0.3
NC43 96.10 -17.1 0.3
NC45 94.00 -18.3 0.4
NC46 92.30 - 0.1 Too small for analysis
NC47 91.00 - 0.3 Too small for analysis
NC48 89.60 -25.2 0.7
NC49 88.00 -25.6 0.2
NC50 87.10 -25.4 0.2

Table A.17 Sample number, depth in core (m), 32C, and % carbon of each sample for bulk

organic matter 5'3C analysis.

379



Appendix E

Sample | Depth (m) | 8"C (%. VPDB) | %carbon | Notes
NC50 87.10 -25.4 0.2
NC51 86.10 -25.1 0.5
NC52 85.00 -11.9 3.0
NC53 84.20 -25.0 0.2
NC54 83.00 -9.8 1.6
NC55 82.20 -15.5 1.2
NC57 81.00 -16.6 0.6
NC59 79.00 -16.7 0.4
NC61 78.00 -25.7 8.4
NC63 77.00 -25.2 7.6
NC65 76.00 -24.9 9.0
NC67 75.00 -24.8 6.6
NC68 74.00 -24.7 0.4
NC70 73.00 -22.7 0.3
NC71 72.60 -25.3 1.7
NC72 71.80 -24.7 3.1
NC73 71.00 -25.9 0.4
NC74 70.50 -24.5 0.4
NC76 69.00 -26.1 11
NC78 68.00 -25.5 0.6
NC80 67.00 -24.9 0.6
NC82 66.00 -25.0 0.6
NC84 65.00 -22.0 0.5
NC86 64.00 -20.5 0.4
NC88 63.00 -24.1 1.6
NC90 61.80 -23.6 15
NC91 60.90 -24.8 0.2
NC92 60.00 -25.5 0.4
NC94 58.50 -19.0 0.9
NC96 57.60 -26.6 0.4
NC98 56.50 -23.4 0.4
NC100 55.50 - 0.2 Need more sample to repeat
NC102 54.50 -25.6 0.3
NC104 53.50 -25.4 0.4
NC106 52.00 - 0.1 Need more sample to repeat
NC108 51.00 -25.5 0.6
NC110 50.00 -26.3 1.7
NC111 49.10 -26.6 5.6
NC112 48.00 -26.6 4.8
NC113 46.50 -26.7 3.0
NC114 45.00 -26.7 3.0
NC116 43.50 -27.2 39.2

Table A.17 (cont.) Sample number, depth in core (m), 32C, and % carbon of each sample for

bulk organic matter 313C analysis.
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Sample | Depth (m) | 8"C (%. VPDB) | %carbon | Notes
NC118 42.50 -26.0 0.7
NC120 41.30 -22.8 0.3
NC122 40.00 -25.7 0.4
NC124 39.00 -26.0 0.8
NC126 38.00 -25.9 0.4
NC128 36.80 -25.0 1.6
NC129 36.00 -25.3 0.4
NC131 35.00 -25.8 1.3
NC132 34.40 -25.1 0.6
NC134 33.00 -26.0 0.8
NC136 32.00 -25.2 0.8
NC138 20.60 -25.1 11
NC140 19.50 -25.2 12
NC142 18.50 -25.2 11
NC144 17.50 -25.2 0.7
NC146 16.50 -25.1 0.9
NC148 15.50 -24.7 0.6

Table A.17 (cont.) Sample number, depth in core (m), 813C, and % carbon of each sample for

bulk organic matter 313C analysis.
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Sample number Depth (m) % N % C 813C CIN
NC1 161.70 0.256844 16.88996 -27.8029 65.75953
NC2 160.12 0.541779 44.08189 -25.8508 81.36501
NC3 160.75 0.26163 16.93672 -27.8739 64.73533
NC4 159.24 0.72823 33.31686 -26.3525 45.75044
NC5 158.08 0.161065 19.92292 -25.3467 123.6952
NC6 158.69 0.356646 18.85528 -25.8208 52.86841
NC7 157.42 0.104085 1.214535 -24.7622 11.66864
NC8 155.30 0.084484 1.1001 -28.0892 13.02133
NC9 153.10 0.184154 4.495846 -29.9157 24.41352

NC10 149.11 0.35861 14.59186 -27.6333 40.69011
NC11 149.38 0.442195 17.99945 -27.7564 40.70481
NC12 148.12 0.391937 17.53415 -27.0789 4473723
NC13 147.08 0.371175 10.70638 -29.1229 28.84456
NC14 146.23 0.210236 4.007031 -28.2121 19.05967
NC15 144.57 0.261216 2.992025 -29.897 11.4542
NC16 143.83 0.232656 5.530069 -28.6548 23.76929
NC17 142.10 0.561917 20.46588 -26.8721 36.42154
NC18 139.51 1.406375 2.765051 -28.2288 1.966084
NC19 138.18 0.427311 20.46254 -28.0203 47.88676
NC20 137.07 0.478158 20.25553 -27.7067 42.36156
NC21 132.63 0.192309 5.024246 -28.2181 26.12592
NC22 130.25 0.282322 17.01735 -22.1269 60.27637
NC23 129.86 0.224932 15.93004 -27.7741 70.82168
NC24 126.43 1.042284 75.908 -27.1572 72.82849
NC24b 126.23 0.870346 69.82276 -27.0133 80.2241
NC25 116.35 0.902039 61.20357 -26.6184 67.85023
NC26 115.40 0.13692 11.42831 -26.6248 83.4671
NC27 107.60 0.999271 72.73606 -27.3255 72.78912
NC28 105.24 0.522812 41.97701 -26.4925 80.29079
NC29 104.09 0.838451 67.60569 -26.9779 80.63168
NC30 102.50 0.876621 67.51774 -27.6692 77.02041
NC31 95.50 1.018417 69.95467 -27.3174 68.68963
NC32 94.55 0.239169 8.368649 -27.4344 34.99055
NC33 80.35 0.195992 8.471753 -25.2324 43.22489
NC35 74.66 0.132118 2.332135 -25.5897 17.6519
NC36 69.84 0.555322 31.86655 -25.8446 57.38389
NC37 63.45 0.707358 44.76676 -26.7123 63.28732
NC38 62.70 0.906402 53.62253 -26.6641 59.15979
NC39 59.85 0.756782 51.9327 -26.911 68.62302
NC40 50.10 0.614209 52.51097 -26.2018 85.49361
NC41 49.09 0.791451 71.59369 -27.5183 90.45874
NC42 42.20 0.985728 74.365 -26.5356 75.44171
NC43 37.10 0.299934 18.53572 -26.7033 61.79938

Table A.18 Sample number, depth in core (m), percentage of nitrogen, percentage of carbon,

O13C value, and Corg/Ntotal ratio of the macrofossil plant material samples.
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ﬁﬁm E'eer Depth (m) 513C %C %N C/N
NK15 166.70 -26.9
NK17 166.10 27.1
NK18 165.80 27.4
NK25 163.70 27.6
NK31 161.10 26.5 36.8 0.6 62.0
NK32 160.70 26.7 44.3 0.8 59.0
NK33 160.30 -26.6 69.0 1.4 50.8
NK 34 160.00 26.4 49.1 0.8 59.7
NK35 158.90 26.4 37.2 0.8 46.7
NK36 158.60 26.1 51.9 0.8 61.7
NK37 158.30 26.3 48.5 1.0 48.6
NK37a 158.30 26.3
NK38 158.00 -26.2 49.2 0.9 52.5
NK39 157.70 27.0 50.9 11 46.4
NK40 157.40 27.3
NK42 156.80 25.5 67.4 15 44.4
NK43 155.40 27.0 38.0 05 74.6
NK44 155.10 -26.8
NK45 154.80 27.3
NK46 154.50 26.8
NK47 154.20 -26.6 58.9 1.0 61.6
NK48 153.90 26.5 71.8
NK49 153.60 27.8 73.6 15 49.5
NK50 153.30 27.3 61.4 15 41.0
NK51 153.00 27.8 67.2 17 40.0
NK52 152.70 27.9 69.7 17 40.4
NK53 152.40 255 40.7 2.7 14.8
NK60 150.30 28.0 54.8 15 36.7
NK61 150.00 27.7 66.4
NK62 149.70 27.3 69.7 17 41.6
NK63 149.40 26.4 67.9 2.6 26.1
NK64 149.10 27.0 54.7
NK65 148.80 27.1 62.6
NK66 148.50 27.7 60.5 16 37.1
NK67 148.20 -26.8 63.0 17 36.9
NK68 147.90 -26.9 64.6 16 40.9
NK69 147.60 27.8 67.9 16 42.3
NK71 147.00 28.7 76.8 16 48.1
NK72 146.70 28.3 76.5 17 44.6
NK74 146.10 28.0
NK79 144.60 27.0 76.5 2.0 37.4

Table A.19 Sample number, depth in core (m), 813C value, percentage of carbon, percentage of

nitrogen, and Corg/Niotal ratios of the bulk woody phytoclast samples. Blank cells indicate no

available data.
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ﬁﬁm E'eer Depth (m) 513C %C %N C/N
NK80 144.20 27.3 74.8 16 46.7
NK83 142.10 26.2 75.2
NK84 141.30 -26.8
NK88 138.20 26.7 68.7
NK92 135.20 27.1
NK 94 133.40 27.4
NK97 130.60 27.0
NK100 126.50 -26.4 69.5
NK101 125.30 -25.9
NK102 123.80 27.6
NK103 123.00 -26.8 78.9
NK 106 120.10 -26.2 77.8
NK108 117.10 26.9
NK113 111.10 27.2
NK117 107.60 27.1 66.6
NK118 105.70 27.4 74.7 12 61.0
NK119 104.10 27.3
NK127 93.60 26.4 62.1
NK130 90.80 25.7
NK133 86.80 24.8 79.7
NK 144 74.60 25.8 81.2 0.8 99.6

Table A.19 (cont.) Sample number, depth in core (m), &12C value, percentage of carbon,

percentage of nitrogen, and Corg/Ntotal ratios of the bulk woody phytoclast samples. Blank cells

indicate no available data.
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