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Paleoenvironment reconstruction in extreme climates using
organic geochemical investigations

by

Ross H. Williams

Thesis Abstract

Organic geochemistry provides researchers with an extensive suite of tools
for reconstructing past environments. Using these tools, a set of unique locations
situated in climatic extremes have been investigated. During the Early Cenozoic the
planet was much warmer than today. In addition to this higher background
temperature a series of rapid warming events occurred termed hyperthermals. The
largest of these, the Paleocene-Eocene Thermal Maximum is perhaps the best
analog to modern day anthropogenic climate change. It is paramount to understand
the global effects of this event to elucidate potential changes in our near future. To
further this area of research two very different regions were chosen to seek out
potential deposits that record the hyperthermals. First, in the Cambay Basin of
Western India an extensive core was taken during exploration for lignite deposits.
This site would have been near the equator during the time of deposition, a region
that is important yet not well established in the current literature pertaining to the
hyperthermals. Biostratigraphy and palynology combined with bulk organic carbon
isotope records reveals that the lowermost portion of the core likely contains the
hyperthermal events. Compound-specific isotopic investigation across multiple
realms reveals potential variability of carbon in the ocean-atmosphere system that
was then complemented by examination of the corresponding kerogens through
application of pyrolysis gas chromatography-mass spectrometry. Expanding upon
this study the Canadian High Arctic was assessed in the form of paleosols from
Banks Island and shales from Strathcona Fiord. Biomarker distributions revealed a
shift in environmental conditions from marine to coastal environments from the
Paleocene into the Eocene. Hydrogen isotopic investigation reveals that the n-
alkanes from paleosols can preserve the same signals as rocks from the same time
and that the paleohydrology was far different from present day. Finally, a study
was conducted of the recent history of Lagunas Miscanti and Mifiiques due to their
location at high elevations in the dry Chilean Altiplano. Examination of biomarker
distribution as well as associated proxies shows that the lakes have undergone
significant changes on centennial time scales along with varying biotic
communities, water chemistry and lake level.

Thesis Supervisor: Roger E. Summons, Professor of Geobiology, MIT
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Chapter 1

1. Introduction

1.1 Organic Geochemistry as a tool for paleoenvironmental

reconstructions

The application of molecular techniques to the study of paleoenvironmental

conditions often has the potential to reveal a wealth of information not available

through other means. Examination of macroscale fossils can uncover information

about a particular flora or fauna, and fossil assemblage analysis can elucidate

larger group scale effects, but neither of these capture the amount of information

organic geochemical methods can provide. A single extract of organic matter can

contain the molecular fossils of a multitude of organisms across a variety of realms,

providing a snapshot of time and a glimpse at what the environment as a whole

actually was like.

With varying degrees of specificity, biomarkers are diagnostic for a particular

source organism or group. Through careful study of modern analogs, many modern

biomolecules have been shown to be the likely precursors to common fossil

molecular structures. After deposition these biomolecules undergo alterations into

more chemically stable compounds that remain in the rock record for long stretches

of geologic time. By uncovering these fossil molecules, organisms from all domains

of life can be shown to have existed at the time of deposition. This is very significant

specifically to the study of those organisms that do not form the hard body parts
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that typically leave macrofossil remains such as the bacteria and archaea. These

groups, while small in size are incredibly important on a far larger scale as their

metabolisms have altered the very composition of the atmosphere.

The eventual endosymbiosis of cyanobacteria led to the rise of another very

important group, the plants. The radiation of vascular plants during the Devonian

is established to have enhanced chemical weathering and drawn down atmospheric

carbon dioxide levels (Berner, 1997). Later, during the Carboniferous, the seed

forming gymnosperms grew to prominence followed by the angiosperms, or flower

bearing plants in the Cretaceous. These angiosperms would rapidly diversify and

soon overtake gymnosperms as the prominent form of seed bearing plants.

Higher plants can be located in the molecular record by the distinct compounds

they form. Higher plant detection is one of the earliest forms of molecular

paleoenvironmental reconstruction, dating to the discovery that higher plant leaf

waxes have a distinct pattern of odd chain length preference and maxima usually in

the C25 -C 3 1 range for n-alkanes, and an even preference in the related fatty acids,

alkanols, and aldehydes (Eglinton and Hamilton, 1967; Eglinton et al., 1962). It has

been further demonstrated that n-alkane production varies significantly among the

higher plants, in particular between angiosperms and gymnosperms (Diefendorf et

al. 2011). Beyond being a source indicator, the odd chain length preference was

found to be anti-correlated to thermal maturity. Early on this process was noted

and exploited as the carbon preference index (CPI) (Bray and Evans, 1961) and

later refined as the odd-even preference (OEP) (Scalan and Smith, 1970). More
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recently, the discovery that aquatic vegetation often produces distributions of n-

alkanes with a C2 3 predominance led to the creation of the percent aqueous (Paq)

proxy (Ficken et al., 2000). By assessing the relative amounts of n-alkanes an

increase in this proxy reflects the presence of emergent then submerged

macrophytes. Further, in certain environments this can be used to determine the

presence of sphagnum due to its n-C23 preference as well (Inglis et al., 2015).

The presence of higher plants can also be determined by the presence of more

complex molecules. For instance, plants are known to produce C 2 9 sterols (Huang

and Meinschein, 1979) resulting in C29 sterane geolipids. There are many groups of

compounds that can be more diagnostic for certain types of higher plants. For

example, polycadinene is a polymer prominent in the dammar resins formed by the

angiosperm dipterocarps common to Southeast Asia (Van Aarssen et al., 1994).

Compounds such as bicadinane and tricadinane are products of the breakdown of

such resins. Other common markers for angiosperms are the pentacyclic

triterpenoids known as oleananes and lupanes (Moldowan et al., 1994). For

gymnosperms, there are a great variety of terpenoids thought to originate from

conifers. These include the bicyclic labdanes, tricyclic pimaranes and abietanes, and

tetracyclic karuanes and phyllocladanes (Fig. 1.1).

Beyond simply providing information about the source of organic matter,

biomarkers also have the potential to be indicators of the physical condition of the

paleoenvironment. For instance, microbes have been shown to adjust the structure

of their lipid membranes in response to environmental factors such as pH and
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temperature. Both archaea and bacteria form tetraether membrane lipids known as

glycerol dialkyl glycerol tetraethers. The archaea form these compounds with

isoprenoidal alkyl chains while the bacteria's are non-isoprenoidal (aka branched).

The non-isoprenoidal set of GDGTs is formed more specifically by soil bacteria and

thus represents input of terrestrial organic matter. To quantify the relative

contributions of these two groups, which affects the application of further proxies,

the BIT index was created (Hopmans et al., 2004; Weijers et al., 2006). These

groups modify their alkyl chains with changing conditions through the

establishment of cyclic moieties and, in the case of branched GDGTs, the addition of

methylations. Bases upon this behavior, as well as the production of specific types of

GDGTs by certain groups, a number of proxies have developed for

paleoenvironmental reconstructions.

The addition of cyclic moieties to isoprenoidal GDGTs was discovered to be

related to the sea surface temperature of the waters in which they were formed

(Schouten et al., 2002). This proxy, known as TEX86 , has been widely applied to a

great number of climatic studies since it was established. Given the widespread

attention it has garnered it has undergone careful examination and recalibrations.

For instance, based upon trends noted in Arctic Oceans two new measures were

recommended, TEXS6 L for low temperature and TEX86H for high (Kim et al., 2010).

Within the non-isoprenoidal GDGTs it was shown that the number of

cyclizations is correlated to the environmental pH while the number of methylations

is to both the pH and the mean annual temperature (MAT) (Weijers et al., 2007).
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From this relationship the cyclization of branched tetraethers (CBT) and

methylation of branched tetraethers (MBT) indices were established. Through the

combination of both indices it is then possible to determine both the pH and

temperature of the paleoenvironment.

It can be difficult however to extend these established proxies to different

depositional settings such as lakes. With varying degrees of success calibrations

have been proposed such as that for TEX86 by Powers et al., 2010. For the MBT/CBT

proxy several different approaches have been taken. First, several adjustments

were proposed to correct apparent significant offsets in lake environments (Pearson

et al., 2011; Tierney et al., 2010) and recently a regional calibration (Foster et al.,

2016). Such regional calibrations, while hampered by lack of data in many areas,

are important for improving measurement accuracy, but they also raise the issues

of why such compounds behave differently in these areas.

The amounts of different types of GDGTs have also been recently applied in a

number of other ways. The fact that halophile archaea apparently only produce

archaeol type compounds and not GDGTs led to the relative amounts of these

compounds being used as a paleosalinity proxy, the archaeol and caldarchaeol

ecometric was created (ACE index) (Birgel et al., 2014; Turich and Freeman, 2011).

This correlation was confirmed in subsequent studies (Wang et al., 2013) but does

not seem applicable in all cases (Huguet et al., 2015).

Another recently proposed proxy is the %thaum proxy for lake level changes

(Wang et al., 2014). This proxy is based upon the idea that thaumarchaeota prefer
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to live at deeper depths. As such, the relative amount of their produced

thaumarchaeol would be seen to increase with the size of the water column. This

proxy is relatively young and untested so it should be used with significant caution.

Recent examinations have demonstrated significant diversity in the groups forming

different GDGTs so care must be taken when applying such proxies (Pearson et al.,

2016).

1.2 Early Cenozoic hyperthermal events

The Early Cenozoic was the warmest time period of the past 65 million years

(Zachos et al., 2008). During the Early Eocene Climatic Optimum (EECO) global

temperatures are thought to have been -14'C than preindustrial levels (Caballero

and Huber, 2013). This elevated temperature was likely due to higher atmospheric

CO 2 levels. Estimates of CO2 levels range from 500 parts per million to over 4,000

parts per million (Beerling and Royer, 2011; Loptson et al., 2014; Lowenstein and

Demicco, 2006) with recent estimates based upon boron isotopes at 1,400 parts per

million (Anagnostou et al., 2016).

On top of the already elevated CO 2 levels there was a rapid increase that

resulted in a warming known as the Paleocene-Eocene Thermal Maximum (PETM).

This event was discovered by the concurrent shifting of carbon and oxygen isotopic

compositions in benthic foraminifera indicating a synchronous change in the carbon

cycle and temperature (Kennett and Stott, 1991). This was rapidly confirmed to

have been a large scale event as it was extended into the terrestrial realm through

studies of mammalian teeth and paleosol carbonates (Koch et al., 1992). The
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warming from this event, which occurred on the order of thousands of years, was

-5 0 C (Dunkley Jones et al., 2013; Fricke and Wing, 2004; Tripati and Elderfield,

2005).

While the PETM is the most prominent and well-studied event there were a

number of other hyperthermals in the Early Cenozoic. Following the PETM was the

Eocene Thermal Maxima 2 (ETM2) (Lourens et al., 2005). While similar in

characteristics to the PETM, the ETM2 was found to have a smaller CIE and

climatic impact. Subsequently a third event ETM3 (Or 'X') was discovered (R6hl et

al., 2005). Less well established are events that preceded the PETM such as Latest

Danian Event (LDE), Dan-C2 event and Early Late Paleocene Event (ELPE)

(Quillev6r6 et al., 2008; Rohl et al., 2004; Westerhold et al., 2011).

One of the best methods of locating the hyperthermal events is by locating the

associated carbon isotope excursion (CIE). As this excursion occurred within the

ocean-atmosphere system it has been located in a great variety of reservoirs from

the marine and terrestrial realms (McInerney and Wing, 2011). While the evidence

of an input of isotopically depleted carbon is undeniable, the actual source of the

carbon is still debated.

The most popular candidate by far for the source of carbon are seafloor methane

clathrates (Dickens et al., 1995). Methane clathrates are a clear choice for carbon

isotopic excursion due to their highly depleted nature. By starting with a much

depleted source, less carbon is needed to cause an excursion of a set magnitude.

However, it has been argued that this is the hypothesis's own downfall as it may not
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release enough carbon to cause the observed shoaling of the calcite compensation

depth (Panchuk et al., 2008). It has further been suggested that the already warm

background conditions of the Early Cenozoic would not enable significant enough

stores of methane clathrates to exist to account for the whole event (Pagani et al.,

2006).

Alternatively, it has been argued that the hyperthermal events were triggered

by orbital forcing and carbon release through positive climate feedbacks (Cramer et

al., 2003; Littler et al., 2014; Lourens et al., 2005). This explanation is attractive in

that it offers an explanation for the lesser hyperthermal events given their

correspondence to orbital cyclicity (Galeotti et al., 2010). However, the observation

that the PETM and ETM2 do not coincide with the dominant 405kyr eccentricity

cycles has been used to argue against this (Westerhold et al., 2007).

There also exists a magmatic explanation for the PETM. If magma comes into

contact with organic rich sediments there can be a substantial release of carbon in

the form of carbon dioxide and methane (Cooper et al., 2007). For the PETM, the

North Atlantic or offshore Norway have been proposed to be potential candidate

areas for such an event to have occurred (Aarnes et al., 2015; Svensen et al., 2004).

This mechanism however would require extreme amounts of carbon to be released

to cause the CIE since the carbon released would not be as isotopically depleted as

other mechanisms.

In addition to these three potential triggers there have also been a number of

other suggestions that haven't gained the same traction. This is usually due to the
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lack of physical evidence supporting their theories. Two examples of this are the

impact of a carbon rich comet (Cramer and Kent, 2005) or drying of epicontental

seaways exposing organic rich sediment to air (Higgins and Schrag, 2006). More

often now a multiple step scheme is invoked, usually involving one process leading

to the dissociation of methane clathrates. This framework has gained traction lately

with the description of a "pre-excursion" before the main event (Bowen et al., 2014).

1.3 Thesis Structure

This goal of this thesis is to apply the principles of paleoenvironmental

reconstruction to several distinct cases. Each of these cases is unique in some way

and represent times of environmental variability of differing scales. The sites

described below span from multimillion year examination of tropical equatorial

conditions during hyperthermal events to centennial scale study of lakes in a cold

and dry climate. Throughout the question of how biota responds to such a variety of

environmental changes will be addressed.

Beginning at the upper extreme, Chapter 2 will study the conditions at the

equator during the warmest period of the past 65 million years. During the Early

Cenozoic the coastal environments of Western India led to the deposition of

economically important lignite seams. Here we will present a detailed examination

of core material from this region that will explore aspects of depositional

environment, post depositional alteration of organic matter, and establish multiple

carbon isotopic profiles that when integrated with biostratigraphic records reveal
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the potential of this area to furnish invaluable records of hyperthermal events that

address current poorly constrained paleoequatorial conditions.

Chapter 3 shifts this examination northward to the Canadian High Arctic. Here,

a comparison of records preserved in paleosols and shales is presented. Further,

changing environmental conditions from marine to coastal deposition reflected by

changing lithologies and biomarker distributions are shown across the Paleocene-

Eocene boundary, as revealed by lithostratigraphy. Also, the hydrogen isotopic

composition of n-alkanes is examined to elucidate paleohydrological conditions at

the time of deposition.

Finally, in Chapter 4 a very different type of paleoenvironmental reconstruction

is conducted. There, centennial scale changes within two neighboring high altitude

lakes are described over the past 4 millenia. These lakes of the Chilean Altiplano

provide a detailed history of recent climatic variations that are poorly established

compared to their northern hemisphere counterparts. Examination of biomarker

distributions and proxies establishes several times in the past four millennia that

lake conditions changed significantly in terms of euxinia, salinity, and lake level as

well as biotic community structure.
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Figure 1.1: Examples of common higher plant molecules commonly used as

indicators of (a) angiosperm and (b) gymnosperm content.
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Abstract

An extensive analysis has been conducted on a 500 meter drill core taken from the

Cambay Basin of Western India near the Valia Lignite mine with the goal of

examining evidence of hyperthermal events in this region. The Early Cenozoic

hyperthermal events have been of particular importance in light of modern day

climate projections, yet extensive study of paleoequatorial conditions at this time

remains sparse.

Biomarker distributions, palynology and kerogen typing show that the organic

content of the sampled materials is primarily of a terrestrial plant origin. This

organic matter has further undergone bacterial degradation, especially in the oldest

portion of the core as evidenced by the abundances of degraded des-a-triterpenoids,

aromatic triterpenoids, pristane/n-C17 and phytane/n-C18 ratios.

Benthic foraminiferal based biostratigraphy has indicated that the lowermost

reaches of the core likely fall in the late Paleocene. Further, palynology corroborates

this finding and reveals the presence of an Apectodinium acme such as those known

for marking the most prominent hyperthermal event, the Paleocene-Eocene

Thermal Maximum (PETM). Bulk and compound-specific isotope records illustrate

the need for high resolution sampling but also indicate several potential

stratigraphic locations of hyperthermal events. Additionally, pyrolysis-GC-IRMS

has been used to compare conventional compound-specific isotope analyses of

extractable lipids with components of the remaining kerogens and revealed that
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such compounds do reliably reflect the same environmental isotopic changes over

time as the free hydrocarbons.
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2.1. Introduction

The Early Cenozoic has proven to be a valuable asset as a record of what

recent Earth was like under increased temperature conditions. While already

significantly warmer than present day, it also experienced a series of transient

rapid warming events termed the Eocene Thermal Maxima (ETM). The first and

most pronounced of these is known as the Paleocene-Eocene Thermal Maximum

(PETM, 55.8Ma). During the PETM there was an increase in global temperature of

around 5*C (Bralower et al., 1995; Zachos et al., 2003). Due to the magnitude and

pace of the PETM, it is often cited as the best recent analogue for future climate

projections (Zachos et al., 2008), though it was still a much more gradual process

than the contemporary temperature rise (Zeebe et al., 2016). This event was

subsequently followed by a less intense anomaly known as ETM2 as well as several

others diminishing in magnitude (Cramer et al., 2003; Lourens et al., 2005).

Despite the current interest, the majority of sites known to exhibit the

Paleocene-Eocene transition are located at middle to high latitudes (McInerney and

Wing, 2011). Furthermore, of the known sites located in the tropics and subtropics,

even fewer record significant terrestrial influence (Jaramillo et al., 2010). It is

important to expand upon this assemblage of sections to better understand how the

biosphere reacted in these types of environments if we want to use this time period

to better understand future conditions. Alteration of latitudinal temperature

gradients can greatly affect climate models. By providing constraints on the
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equatorial conditions models can be better defined and produce results with greater

confidence.

During the Early Cenozoic the Indian Plate was moving northward after its

separation from Gondwana in the Jurassic on a trajectory leading to subsequent

collision with the Asia Plate (Ali and Aitchison, 2005; Reeves and de Wit, 2000).

When the hyperthermal events were occurring, Western India was positioned very

near to the equator (Acton, 1999). Extensive deposition is known to have occurred in

this region in marine marsh-bay complexes that resulted in the formation of

economically important lignite bearing formations (Singh et al., 2012, 2010; Thakur

et al., 2010). However, only a few prior attempts have been made to locate

sedimentary successions that could potentially preserve the events in enough detail

to warrant detailed biomarker study of the Early Cenozoic hyperthermals (Samanta

et al., 2013a, 2013b).

One method to locate the Paleocene-Eocene transition is through the use of

carbon isotopic records. The hyperthermal events themselves were first noted due to

concurrent isotopic excursions in carbon and oxygen (Kennett and Stott, 1991).

Subsequently it has been demonstrated that the warmings were caused by massive

inputs of isotopically light carbon to the ocean-atmosphere system. As such, the

formal boundary between these two times is officially assigned to the onset of the

carbon isotope excursion. The source of the carbon remains under debate with

several possible candidates (Cramer and Kent, 2005; Cramer et al., 2003; DeConto
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et al., 2012; Dickens et al.; Higgins and Schrag, 2006; Katz, 1999; Svensen et al.,

2004).

While this excursion is often notable in bulk carbon isotope records, it is far

more diagnostic when found at a compound-specific level (Handley et al., 2008;

Pagani et al., 2006; Tipple et al., 2011). For terrestrial sites it is common practice to

analyze paleosol carbonates to establish carbon isotope records (Smith et al., 2007).

However, it has been noted that other factors such as temperature and soil moisture

can amplify isotopic excursions in these settings (Bowen et al., 2004; McInerney and

Wing, 2011) or be subject to alterations due to contributions of allochthonous carbon

or changes in microbial degradation (Baczynski et al., 2016). On a molecular level,

long chain n-alkanes from higher plants have been commonly utilized due to their

recalcitrant nature and common presence (Handley et al., 2008; Pagani et al., 2006;

Smith et al., 2007), but other biomarkers should not be precluded. In the present

study attempts are made to circumvent the lack of prevalent n-alkanes amenable to

isotopic examination by seeking out other compounds that should reflect the same

information.

While compound-specific isotope analyses are conventionally applied to the

free extractable hydrocarbons there is additional information contained within the

dominant macromolecular organic component, namely the kerogen. An alternative

method to reveal the nature of this kerogen is through the use of pyrolysis-gas

chromatography-mass spectrometry (Py-GC-MS) (Giraud, 1970; Larter and Senftle,

1985). By applying the same pyrolysis conditions to isotopic measurements via
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pyrolysis-gas chromatography-isotope ratio mass spectrometry (Py-GC-IRMS) it is

possible to examine individual components of kerogen and how they relate to the

extractable fraction. This methodology has commonly been applied to meteorites

(Okumura and Mimura, 2011; Sephton and Gilmour, 2001) and other molecules

such as carbohydrates (Gonzailez-P6rez et al., 2015) but has yet to be extensively

applied to kerogens or in a paleorecord framework.

2.2. Geologic Context

The Cambay Basin lies on the western edge of the Indian subcontinent along

the Gulf of Cambay. The region is a peri-cratonic basin that began rifting soon after

the Cretaceous Deccan Traps eruptions (Biswas, 1982; Tewari et al., 1995). While

the neighboring Kutch basin was first to begin rifting, Tertiary sedimentation is

more extensive in the Cambay Basin due to a higher degree of subsidence at that

time (Biswas, 1987). The rifting continued into the Miocene and resulted in a horst-

graben terrain divided into five main blocks. From North-South these are the

Sanchor-Patan, Mehsana-Ahmedabad, Tarapur-Cambay, Jambusar-Broach, and

Narmada-Tapti blocks.

Overlying the Deccan Trap floor are extensive Tertiary deposits of

sedimentary rocks comprising conglomerates, shales, lignites, greywackes, clays

and sandstones (Mishra et al., 2015). Depositional thicknesses in the basin can vary

significantly over short distances. Further, lignite seams are often laterally

discontinuous and faulting is evident in many exposures which can complicate

regional correlations. The Cambay Shale Formation, with its interbedded grey and
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carbonaceous shales and lignite beds is a major component of these basins and has

been extensively examined in terms of its hydrocarbon source potential (A.

Banerjee, 1993, 2002; Mishra et al., 2015), paleoenvironmental (Dutta et al., 2011;

Mathews et al., 2015; Paul et al., 2015) and paleontological studies (Clementz et al.,

2010; Rose et al., 2009, 2006).

Coring for this study was conducted near Ankleshwar, Gujarat by the

Gujarat Mineral Research & Development Society (GMRDS) (Latitude 210 25' 47"

N; Longitude 730 07' 30" E) (Fig. 2.1). This location is within the southernmost

Narmada-Tapti block of the basin. While coring did not reach the Deccan Trap floor,

the 501m core contains a very extensive shale interval with lignite beds present

towards the base as illustrated by the litholog prepared during coring (Fig. 2.2). The

base of the core is clay which likely is derived from the weathering of the underlying

trap rock and as such is part of the lowermost sedimentary unit known as the

Olpad/Vagadkol formation.

2.3. Methods

Samples were acquired courtesy of the GMRDS and were taken directly after

drilling and packaged in clean foil. Approximately 300 samples were taken from the

drillhole which is designated borehole U2. Drilling reached a depth of 501 meters

and was sampled from 77.5m-501m. Samples were alternatingly designated for

micropaleontology, palynology, and biomarker study.
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For examination of foraminifera samples were heated and stirred at 80'C

with presence of Na2CO 3 as a dispersing agent. Next, they were cleaned using a

300-mesh sieve and dried. Examination of the distribution of genera was

accomplished via microscopy.

Palynology was conducted on six samples (-20g each) from the bottom

portion of core. These samples were treated with mild HCl followed by HF and

HNO 3. Staining of samples was accomplished using safranin. For microscopy slides

were prepared in polyvinyl alcohol and mounted in Canada balsam.

For biomarker examination the outer portion was first removed using a

solvent cleaned rock saw. Samples were then powdered using a clean ceramic puck

mill and shatterbox. Subsamples were decalcified with 6N HCl for bulk organic

carbon isotope analysis. Lipid extraction was accomplished using a Dionex ASE-200

with a solvent mixture of dichloromethane:methanol (DCM:MeOH 9:1). Each

sample was extracted until the resulting eluent was clear a minimum of 3 times and

maximum of 12. Combusted sand was utilized as a procedural blank every six

samples and revealed no significant systemic contamination.

Asphaltenes were removed from the total lipid extract (TLE) by the

introduction of excess n-hexane and subsequent cooling overnight at 4C. The

resulting maltene was then desulfurized by the addition of activated copper shot.

Subsequently, the maltene was separated into 5 fractions by column

chromatography using silica gel 60 (aliphatics: hexane (3/8 DV), aromatics:

hexane:DCM 4:1 (2 DV), ketones: DCM (2 DV), acids: DCM:MeOH 1:1 (2 DV) and
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alcohols: MeOH (2 DV)). The acid and alcohol fractions were then recombined prior

to further analysis.

Kerogen isolation was performed on six samples form the lower core with the

goal of concentrating organic matter with minimal alteration. Extracted residues

were initially treated with 6N HCl for removal of carbonates. Then a small amount

of HCl was added again and HF (32%) for the removal of silicates. Fresh HF was

introduced to the sample until the remaining residue appeared free of grit. Samples

were then neutralized with ultrapure water and dried.

Bulk rock properties (Tmax, HI, 01 and S2) were determined using a Rock

Eval 6. Bulk organic carbon isotopes were measured using a Fisons Elemental

Analyzer coupled to a Finnigan DELTAPluS XP. Isotopic abundances were assigned

relative to reference gas calibrated to VPDB scale with Mix A (n-C16 to n-C30

alkanes; Arndt Schimmelmann; Indiana University). Measured values were

corrected using a suite of standard compounds (CH-6 n=24, Urea n=32, Acetanalide

n=60 and NBS-22 n=14). Average standard deviation of replicate analyses was

0.3%o.

Compound distributions were assessed on an Agilent 6890N gas

chromatograph interfaced with a Micromass Autospec Ultima operated in full scan

mode with a DB-1MS column (Agilent J&W 60m length, 0.25mm diameter, 0.25pm

film). For aliphatics, the oven was programmed to operate at an initial temperature

of 60*C for 2 minutes before ramping at 10*C/min to 150C followed by 3*C/min to

330'C where it was held for 19 minutes. For aromatics, the oven the initial
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conditions were the same but the ramp rates were altered to a single ramp at 3'C to

330*C where it was held for 30 minutes. Compound-specific isotope analyses were

performed using a Thermo Scientific Trace 1310 gas chromatograph coupled to a

Thermo MAT 253 via a GC-Isolink 1I. The GC temperature programs were the same

as those used for determining compound distribution above. Isotopic abundances

were assigned relative to reference gas calibrated to VPDB scale with Mix A (n=135,

n-C16 to n-C30 alkanes; Arndt Schimmelmann; Indiana University).

Pyrolysis was accomplished with a CDS Analytical 5250-T pyroprobe.

Samples were pyrolyzed at 750'C with a ramp of 10*C/mS and held for 60 seconds.

For compound identification the pyroprobe was attached to the same Agilent 6890N

gas chromatograph interfaced with a Micromass Autospec Ultima. The oven

settings were adjusted to an initial temperature of 400C for 2 minutes followed by a

ramp of 4*C/min to 310'C where it was held for 20.5 minutes. For isotopic

measurements the pyroprobe was interfaced with a ThermoFinnigan TraceGC

coupled to a Finnigan DELTAplus XP via a combustion furnace and water removal

interface. To monitor performance, Mix A was now pyrolyzed and checked for

isotopic abundance and reproducibility. Isotopic abundances were assigned relative

to the same reference gas as above.
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2.4. Results

2.4.1. Bulk Rock Properties

Rock-Eval data was obtained for 117 samples throughout the entire core

(Table 2.1). Total organic carbon (TOC %) has a minimum value of 0.16% and

averages 3.3% but this is skewed by the presence of lignite samples as seen by the

maximum value of 45.7% and a median value 1.1%. The average value excluding

lignite samples is lower at 1.5%. Samples are predominantly immature with

average Tmax values of 4310 C. Excluding one anomalous sample (Depth 449m, Tmax=

545'C) the next highest Tmax is 4450 C. The hydrogen and oxygen indices (HI & 01)

show significant variability with ranges of 21-310 (average 60) for the HI and 25-

800 (average 133) for the OI. S2 has an average value of 1 and range of 0.05-34

(excluding lignite samples). The record of 6 13Corg displays a clear trend toward less

depleted values from the base of the core to the top (Fig. 2.3d). A possible excursion

is clear at the bottom of the core (minima at 478m) but it is relatively small (1.5%o)

and below what would be expected for this hyperthermal event (2-5%o) (McInerney

and Wing, 2011).

2.4.2. Shallow Benthic Zonations and Palynology

Examination of benthic foraminifera has allowed several sections of the core

to be assigned to specific shallow benthic zones (SBZ) (Nandi, 2014). The

establishment of SBZs is based upon changes in the benthic foraminifera over time.

Key marker taxa are assigned to certain zones based upon long term changes in
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diversity or morphology. Correlations between these zones and other forms of

biostratigraphy or events, such as the onset of the CIE, allow the zones to then be

calibrated to certain time intervals (Scheibner and Speijer, 2009; Serra-Kiel et al.,

1998).

Towards the base of the core there is a small window in which benthic

foraminifera are present from 425.5-443.5m. From 434-443.5m the presence of N.

solitarius and N. gamardensis indicate SBZ 5/6 while 425.5-434m contains N.

burdigalensis keupperi and N. burdigalensis burdigalensis of SBZ 10. Outside of

this small window the core is largely unfossiliferous until much higher up from

89.5-239.5m. From 182-239.5m the presence of N. discorbinus, N. pinfoldi, N.

variolarius, N. beaumonti, Operculina sp. and Discocyclina sp. warrant the

designation of SBZ 15/16. Proceeding higher to 110.5-182m SBZ 17/18 is assigned

based upon the presence of N. pinfoldi and Discoclyclina sp., Silvestriella sp. and

Heterostegina sp.. Finally, the uppermost core from 89.5-110.5 contains N. fabianii

and Pellatispira sp. of SBZ 19.

Pollen assemblages in the lower core consist of Spinizonocolpites

bulbospinous, Proxapertites, Operculatus, Acanthotricolpites achinatus and

Acanthotricolpites kutchensis (Fig. 2.4). Further, the dinocysts present in these

samples are Apectodinium hypercanthum, Apectodinium homomorphum,

Spiniferites, Achomosphaera, Operculodinium sp., Polysphaeridium subtile, and

Cordosphaeridium. However, the Apectodinium sp. are only present in a single

sample in which they dominate at 488m. Members of the Apectodinium genus are
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not found in any of the samples above or below this depth despite the presence of

other dinocysts. Also present above this depth are fungal fruiting bodies.

2.4.3. Compound Distributions

Overall aliphatic compound distributions remained relatively consistent

throughout the core. Total ion chromatograms are dominated by a large and

complex assemblage of oleanane/ursane compounds in both mono/di-unsaturated

and saturated forms (Fig. 2.5). The extensive co-elution of peaks precludes the

confident identification of specific structures. Other significant late eluting

compounds include the C31 and C32 17p, 21P(H)-hopanes. Further, immediately prior

to the elution of pentacyclic triterpenoids appear several distinct peaks for C29

diasterenes. Another major feature of the chromatograms is the presence of

numerous des-a-triterpenoids, again in unsaturated and saturated forms. Pristane

(Pr) and phytane (Ph) are also usually present in high abundance. Notable however

is the fact that the n-alkane contribution appears very low relative to other

compound classes. Examination of the m/z 85 extracted ion chromatogram (EIC)

was thus utilized to study the n-alkane distributions. The average chain length

(ACL) of n-alkanes (C 2 3-35 ) remains relatively constant (average: 27.8) through most

of the core (Fig. 2.3c). The carbon preference index (CPI) however rises from -1.8 in

the lower core to -5.6 in the upper portion (Fig. 2.3b). When plotted against one

another Pr/n-C7 and Ph/n-Cis reveal that the lower 100 meters of core are distinctly

different that the overlying deposits (Fig. 2.6). In general this lower portion

contains significantly less n-alkane content relative to the isoprenoidal compounds.
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Examination of the aromatic fractions reveals wide variety of compounds that

were not readily identifiable in the absence of authentic standards. However, their

mass spectra suggested they are dominated by aromatized analogs of the oleanoid

triterpenoids that occurred in the saturate hydrocarbon fraction (Fig. 2.5) and

which are characteristic of angiosperm flora. Further, there is also a suite of

polycyclic aromatic hydrocarbons. However, there was no evidence of retene or other

markers typical of a conifer contribution.

Pyrolysis experiments on isolated kerogens afforded suites of small aromatic

compounds (Fig. 2.5). Only mono- and bicyclic structures were identified and they

decreased in abundance with increasing size. The most abundant compounds were

toluene and phenol. Lesser amounts of methylated analogs, indenes, and

napthalenes are also present. A trace of cadalene was often the last eluting,

identifiable compound. Pyrolysis of the kerogens also produced elemental sulfur.

Aliphatic compounds were never prominent in any of the pyrograms.

2.4.4. Compound-specific Isotope Analyses

A suite of compounds was chosen based on their prevalence throughout the

sediment section, their abundances and the absence of co-eluting compounds that

may have adversely affects the isotopic analysis. In the saturate fraction pristane,

n-C17, and C31 17P, 21fP(H)-hopanes meet these criteria (Fig. 2.3e-h). To provide a

useful higher plant record the aromatic fraction was also processed due to the

presence of cadalene which has a higher plant origin. These records were not

accessible in the upper portion of the core as a consequence of the lower TOC values
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and the absence of sufficient analyte abundances for reliable isotopic

measurements.

The overall records for each of these compounds showed little consistent

trend. There were numerous small anomalies but they were rarely concurrent

across samples. One notable exception to this general finding was an isotope shift

that occurred across all compounds and the bulk organic carbon record at 478m.

The 17P, 21 P(H)-homohopane record appeared to be the most 'noisy' compared to the

others, likely due to the bacterial sources being prone to great variability over time.

Several samples were selected for kerogen isolation because they showed

similar isotopic variability across a range of compounds. The pyrolysates of these

kerogens were predominately composed of small aromatic compounds. Of these, the

most prominent to provide clean isotope peaks were toluene, phenol and

naphthalene. Direct comparison of the results obtained by Py-GC-IRMS to the free

hydrocarbons in the same samples reveals that the kerogen components preserve

the same small isotopic excursion as the compounds present in the extractable

bitumen (Fig. 2.7).

2.5. Discussion

2.5.1. Biostratigraphic Age

Shallow benthic zonations have been established that provide age constraints

throughout the Early Paleogene (Serra-Kiel et al., 1998). Most of the upper core is

assigned to SBZs 15-19 by these fossil indices thereby providing an upper age limit
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of our studied section at roughly 35 Ma. Age determinations remain consistent and

well resolved until nearly halfway down core to a depth of 239.5 at SBZ 15/16. This

places the lower age limit of the upper core at roughly 42-44 Ma.

The barren nature of the lower sections of the core precluded the

establishment of a lower age limit. However, several samples at depths 434-443.5m

fell into the SBZ 5/6 range. The boundary between the Paleocene and Eocene has

already been established to have occurred at the base of SBZ 5 based upon larger

benthic foraminifera index fossils from the Galala Mountains section in Egypt

(Scheibner and Speijer, 2009). The age range for this lowermost zone would thus be

between 55-56Ma. Therefore, if the PETM or other hyperthermal events are present

in the section they would be occurring within this lowermost portion. This is

corroborated by the presence of the dinocyst Apectodinium parvum in the

bottommost section of the cored interval. This taxon is assigned to the

nanoplankton zone NP9-10 which corresponds to SBZ4-8. Combined with the

presence of an Apectodinium acme at 488m it is likely that the coring did, in fact,

capture the Paleocene-Eocene transition and encompasses the hyperthermal events

in the bottom 50m.

2.5.2. Depositional Environment

Examination of pollen from the lower portion of core has uncovered

information on the paleofloral composition of the region. Most of the pollen

identified was angiosperm in origin and of that the predominant group was the

Arecaceae (Palmae). There was no evidence of any temperate flora. Further, the
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presence of pollen related to extant Nypa was notable. Nypa sp. pollen has been

shown to have very low productivity and their large grains are often not distributed

great distances (Muller, 1968). Therefore, this pollen assemblage establishes that

the sedimentary section was deposited in a coastal marsh environment. Further,

the presence of fungal fruiting bodies also points to warm, humid conditions.

Further, the noted pyritic nature of many of the samples (Nandi, 2014) indicates

that there was marine influence during deposition. Examination of lignites in the

field showed both massive pyrites and pyrite coated plant remains such as roots.

This is also supported by the release of elemental sulfur during pyrolysis of isolated

kerogens and the presence of benzothiophene in the pyrograms. When all factors

are considered it is clear that the paleofloral composition was that of a densely

vegetated tropical marsh system with marine influence. Similar conclusions have

been drawn in other nearby studies (Mathews et al., 2015; Monga et al., 2015;

Prasad et al., 2013; Rao et al., 2013; Samant and Phadtare, 1997).

2.5.3. Biomarker Source and Alteration

Consistent with the palynological results the extracted hydrocarbons are

dominated by compounds characteristic of higher plants. The most prominent

feature is the large number or saturated and unsaturated pentacyclic triterpenes

including oleanoids and lupanoids, that are indicative of angiosperms. Further, it is

known that the proportion of oleanoids is enhanced in systems with seawater

influence during early diagenesis (Murray et al., 1997). Given the multiple lines of

complementary evidence of coastal marsh environment and the pyritic nature of the
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lignites in this area it is highly likely that this is the case. Analyses of the aromatic

hydrocarbon fractions also revealed a number of aromatized counterparts to these

molecules, as well as the presence of cadalene, a generic higher plant marker.

Notably undetected in the higher plant hydrocarbon assemblage were bicadinanes

which in the past have been identified from analysis of resins in this area (Dutta et

al., 2009).

Analysis of the pyrolysis products from isolated kerogen corroborates the

higher plant origin of the hydrocarbons. The primary dominance of phenolic and

benzene type compounds over aliphatics is a key characteristic of kerogens from

terrestrial sources (Horsfield, 1997, 1989; Togunwa et al., 2015). The relative

proportion of xylenes, phenol and n-octene are often used for kerogen typing

(Larter, 1984). If applied to kerogens from this core they fall within the range of

type III kerogens, consistent with Rock-Eval and extractable biomarker

distributions.

It is evident that the compounds present in the studied section have been

affected by a high degree of bacterial degradation. Most striking is the fact that

despite the heavy higher plant influence there are only minor amounts of n-alkanes

relative to other compounds. While it is known that different plants produce varying

amounts of alkanes this information does not extend to the Arecaceae to the

author's knowledge. The paucity of alkanes is exemplified by the high levels of

pristane and phytane relative to n-C1 7 and n-C18 (Fig. 2.6), though this is also

influenced by the potential deposition being in a reducing environment. The
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straight chain alkanes are more easily degraded that the isoprenoids and over time

their relative amount will decrease under these conditions. Further, a number of

bacterial lipids are present in high amounts such as the 16-hopanes. Also, there is

always a clear presence of des-a-triterpenoids. These are formed from bacterial

degradation of the pentacyclic triterpenoids (Trendel et al., 1989) which are

abundant in great variety throughout this study. Corresponding to the wide variety

of intact pentacyclics, the des-a-triterpenoids are also present in numerous

saturated, mono- and di-unsaturated forms. Additionally, the aromatic

triterpenoids are also thought to be the result of biodegradation (Laflamme and

Hites, 1979; Wakeham et al., 1980).

2.5.4. Potential for Hyperthermal Study

A number of hurdles exist in utilizing the acquired samples to examine

hyperthermal events. The primary issue is that the original survey sampling

precluded the acquisition of high resolution coverage. Samples had to be acquired at

the drill site with limited time to do so and, as is customary for cores acquired for

evaluation of the heat content of lignites, the remaining material was not able to be

archived. Further, without prior knowledge of the potential location of the

hyperthermal events it was not possible to refine the sampling resolution to

accommodate. Sediment thickness in this region can vary dramatically and

knowledge of potential structural features such as faulting is required also to make

such a decision. However, despite these limitations some information can be
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gathered that should assist in future geochemical and palynological exploration in

this particular setting.

First, the establishment of age constraints has indicated that the targeted

Early Eocene time interval likely was captured within the sampling window (Fig.

2.8). Since coring did not bottom out in the temporally characterized Deccan Trap

the establishment of this fact is paramount for having confidence in further study at

this location. Second, the presence of an Apectodinium acme at 488m is an

indication that the PETM is possibly located around that depth. While there is no

strong bulk carbon isotope excursion at that time in most parameters there is one in

the bacterial record. It is therefore likely that the sampling came close to the event

and while missing the main excursion captured a shoulder/recovery period instead.

Finally, the presence of a small excursion soon after at 478m across all represented

groups could therefore be a subsequent event such as ETM2.

2.5.5. Application of Pyrolysis-GC-IRMS

Despite the complex nature of kerogen a wealth of information may lie in the

compounds formed from its pyrolysis. The results of this study indicate that

individual components of kerogen also record natural isotopic excursions. Given the

subset of samples chosen there is little difference in the isotopic record. While the

compounds formed from the pyrolysis of the kerogens in this core are all simple

aromatics, their distribution still points to a terrestrial higher plant source.

Further, given the low maturity of the sedimentary section (as shown by Rock Eval

and hydrocarbon biomarker maturity ratios) combined with the fact that we

59



analysed isolated kerogens, we can be confident that later implantation of

hydrocarbons due to oil migration through the rock is unlikley. Further, this

method has potential for alternative applications such as examining the biogenicity

of ancient kerogens or isotopic examination of organic rich deposits such as coals or

even resins.

2.6. Conclusions

The Cambay Basin in the Gujarat state of northwestern India has proven to

be an area of interest for the possible study of Early Cenozoic hyperthermal events.

The combination of biostratigraphic age constraints, dinocyst population dynamics,

and compound-specific isotope analysis have shown that the lowermost

sedimentation of the basin likely preserves these events. Further drilling and high

resolution sampling of core material from this region could be extremely valuable in

revealing equatorial climate dynamics across periods of rapid extreme warming.
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Figure 2.1: Map of the study area with drill site marked. Regional outcroppings of

Cretaceous-Eocene deposits are illustrated. Adapted from Rana et al., 2004.
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Figure 2.3: Core profiles of (a) total organic carbon (%) (excluding lignites), (b)

carbon preference index, (c) average chain length, (d) bulk organic carbon 613C and

(e-h) compound-specific 613C of cadalene, pristane, n-C17 and hopane respectively.

Upper portions of several profiles are absent due to the decrease in organic content

preventing their reliable measurement.
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Table 2.1: Bulk rock properties from Rock-Eval and EA-IRMS.

Sample
Depth (m)

91.3
96.5

100.5
102
106
109
115
118

126.5
130.5
135.5
142.5
145
149
152

161.5
165.5
169.5
170.5
174

185.5
189.5
195.5
196.5
198.5
201.5
202.5
203.5
206.5
207.5
209.5
210.5
211.5
212.5
217
221
222
224

TOC
(%)

0.23

0.47
0.2

0.5

0.19

0.46
0.16

0.22
0.29

0.36

0.59

0.68

0.19
0.55
0.58
0.65
0.65
0.29
0.58
0.37
0.68
0.24
1.46
0.64
1.46
1.15
0.62
0.52
0.6

Tmax

(0C)
428

421
420

411

397

401
420

413
423

424

418

420

453
436
432
440
436
443
436
463
431
433
436
433
433
429
424
426
424

42
25
29
25
23
45
29
32
25
29
36
44.
27
23
26
35
37

505
324
297
325
306
455
316
505
231
296
137
145
96
117
205
175
137

HI
43

32
45

100

53

28
81

36
31

0I
478

211
170

600

442

230
800

282
286

81

S2
0.1

0.15
0.09

0.05

0.11

0.1
0.13

0.13
0.08

0.09

0.14

0.2

0.22
0.24
1.1

0.14
0.17
0.16
0.15
0.12
0.17
0.17
0.07
0.52
0.28
0.4

0.26
0.41
0.16

13 Corg

(%0 vs. VPDB)

-25.7
-25.2
-25.8

-24.5
-24.9
-24.7
-25.6
-25.8
-25.2
-25.7
-25.5
-25.7
-25.2
-25.6
-25.3
-25.3
-25.4
-26.5
-25.7
-27.0
-25.1
-24.3
-25.9
-26.4
-25.9
-29.1
-25.8
-23.9
-26.0
-24.9
-25.8
-25.7
-26.4
-26.0
-26.2
-26.0
-26.3

39 214

34 249

32 207



225
227
228
230

231.5
234

235.5
238.5
240.5
246.5
247.5
250.5
254.5
260
264
266
270
275

275.5
280

285.5
290
295

297.5
300

305.5
310.5
315
323
327

328.5
333.5
337.5
338.5
343.5
347
348
353

356.5
358
363

0.57
0.55
0.33
0.51
0.43
1.33
0.74
0.56
0.93

1.41
2.17
3.21

1.6
3.41
2.2

3.47
2.34
1.23

1.54
3.48
3.66
2.8
2.39
1.77

2.29
2.9

1.19
1.15
1.18
0.91
2.14
0.75
1.74
1.06

416
433
412
418
426
428
437
415
423
436

436
437
441

437
442
440

431
445
439

443
441
444
444
441
435

435
437

432
432
436
437
441
435
443
434

32
29
24
22
28
23
59
25
26

310

31
37
46

39
54
39

36
45
44

49
64
46
49
51
34

36
45

35
40
45
45
54
43
74
30

174
173
139
206
279
123
161
246
138
38

94
82
62

76
61
109

64
68
92

69
61
70
64
59
70

68
153

72
87
97
73
56

117
56
81

0.18
0.22
0.18
0.16
0.08
0.11
0.12
0.3
0.44
0.14

0.24
34.05
0.44

0.81
1.43
0.63

1.85
0.85
1.25

1.06
0.54
0.75
2.24
1.69
1.38

1.23
0.61

0.83
1.31
0.42
0.46
0.53
0.41
1.15
0.32

-26.1
-26.5
-26.6
-25.9
-25.9
-25.8
-24.9
-26.6
-27.0

-26.7

-26.6

-26.6

-27.0

-25.2

-27.3

-26.5
-26.8

-27.3

-27.3

-28.6

-27.7

-28.9
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78
110
82
87
73
73
74
61
52
51
53

1.29
0.32
0.64
0.33
0.35
0.4
0.48
0.45
0.65
0.42
1.29

367
368.5
373
375
377

383.5
385

389.5
393.5
397.5
398.5
402
404
407

407.5
410.5
413.5
415
418

419.5
421
422

423.5
426.5
427.5
430.5
431

431.5
432.5
433
434
435
436
437
438
440
441
442

445.1
449

454.6

1.24

1.09
1.13
1.01
1.32
1.01
1.22
0.89
1.62
1.73
1.42

1.81

3.11

1.46
1.1

5.18

435
436
441
435
439
437
437
436
437
435
438

441

436

418
430
437
433

39 3.99

56 0.86

81
96
107
110
105
50
83
147
137
51
136
28
90
29

0.44
0.27
0.19
0.3
0.28
2.64
0.43
0.46
0.33
4.28
0.18

104.32
0.13
65.39

-28.8

-27.3

52
30
31
40
36
45
53
47
80

103
62

106

194

250
108
55
77

27
63
53
47

92.82
1.57
0.95
0.61

374

425

432
432
428
426
426
427
443
434
441
416
417
416
545
420

51 1.91

34 6.04

533

81

34
27
25
36
34
49
38
43
32

138
46
249
21
189

-28.3

-25.6

-27.2

-26.9

-27.6
-27.5
-28.0

-27.9
-27.8
-27.6

-27.8
-27.2
-27.4
-27.1
-27.0

-27.2
-26.9
-27.3
-27.4
-27.2

-26.1
-27.8
-27.6

-28.3

5.49

1.06

1.29
1

0.76
0.83
0.82
5.35
1.13
1.08
1.04
3.1

0.39

0.62
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456 1.32 428 88 73 1.16
459 3.87 436 103 37 3.98

459.5 414 160 43 26.72 -27.7
460.4 -27.9
461.4 -28.0
462.4 416 255 27 116.65 -27.7
466 1.49 428 55 89 0.82

467.5 0.78 425 73 123 0.57 -27.8
468.5 4.49 434 109 42 4.9
474.5 0.21 418 52 95 0.11 -28.3
478 -29.0
479 0.81 425 54 58 0.44
481 0.75 429 55 65 0.41
482 -28.6
485 0.64 431 58 77 0.37
488 2.91 430 88 42 2.56 -27.6

489.5 420 236 25 103.75 -28.5
490.5 -27.8
495 1.38 420 130 41 1.8
496 1.9 436 49 36 0.93

497.5 1.05 428 33 54 0.35
498.6 -27.8
499.6 -27.6
500 0.98 427 31 79 0.3
501 4.16 433 108 32 4.51 -27.6
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Abstract

In order to better understand how polar amplification will affect the Arctic in

future climatic scenarios, it is instructive to study what records exist of geologically-

recent events there. During the Early Cenozoic, Earth was significantly warmer

with tropical flora and fauna evident at high latitude locations. Here we present a

biomarker and isotopic survey of the Eureka Sound Group in the Canadian High

Arctic. Biomarker distributions combined with lithology from Strathcona Fiord have

indicated significant changes in the composition and source of hydrocarbons across

the Paleocene-Eocene transition. During the Paleocene, n-alkane distributions

follow the standard terrestrial higher plant signal found within extensive marine

deposits while the Eocene strata are characterized by coastal lithologies and leaf

waxes with a shorter chain length dominance. Further, biomarker proxy estimates

for mean air temperature from this site, along with paleosols from Banks Island,

demonstrate clear evidence for warming trends, albeit with significantly cooler

values than expected in some sites. Sea surface temperature estimates based upon

TEXs8 measurements of shales from Strathcona Fiord confirm prior studies that

identify substantially higher values than at present (16-19*C). Finally, the

compound-specific hydrogen isotope data for leaf waxes has shown that the ice-free

conditions previously inferred for the middle Eocene can be extended back to the

early Eocene and likely the late Paleocene. All of these factors, combined, confirm

the existence of a significantly warmer Eocene Arctic with biomarker records that

readily lend themselves to further detailed investigation of the region.
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3.1. Introduction

In the near future, climate change will result in dramatic differences in

conditions worldwide including the polar amplification that leads to relatively

greater warming in the Arctic regions. Recent changes in the Arctic have revealed

that temperature increases in those regions have already far surpassed global

averages (Serreze et al., 2009). To better predict conditions in the Arctic we must

turn to periods in Earth's past during which temperatures rose rapidly and of a

comparable magnitude to future predictions. In that respect the early Paleogene

provides a useful analog. For many years it has been known from fossil evidence

that during this time 'tropical' flora and fauna thrived at high latitudes (Dawson et

al., 1976, Estes and Hutchison, 1980, McIver and Basinger, 1999). Here we report

compound-specific isotopic records and biomarker analyses of both paleosols and

shales from the Early Paleogene portion of the Eureka Sound Group that pertain to

the Arctic climate of that time.

Numerous studies have been conducted regarding the Early Paleogene

Arctic, but the bulk of the biomarker analyses has been conducted solely on marine

deposits (Krishnan et al., 2014; McCarren et al., 2008; Schouten et al., 2007;

Speelman et al., 2009; Weller and Stein, 2008). The biogeochemical work that has

been done confirms what has been recorded in the record of physical fossils; that

exceedingly warm temperatures persisted throughout this period. Fossil evidence
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has demonstrated that fauna such as alligators and turtles once thrived in this

region (Dawson et al., 1976) as well as sand tiger sharks whose modern relatives

inhabit warm coastal waters (Padilla et al., 2014).

Paleobotanical evidence has further reinforced the idea of a warm wet

Arctic environment during the Paleogene. Most striking is the presence of a fossil

forest on Axel Heiberg Island which preserves macrofossil and palynological records

of what was a dense conifer rainforest with an angiosperm component (Jahren,

2007). Studies of this floral community reveal mean annual precipitation (MAP) and

mean annual temperature (MAT) that reinforce the Arctic rainforest paradigm

(Greenwood et al., 2010). Further isotopic analysis of tree rings narrowed the

nearest modern analogue to be forests from eastern Asia where most of the

precipitation occurs during the summer (Schubert et al., 2012) which was later

reinforced by leaf physiognomy (West et al., 2015).

Over the past decade, the microbial membrane lipids known as glycerol

dialkyl glycerol tetraethers (GDGTs) have proven to have value for reconstructing

paleoenvironmental conditions. GDGTs occur in two main forms distinguished by

the nature of their alkyl chains, isoprenoidal and non-isoprenoidal (aka branched).

Isoprenoidal GDGTs are produced by various archaea while the non-isoprenoidal

variety is commonly found in soils and are thought to be produced by soil bacteria

(Weijers et al., 2006) or possibly acidobacteria (Damst6 et al., 2011). In the marine

realm, the proxy TEXs 6 is based on the numbers of cyclic moieties within the

hydrocarbon chains of isoprenoidal GDGTs and has been shown to correlate with
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sea surface temperatures (SSTs) (Schouten et al., 2002). The isoprenoidal GDGT

proxies have been supplemented by two indices derived from the composition of

bacterial, non-isoprenoidal GDGT. These are based on the methylation of branched

tetraether (MBT) and cyclization of branched tetraethers (CBT). The combined

MBT/CBT ratio shows correlation with MAT (Weijers et al., 2007b).

Since its development, carbon compound-specific isotope analysis (CSIA)

has been utilized in a myriad of studies of biogeochemical processes (Matthews and

Hayes, 1978). It has been particularly useful in petroleum studies (Murray et al.,

1994), determination of vegetation types (Tanner et al., 2007), and even extended to

the global carbon cycle itself (Dal Corso et al., 2011). Extending this technique

further, methods were developed to study the hydrogen isotopic content of

individual compounds (Burgoyne and Hayes, 1998; Hilkert et al., 1999; Sachse et

al., 2012). This has allowed CSIA studies to infer conditions such as paleoelevation

(Jia et al., 2008; Polissar et al., 2009) as well as paleohydrology (Pagani et al., 2006;

Schefuss et al., 2005) and ecosystem evolution pertaining to early human habitats

(Magill et al., 2016, 2013a, 2013b).

A further application of hydrogen CSIA of plant alkyl lipids is as a

paleotemperature proxy. However, this can only be utilized when the many various

other factors such as further environmental conditions or biochemistry affecting the

5 Dakane can be accounted for (Schimmelmann et al., 2006). It has been demonstrated

that a primary control on the isotopic composition of long chain n-alkanes is the

composition of the source water (Pedentchouk et al., 2008; Sessions et al., 1999).
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Further, the composition of the source water for a particular region is often in turn

linked to the temperature. This has been shown to be true especially in high

latitude regions where the isotopic composition is closely linked to the variation of

temperature with latitude (Dansgaard, 1964; Feakins et al., 2012; Jahren et al.,

2009), and established for Canada in particular (Birks and Edwards, 2009). The

veracity of this paleotemperature proxy has been assessed through comparison with

other established biomarker based proxies such as the MBT/CBT of arctic paleosols

(Pautler et al., 2014) or modeled results utilizing TEX86 record (Speelman et al.,

2010).

3.2. Geologic Setting

The Late Cretaceous to Early Tertiary Eureka Sound Group is an

extensive sequence of deposits across the Canadian Arctic Archipelago. While

notably dominated by terrestrial deposits, the heterogeneity of depositional

environments across the Arctic provides the ability to sample both terrestrial and

marine sections. The Eureka Sound Group was subdivided independently on the

basis of lithofacies assemblage correlation (Miall, 1986) and by a regional

transgressive marker formation (Ricketts, 1986). While both methodologies have

their advantages, the terminology of Miall will be utilized in this study.

Shale samples were collected from exposures along Strathcona Fiord on

Ellesmere Island (Fig. 3.1). Collection began at roughly the base of the Mt. Moore

Formation and extended 810 meters into the Mt. Margaret Formation. The
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boundary between these formations occurs around the transition from the

Paleocene to the Eocene and roughly divides the section in half while definite upper

and lower bounds remain unknown (Fig. 3.2). The Mt. Moore Formation is

dominated by marine deposits of shale and carbonate while the Margaret Formation

is composed of a more diverse series of transgressive events (Miall, 1979) (Fig. 3.3).

Several paleosols were chosen for sampling on Banks Island, Canadian

Northwest Territories within the Aulavik National Park. Paleosols from this

location belong to the Cyclic Member, which corresponds to the Margaret Formation

samples at Strathcona Fiord. This correlation is confirmed by the presence of

vertebrate fossils and palynology, with several samples recently ascribed to the

early Eocene (Sweet, 2012). Four different paleosols were studied from various

portions of the exposure which contains cyclic deltaic sequences of shale-silt-sand-

paleosol-lignite (Miall, 1979) (Fig 3.4). Exact locations of three of the paleosols are

known while paleosol H is known to occur within 50 meters of the base of the

measured section.

3.3. Methods

In all cases samples were obtained by exposing fresh material and storing in

combusted foil in whirl-pak bags or combusted jars for transport. Total lipid

extracts (TLEs) were obtained by extracting approximately 50 grams of sample with

a Dionex ASE-200 extractor using a solvent mixture of dichloromethane:methanol

(DCM:MeOH 9:1). The resulting TLE was separated by compound class utilizing
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silica gel column chromatography. Five fractions were collected with the

corresponding eluents: saturates (hexane), aromatics (hexane:DCM 8:2), ketones

(DCM), alcohols (DCM:EtOAc 1:1) and acids/diols (EtOAc). The latter two fractions

were combined prior to further analyses. Samples were screened via GC-MS with an

Agilent 7890A gas chromatograph coupled with an Agilent 5975C mass selective

detector. Those sites which exhibited presence of elemental sulfur were desulfurized

with the addition of activated copper shot. Due to the limited amount of sample

extracts were consumed by analysis precluding further analyses.

The saturate fractions were initially run for compositional analysis by GC-

MS on an Agilent 7890A gas chromatograph equipped with a DB-1MS or DB-5MS

column (Agilent J&W 60m length, 0.25mm diameter, 0.25im film) interfaced to an

Agilent 5975C mass selective detector. For carbon CSIA the samples were injected

into a ThermoFinnigan TraceGC coupled to a Finnigan DELTAPus XP via a

combustion furnace and water removal interface. Delta values were calculated

relative to a gas standard calibrated to Vienna Pee Dee Belemnite (VPDB).

Compounds resulting in signals greater than 1OOmV and displaying no irresolvable

co-elution with other compounds were accepted for interpretation. Deuterium CSIA

was conducted at Pennsylvania State University on an Agilent 6890A GC with a

high temperature pyrolysis furnace coupled to a Finnigan DELTAPus XP. Results

were determined using a reference gas calibrated to VPDB. The H3 ' factor was

monitored daily and averaged 0.732 0.015. A suite of n-alkanes (Mix A; n-C16 to n-

C30 alkanes; Arndt Schimmelmann; Indiana University) was utilized as external
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standards to monitor performance and provide a linear correction based on peak

area.

Tetraether lipids were identified using a 1200 series Agilent HPLC coupled

with an Agilent QTOF 6520 mass spectrometer. Separation of compounds was

achieved using an Agilent ZORBAX CN (cyano) column with an eluent gradient

between 100% Hexane:IPA 99:1 and 15% Hexane:IPA 9:1. MBT/CBT proxy ratios

were calculated using extracted ion chromatograms. Further biomarker

characterization of the saturate fraction was conducted by gas chromatography-

multiple reaction monitoring-mass spectrometry (GC-MRM-MS) on an Agilent

6890N gas chromatograph interfaced with a Micromass Autospec Ultima.

Compound identification was accomplished by comparison with an AGSO standard

oil.

3.4. Results

3.4.1. Aliphatic Compound Distributions

Normal alkane distributions for Paleosol E and the Strathcona Fiord have

been examined in detail. In all samples a strong odd over even preference was seen.

In Paleosol E, the dominant chain lengths were n-C25 and n-C27 with an average

Paq value of 0.68. In the Strathcona Fiord, a very clear shift is seen in the Margaret

vs. Mt. Moore Formations. In the Mt. Moore Formation the n-alkane distribution is

the typical higher plant distribution with a dominance of n-C29. However, in the

Margaret Formation this dominance waivers in favor of the slightly shorter chains
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such as n-C23.27. The average Paq value of the Mt. Moore Formation is 0.32 while

the Margaret Formation is 0.98 (Fig. 3.5a).

Other compounds in the Strathcona Fiord aliphatic fractions are 178,218-

hopanes and unsaturated hopenes (Fig. 3.6). The Mt. Moore formation has hop-

17(21)-ene as the most prevalent compound in the m/z 191 extracted ion

chromatogram and also contained a strong trisnorneohop-13(18)-ene. While the

compound variety does not change in the Margaret Formation, the relative

abundances do, with the 88 hopanes increasing in dominance.

The Paleosols have hopanes in the biological configuration as well, but

also have significant unsaturated pentacyclic triterpenoids such as olean-12-ene

and taraxer-14-ene. Some minor contribution of diterpenoids is also evident (Fig.

3.7). Examination of the m/z 123 extracted ion chromatogram reveals a suite of C19-

20 structures. In the absence of authentic standards only tentative structures are

proposed based on spectral library comparisons and retention patterns.

Analyses by MRM of Strathcona Fiord and Paleosol E provided useful

hopane and sterane parameters (Fig. 3.8) (Tables 3.1 & 3.2). As with the isotopic

data the results from the multiple samples of Paleosol E are binned. For the C35

homohopane index and dinorhopane/hopane (DNH/H) there is a marked decrease

from the Mount Moore to Margaret Formations of Strathcona Fiord. In both cases

the lower values seen in the Margaret formation are consistent with the average

values from Paleosol E. The moretane/hopane ratio shows only a slight increase

over time and the C29/C30 hopane ratio is relatively constant. The homohopane
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S/(S+R) ratios show a very distinct difference between the C31 and the extended

C32-35 values in the fiord as well as paleosol. While the C31 value is always

consistently low, C33-35 are always elevated. C32 however is interesting in that it

appears elevated in the Mt. Moore formation but then drops lower in the Margaret

formation. Comparison of Ts/(Ts+Tm) and Dia/(Dia+Reg) C27 Steranes shows very

distinct groupings between the two fiord formations and the paleosol (Fig. 3.9).

3.4.2. Carbon and Hydrogen Isotopic Data for Hydrocarbons

Isotopic measurements were taken of numerous n-alkanes at every

sampling site (Fig. 3.10a) (Table 3.3 & 3.4). For the sake of consistency, the peak

with the least amount of co-elution that was abundant at every site was n-C27 and

will be discussed herein. To address the fact that n-C2 7 is not as desirable as n-C2 9

for such approaches it was compared to n-C29 where available and showed the same

overall trends supporting its use throughout the sections. Paleosol sections were

largely homogenous and in the absence of a detailed classification scheme in place

are treated in the present study as binned samples instead of profiles. The

distribution of carbon isotopic values for the paleosols are all very similar with the

exception of paleosol A. Here a much broader range of values were measured that

are slightly heavier (1.5%o) than the other sites. In the Strathcona Fiord section

little variation in isotopic composition is seen over the 800m record (2.7%o) (Fig

3.5b).

Hydrogen isotopic measurements were only possible at Strathcona Fiord

and one paleosol site, Paleosol E, due to the higher compound abundances necessary
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for this measurement (Fig 3.10b). In Strathcona Fiord only a couple of

measurements were possible from the Mt. Moore Formation while most of the

samples from the Margaret Formation were amenable to analysis (Fig 3.5c). While

spanning a much longer depositional history, the samples from the Margaret

Formation are actually closer in value than the highly variable results from the

paleosol (45%o vs. 83%o).

3.4.3. Tetraether Membrane Lipids

For all sites MAT was calculated using the terrestrial MBT/CBT proxy

(Fig. 3.11). The Strathcona Fiord samples have a BIT index >0.6 for all samples

indicating a high proportion of riverine organic matter input. Temperatures

calculated from the paleosols vary greatly, with average values ranging by 9.3'C

(Table 3.3). In Strathcona Fiord, the Mt. Moore Formation has an average

temperature of 2.2*C while the Margaret Formation is 7.90C, with a clear warming

trend over time (Fig. 3.5d) (Table 3.4). It is worth noting that the paleosols

recording cooler temperatures are in close agreement with the Eocene Margaret

Formation temperatures. While only possible to calculate from a subset (1/3) of the

samples, Strathcona Fiord TEX86 gives SST values averaging 16.4*C.

3.5. Discussion

It is evident from the aliphatic compound distribution that the sites

presented here have excellent preservation of organic matter. Numerous

unsaturated hopanoids and other pentacyclic triterpenoids are present that would
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be altered in the early stages of diagenesis (Mackenzie et al., 1982). The primary

source of the higher plant input to the paleosols record is likely angiosperm in

origin due to significant amounts of oleanane type compounds in all samples. Such

compounds have been shown to be closely linked with the diversification of

angiosperms (Moldowan et al., 1994) though a few exceptions to this have been

noted (Taylor et al., 2006). Prior studies of coals from the Eureka Sound Group also

contained angiosperm biomarkers but contrast in the fact that they also contained a

significant amount of conifer diterpenoids while the sites studied herein only

contain minor contributions (Kalkreuth et al., 1998, 1996). However, it was recently

noted that despite the overwhelming evidence for gymnosperm dominated floral

communities in the coals the interbedded mudstones-siltstones contained abundant

angiosperm input (Harrington et al., 2012). The results presented here further

indicate that the role of angiosperms in the Early Eocene High Arctic may be

underestimated.

The most striking information revealed is the alteration of n-alkane

distributions in Strathcona Fiord between the Paleocene Mt. Moore Formation and

the Eocene Margaret Formation. This shift from higher chain length maxima to

lower indicates a change in the source of plant material at this boundary. During

the Paleocene, deposition of leaf waxes in this region was predominantly by

terrestrial vascular plants while the Eocene sees a shift to more aquatic vegetation.

Interestingly, this coincides with a stark lithology change that goes from marine

deposition to a more near shore environment with extensive sandstone deposits.
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However, interbedded with these sandstones are numerous coal deposits that were

not present in the Paleocene and may point to an alternative source for the n-alkane

signal. Therefore, the increase in n-C23 is likely due to an increase in sphagnum due

to the development of coastal peat deposits (Inglis et al., 2015).

A general increase in the oxicity of the water from the Paleocene into the

Eocene is evident by the decrease both in the C35 homohopane index and the

DNH/H ratio. The C31 homohopane S/(S+R) remains low and consistent throughout

this time indicating no change in the immaturity consistent with the established

immaturity of the section. Therefore, the slight changes in the C30

moretane/hopane ratio is likely due to the source of the organic matter and not a

changing maturity as it has been shown to increase with increasing terrestrial

input (Isaksen and Bohacs, 1995). Most striking is the great dissimilarity between

the C30 vs C32-35 homohopane S/(S+R) values. However, it has been noted that

elevated S/(S+R) values have been seen in immature sediments deposited under

hypersaline conditions (Haven et al., 1986). This interpretation is corroborated by

the increase in Ts/(Ts+Tm) in the Mt.Moore formation despite apparent constant

maturity as this too can be indicative of hypersaline conditions (Rullk6tter and

Marzi, 1988). The fact that the C32 homohopane S/(S+R) value drops across the

transition from Paleocene into Eocene when the Ts/(Ts+Tm) value drops as well

may indicate a decrease in salinity. If this was the case it would suggest that there

is a chain length sensitivity to salinity in terms of isomerization though it is unclear

at this time why this would occur. It is also unclear why the distribution would be
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such in the paleosol and likely means that there is an alternative cause for the

discrepancy beyond hypersalinity.

It is important to note that very few of the calculated parameters for

Paleosol E differ greatly from the Margaret Formation despite significantly

different depositional history. The main difference is in the C29/C30 hopane ratio

likely due to the difference in lithology. Further, the Dia/(Dia+Reg) C27 sterane

ratio is higher in the paleosol. This may be due to a higher oxicity in the paleosol or

alternatively be due to differences in clay content.

The GDGT-based temperature estimates confirm the significantly warmer

conditions of the early Cenozoic Arctic compared to today. Furthermore, the long-

term temperature estimates from the Strathcona Fiord section display a clear

warming over time, consistent with the established Early Paleogene climatic

paradigm. The paleosol GDGT data also shows a very significant warming. Due to

the spatial separation of the individual paleosol sites, and the absence of any means

to correlate them, significant amounts of time may have elapsed between each.

While the observed trends are clear, one additional insight that can be drawn this

study is that a significant amount of variability occurs within a single paleosol

deposit. Therefore, it is evident that a significant amount of caution should be

followed in the study of paleosol biogeochemistry and a thorough classification

scheme of paleosol types (i.e. soil taxonomy) should be utilized.

While these records reveal useful climatic trends, the absolute values

differ from those presented in past studies. Prior work from Lomonosov Ridge
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calculated MBT/CBT based temperature of 18-200 C (Weijers et al., 2007a). These

values agree well with the reconstructed temperatures at sites C and E (Average

MATs 17*C) but sites A and H are significantly lower (Average MATs 8*C). It is

likely that the paleosols are recording the warming trend through the Early Eocene

into the Early Eocene Climatic Optimum (EECO). The Strathcona Fiord section

provides lower temperatures that are in agreement with those of Paleosols A and H

in the Paleocene base and rise as expected into the Eocene, though not as high as

those from Paleosols C and E. However, caution must be taken when interpreting

these absolute temperature estimates due to a number of factors. The first of these

is the calibration error of the proxy (-50C), which may account for a portion of the

discrepancy. Further, the Strathcona Fiord deposits are likely integrating a much

larger area, while paleosols would provide more of a localized snapshot. Despite the

uncertainty of the magnitude of the temperature the overall trend of a warming

Eocene-Paleocene world is reaffirmed by our data. Marine samples from Strathcona

Fiord also provided TEX86 based SSTs of 16-19'C, consistent with past studies in

the region (Sluijs et al., 2006).

By utilizing established fractionation factors it is possible to back

calculate the 5D of environmental water using terrestrially sourced n-alkanes

(Jahren et al., 2009; Sachse et al., 2012). Our average 5Dn-c27 value for Paleosol E

was -2 6 8 %o and -246%o for the Margaret Formation. In the absence of a precise plant

community composition the apparent fractionation for dicotyledons (-113%o 31%o)

was used given the established arctic rainforest paradigm. Therefore the
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environmental water values for Paleosol E around -155%o and for the Margaret

Formation of around -1 3 3 %o. These isotopic values coincide with those found in prior

studies in this region (Jahren et al., 2009) as well as modelling studies of the

distribution of environmental water isotopic values during the Early/Middle Eocene

(Speelman et al., 2010). Jahren et al. (2009) concluded based on their data that

during the middle Eocene the Arctic lacked snowfall and ice cover. Therefore given

the similarities demonstrated here it is likely that the same holds true for the Early

Eocene. While only two data points are available from the Paleocene deposits, they

are similar in value and indicate that this conclusion could also be extended further

with additional study. Further, despite the uncertainty of the apparent

fractionation of + 31%o these measurements do not overlap with modern meteoric

water measurements from nearby Axel Heiberg Island (<-200%o) (Jahren et al.,

2009).

3.6. Conclusions

A detailed characterization of the early Cenozoic Canadian High Arctic

has been established. Aliphatic hydrocarbon distributions have revealed that the

area has remained unaffected by geothermal heating and is a good candidate for

biomarker studies and highlight the presence of angiosperms in the floral

community. Further, deposits from Strathcona Fiord have indicated an

environment shift from marine to near coastal across the Paleocene-Eocene

boundary through biomarkers and lithology. Environmental proxies based on

GDGTs, despite uncertainties of absolute values, have reinforced the known
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warming during this time period. Finally, the hydrogen isotopic composition of n-

alkanes has illustrated that the isotopic composition of environmental water agrees

with prior results that have indicated a snow free Arctic.
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Figure 3.1: Map showing the sampling area within Strathcona Fiord on Ellesmere

Island, Nunavut, Canada. Sampling covered 810m from the bottom (b) to the top (t)

of the outcrop.
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Figure 3.2: Inferred age range of the Strathcona Fiord section. Range is anchored

based upon the formational contact in the middle of the section. Dashed lines

illustrate the uncertainty of extent at the limits of the section. Modifed from Eberle

and Greenwood (2012) and updated chronostratigraphically using Vandenberghe et

al. (2012).

115

Priabonian Chadronian

Duchesean
Bartonian

Z Uintan
WJ Lutetian

0
W. Margaret

Bridgerian Fm



Hi

Figure 3.3: Lithostratigraphy of the Strathcona Fiord outcrop. Samples taken for

biomarker analysis denoted BMK.
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Figure 3.4: Composite measured section through the exposures of the Eureka

Sound Formation at Musk Ox River, north eastern Banks Island. Section transect is

indicated by latitude and longitude coordinates at various localities highlighted in

the section. Overall, the section records deposition in a lower coastal plain setting

characterized by distributary mouth-bar complexes and extensive wetlands (Miall

1979).
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Figure 3.5: Strathcona Fiord profiles illustrating the (a) relative proportion of

major long chain n-alkanes, (b+c) n-C2 7 carbon and hydrogen isotopes and (d)

MBT/CBT based mean air temperatures (MAT).
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Figure 3.6: Representative distributions of aliphatic hydrocarbons from the (a)

Margaret Formation and (b) Mt. Moore Formation at Strathcona Fiord. Peaks

amplitudes are displayed relative to the largest. Total ion chromatograms (TICs)

are given with inset extracted ion chromatograms (EICs) of m/z 191 to illustrate the

hopanoid components.
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Figure 3.7: Distribution of diterpenoids in a m/z 123 extracted ion chromatogram from

Paleosol E. Structures placed above peaks are tentative due to the lack of availability of

authentic standards to confirm identification.
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Figure 3.8: Characteristic parameters based upon hopane and sterane distributions: (a)

the homohopane index (%), (b) the homohopane isomerization series, (c) the C30

moretane/hopane ratio, (d) the norhopane/hopane ratio and (e) the 28,30-

dinorhopane/hopane ratio. Dashed color lines indicate average values of Paleosol E.

Standard deviations of paleosol measurements (n=10) are (a) 0.05, (b) 0.04, (c) 0.08, (d)

0.58 and (e) 0.03.
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Figure 3.9: 1 8a-trisnorhopane/(18a-trisnorhopane + 17ct-trisnorhopane) vs. C27

diasteranes/(diasteranes + steranes) illustrating distinct groupings by formation

within Strathcona Fiord and Paleosol E.
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Figure 3.10: (a) Carbon and (b) hydrogen isotopic distributions across all sample
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Figure 3.11: MBT/CBT based mean air temperatures (MATs) for paleosol sections.
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Table 3.1: Homohopane based indices

C35
Homohopane

Index

1.87
0.92
0.94
1.20
0.28
0.30
0.08
0.29
0.35
0.26
0.27
0.17
0.56
0.23

C35
Homohopane

S/(S+R)

0.62
0.59
0.59
0.62
0.54
0.50
0.38
0.57
0.55
0.49
0.52
0.49
0.51
0.52

C34
Homohopane

S/(S+R)

0.57
0.55
0.58
0.63
0.50
0.43
0.36
0.53
0.47
0.47
0.50
0.37
0.57
0.49

C33
Homohopane

S/(S+R)

0.55
0.51
0.54
0.54
0.41
0.37
0.28
0.40
0.37
0.43
0.36
0.27
0.41
0.41

C32
Homohopane

S/(S+R)

0.42
0.36
0.37
0.40
0.15
0.13
0.08
0.13
0.16
0.18
0.13
0.08
0.17
0.19

C 31
Homohopane

S/(S+R)

0.06
0.08
0.08
0.09
0.04
0.05
0.04
0.05
0.08
0.04
0.06
0.05
0.05
0.04
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Sample
Height

(m)

33.0
196.0
306.0
394.0
506.5
506.5
577.0
592.0
658.0
677.0
736.0
759.0
762.0
800.0

of the Strathcona Fiord section



Table 3.2: Hopane and sterane indices of the Strathcona Fiord section

Sample C3o
Height moretane/ C2 9 /C3 0  dinorhopane/ Dia/(Dia+Reg)

(m) hopane hopane hopane Ts/(Ts+Tm) C27 Steranes

33.0 0.32 0.64 3.86 0.23 0.16
196.0 0.39 0.81 2.38 0.17 0.24
306.0 0.45 0.87 4.98 0.16 0.27
394.0 0.49 0.77 1.74 0.20 0.21
506.5 0.54 0.79 0.23 0.07 0.05
506.5 0.57 0.71 0.12 0.05 0.01
577.0 0.49 0.62 0.04 0.04 0.06
592.0 0.49 0.70 0.08 0.07 0.09
658.0 0.46 0.76 0.08 0.04 0.12
677.0 0.43 0.68 0.27 0.06 0.10
736.0 0.52 0.68 0.04 0.05 0.07
759.0 0.50 0.88 0.14 0.03 0.08
762.0 0.52 0.79 0.00 0.04 0.09
800.0 0.47 0.84 0.00 0.05 0.15
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Table 3.3: MBT/CBT based mean annual temperature and n-C27 carbon and hydrogen isotopic
composition of Banks Island paleosols.

Site Depth (cm) MAT (C) DB) (%o vs. VSOW)

Paleosol A

Paleosol C

Paleosol E

Paleosol H

4
12
20
28
36
44

4
12
20
28
36
44
52
60
68

4
12
20
28
36
44
52
60
68

2
11
26
36

40.5

-29.6
-29.2
-27.7
-27.3
-28.3
-27.4

-30.3
-29.6
-29.6

-29.6
-29.1
-29.7
-29.4
-29.4

-30.3
-29.8
-31.7
-28.6
-30.0
-29.3
-30.1
-30.1
-29.4

-31.8
-29.4
-30.0
-30.2
-29.8

-260.8
-231.0
-233.9
-279.7
-291.4
-276.8
-313.8
-242.7
-287.1
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Table 3.4: MBT/CBT based mean annual temperature and n-C27 carbon and hydrogen isotopic
composition of the Strathcona Fiord section.

Site Height (m) MAT (C) %613C BC27  62 Hn-c27
Sit Heght(i) MT (C) (%o vs. VPDB) (%o vs. VSMOW)

Strathcona
Fiord

800
762
759
736
677
658
592
577

506.5
506.5
394
306
196
33

9
8
7
14
12
5
3
5
3
6
7
1
1
0

-27.5
-27.9
-28.7
-28.8
-29.5
-29.1
-28.4
-28.5
-29.9
-29.8
-30.2
-29.6
-28.4
-28.7

-269.7
-246.1
-249.5
-229.0
-261.2
-237.1
-235.8
-230.2
-248.5
-255.2
-224.7

-237.1
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Chapter 4

The recent history of high elevation Lagunas Miscanti and

Miniques, Chilean Altiplano, as revealed by biomarker study
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Abstract

Situated in the Chilean Altiplano, the neighboring lakes of Miscanti and

Mifniques are of interest due to their unique location and ability to furnish detailed

continuous high elevation biogeochemical records. Accordingly, sediment cores were

acquired for centennial scale investigation of regional climates of this region of

South America over the Holocene. Coring in the two lakes spanned two different but

overlapping time periods that extend from -2500 BCE to 1905 CE as determined by

14C dating supported by U/Th and 210Pb/ 137Cs measurements. Our study has

revealed distinct limnological phases within the lakes that are characterized by

markedly different biomarker contents. The contributions of macrophytes and algae

were determined by the relative contributions of multiple source-diagnostic

compounds (i.e. n-C17 and n-C23). Further, core glycerol dialkyl glycerol tetraethers

(GDGTs) were used to examine physical changes in the lake such as salinity (ACE

index) and lake level (%thaum). Finally, periods of likely euxinic conditions were

identified based on the presence of recently described S-GDGTs.

In Laguna Miiiques, the earliest period (-2500-1910 BCE) studied was

characterized by a transition from low to high lake levels ending with a sharp

increase in salinity and collapse of stratification and euxinia. This time was

followed by an extended period (1910-139 BCE) of high salinity that saw a decline of

aquatic macrophytes and rise of unicellular algae. This picture reversed in the final

period (139 BCE-1670 CE) where the molecular records suggest that salinity

dropped sharply and stabilized, macrophytes recovered, and the relative
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contributions from algae declined. Complementing this record, Laguna Miscanti

displays just two limnologically distinct periods. The first (212-920 CE) is revealed

to be physically and chemically stable as in Miniiques, but with potential variations

in productivity. The most recent time period (920-1905 CE) is shown to be a period

of increasing salinity with episodic events of lake level change and euxinia.
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4.1. Introduction

Over the past millennia our planet has experienced a number of centennial scale

climate fluctuations. While these are well established in numerous Northern

Hemisphere climate records, complementary data from the Southern Hemisphere is

sparse. In particular, South America's diverse climatic zones suffer from the

absence of extensive well dated high resolution climatic records. It is important to

remedy this as the region is subject to economically important climatic events such

as El Nino.

High altitude lakes are of particular interest for paleoenvironmental studies.

Their locations, remote from centers of population density, mean that they are less

likely to have experienced pollution and other forms of anthropogenic perturbation.

Further, extreme locations can furnish unique settings in terms of ecological

complexity and lake chemistry that are useful interpreting past climatic variations.

Other high altitude lakes in the region have been studied in the past to elucidate

changes in climate features such as ENSO events (Baker et al., 2001; Moy et al.,

2002; Rowe et al., 2002) including studies involving Laguna Miscanti itself (Schwalb

et al., 1999; Valero-Garces et al., 2003, 1999, 1996). However, no detailed lipid

biomarker studies of either Laguna Miscanti or neighboring Laguna Mifliques have

been conducted.

While most often employed in the marine realm, lipid biomarker records are

becoming ever more important in limnologic studies that include climatic

reconstructions. While the marine records serve as invaluable long term climatic

136



records, lakes have significant benefits as well. While their records are not as

lengthy, the high production levels and sedimentation rates allow for the study of

local and regional effects at much greater temporal resolution. In lakes there are a

number of prevalent biomarker classes that can be utilized to establish the primary

sources of organic matter. These include sterols (Nishimura, 1977; Wen-Yen and

Meinschein, 1976), alkanoic acids (Rielley et al., 1991), n-alkanes (Cranwell, 1973)

n-alkanols, and diols (Volkman et al., 1999), for example.

Beyond identifying the source of organic matter, biomarkers can also furnish

information about past environmental conditions. Of particular interest in studies

utilizing biomarkers for this is the application of proxies that utilize the membrane-

spanning ether lipids known as glycerol-dialkyl-glycerol tetraethers (GDGTs)

produced by archaea and some bacteria. Most common are the TEX86 and

MBT/CBT based temperature proxies. The first, TEX86 , employs GDGTs with an

isoprenoidal backbone formed by various archaea and is widely applied in the

marine realm to reconstruct sea surface temperatures (Schouten et al., 2002). While

clearly a measurement specifically suited to the marine realm, successful attempts

have been made in a few large lacustrine settings as well (Kaiser et al., 2015;

Kraemer et al., 2015; Powers et al., 2005; Wang et al., 2015).

In contrast, the MBT/CBT proxy uses non-isoprenoidal (a.k.a. branched)

GDGTs with varying degrees of methylation and cyclization on their alkyl chains to

reconstruct mean air temperature (MAT) (Weijers et al., 2007). This class of

compounds is formed by soil bacteria (Weijers et al., 2006), and possibly
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acidobacteria (Damst6 et al., 2011). Similar to TEX86 , this proxy was initially used

in marine deposits with terrestrial organic matter inputs but then expanded to

include studies of lakes (Sinninghe Damst6 et al., 2012). However, caution must be

exercised in such studies due to the infancy of this research. In-situ production of

these compounds is, for example, one process that could significantly impact the

interpretation of any results (Tierney and Russell, 2009).

In both cases, the temperature proxies based upon GDGTs require proper

application of calibrations. The question of applicability of TEX 86 in polar oceans led

to separate calibration lines for low temperature environments, TEXL8 6, and high

temperature environments, TEXH8 6 (Kim et al., 2010). Further, observed offsets in

temperature reconstruction led to the development of at least one lacustrine-specific

calibration (Powers et al., 2010). To address discrepancies in the MBT/CBT

measurements several adjustments were proposed for application to lakes (Pearson

et al., 2011; Tierney et al., 2010) including regional calibrations (Foster et al., 2016).

Recent isotopic investigation has also revealed complexity in possible GDGT sources

that reinforces that caution must be taken in interpreting results based upon them

(Pearson et al., 2016).

4.2. Regional Setting

The Altiplano plateau is second only to Tibet in elevation above sea level and

areal extent. Included in its boundaries are portions of Chile, Argentina, Bolivia,

and Peru. However, unlike Tibet, the Altiplano did not form from continental

collision but instead predominantly due to horizontal shortening of crust leading to
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thickening (Allmendinger et al., 1997). Often defined by its internally draining

basins, the plateau is associated with several active volcanic ranges. An area of

extreme climatic gradients, the Amazon rainforest lies to the northeast just over the

Andes Mountains while the Atacama, the world's driest desert, overlaps the

southwestern portion.

Two lakes, Miscanti and Mifniques, lie in the driest region of the Atacama

Altiplano (Fig. 4.1). Situated at 4120-4140 meters above sea level, these two lakes

are the largest and deepest lakes in the region. As such, they have been identified

as the only potentially reliable local sources for records of continuous

paleolimnologic (Valero-Garc6s et al., 2003, 1996) and palynologic features

(Grosjean, 2001). The lakes are separated by a -1km wide rise although numerous

paleoshorelines indicate they constituted a single body of water during past times of

elevated lake levels. Immediately to the west, the lakes are bounded by a ridge

along the Quebrada Nacimiento Fault. The regional geology is dominated by

Miocene to recent volcanic deposits.

Mean temperatures in this area are only -2 0 C and rainfall amounts to just

200mm/yr (Grosjean, 2001). Vegetation is sparse around the lakes due to the

limited precipitation. Further, no major human settlements exist nearby and, as

they are part of the Los Flamencos National Reserve, public access to the lakes

themselves is restricted. The dominant fauna in the area are small herds of the

cameloid vicufia which congregate around the salt deposits rimming the lakes.
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The larger lake, Laguna Miscanti, lies to the north and is about 13.5km 2 and

up to 10m deep. With a pH -8 the lake is presently mildly alkaline and brackish

(6.4-6.9 mS cm-1) (Grosjean, 2001). With no input or output by rivers, the closed

lake is fed by groundwater flow through its large catchment area (320km 2). The

lake also has two exposed springs along its shoreline. On the northern shore lies a

freshwater spring while a thermal spring flows into the northeastern region.

Expansive green and orange microbial mats are present in the warm waters at that

point.

Laguna Minfiques is very similar to L. Miscanti in lacking permanent surface

inflow/outflow channels. Due to its close proximity, it also has a similar catchment

and surrounding ecology. However, L. Mifniques is much smaller at only 1.6 km 2

(Crespo and De los Rios, 2004) and 7m deep. As such, it is likely more prone to

dramatic changes in response to shifting climates. While L. Minfiques does not have

any springs, it is believed to be fed from L. Miscanti, possibly along the nearby

fault. Due to its more limited size, far fewer studies have been conducted on L.

Mifniques as compared to L. Miscanti.

4.3 Methods

Both lakes were cored in April of 2013 using a gravity corer. Cores were kept

sealed and were shipped to Spain where they were kept in cold storage. There they

were split, imaged, and samples taken using solvent clean spatulas and combusted

glass jars. For L. Miscanti, one core was sampled at 10 cm intervals to a depth of

110 cm. In L. Mifniques, three cores from the same hole were combined to make a
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composite profile which was sampled at 15cm intervals to a depth of 175cm. Once

exposed to the air, samples were kept frozen prior to analysis.

Samples were freeze-dried and crushed prior to lipid extraction and spiked

with a mix of appropriate standard compounds (3-Methylheneicosane, 1-

Nonadecanol and 2-Methyloctadecanoic acid; 1000 ng each). Procedural blanks of

combusted sand revealed no contamination during the work-up. A modified Bligh-

Dyer method was utilized for extraction (Sturt et al., 2004). Samples were first

extracted 3 times via sonication in a phosphate buffer solution (PBS),

dichloromethane (DCM) and methanol mix (PBS:DCM:MeOH 0.8:1:2) then again

with trichloroacetic acid in place of the PBS (TCA:DCM:MeOH 0.8:1:2). Finally it

was extracted once with DCM:MeOH 3:1. All extracts of a sample were pooled in a

separatory funnel and the organic phase removed by liquid-liquid extraction. Silica

gel column chromatography was then used to separate the extracts into four

compound classes: aliphatic hydrocarbons, aromatic hydrocarbons, ketones, and a

combined acids and alcohols fraction (henceforth termed 'polar' fraction).

Gas chromatography-mass spectrometry (GC-MS) of aliphatic and polar

fractions was obtained on an Agilent 7890A gas chromatograph equipped with a

programmable temperature vaporizing (PTV) injector operated in splitless mode and a DB-lMS

column (Agilent J&W 60m length, 0.25mm diameter, 0.25ptm film) interfaced to an Agilent

5975C mass selective detector. The temperature program for the GC oven at an initial

temperature of 60'C for 2 minutes then ramped at 10*C/min to 1500C followed by

30C/min to 330'C where it was maintained for 19 minutes. Prior to this analysis,
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the polar fractions were derivatized with 20 pL each of N,O-

Bis(trimethylsilyl)trifluoroacetamide (BSTFA) and pyridine at 80'C for 2 hours to

make the compounds amenable to gas chromatography. Compound identification

was based upon comparison to spectral libraries and published spectra. When

definitive identification was not possible they were assigned to compound classes

based upon characteristic fragment ions and relative retention times.

For analysis of core GDGTs an aliquot of the polar fraction was taken for

analysis by liquid chromatography-mass spectrometry (LC-MS) on an Agilent 1260

Infinity series high performance liquid chromatograph (HPLC) coupled with an

Agilent 6130 single quadrupole mass spectrometer via an air pressure chemical

ionization (APCI) interface. APCI source conditions were positive ion mode, drying

gas (N2) temperature 350 'C, vaporizer temperature 380 'C, drying gas flow rate 6

L/min, nebulizer gas (N2) pressure 30 psi, capillary voltage 2000 V, corona current 5

viA. The detector was run in selected ion monitoring (SIM) mode targeting core

GDGT masses as well as archaeol and a C46 GDGT standard used for response

factor determination and compound quantification (Huguet et al., 2006). Separation

of compounds was achieved using a slightly modified version of the tandem amide

column method of Becker et al. (2013). Two Acquity UPLC BEH HILIC amide

columns (2.1 x 150 mm, 1.7 im, Waters, Milford, U.S.A.) were used in tandem and

maintained at 45 'C. Eluents A (n-hexane) and B (n-hexane:isopropyl alcohol, 80:20

v:v) were applied with a flow rate of 0.4ml/min and the following linear gradients:

2% B constant for 10 minutes, to 6% B in 10 minutes, to 15% B in 15 minutes, to
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45% B in 15 minutes, to 55% B in 20 minutes, to 70% B in 15 minutes, then

returning to 2% B in 0.1 minutes and held there for 9.9 minutes.

4.4Results

4.4.1 Chronology

Chronology of the cores was established through 14C, 2 1 0Pb/ 1 37Cs and U/Th

dating. The 14C and 21OPb/137Cs dating was conducted by coauthor Blas Valero-

Garces while the U/Th dating was done by Christine Chen and Justin Stroup in the

McGee lab at MIT. The 14C reservoir effects can be quite large at 3750-4544 years

for L. Miscanti and 2965 years for L. Mifniques. The reservoir effect in L. Mifliques

was held constant while L. Miscanti's was 3750 years in the upper portion based on

Pb dating and 4544 years in the lower portion based upon the U/Th dating. These

effects are constrained by the 2 1 OPb/ 1 37Cs dating and U/Th dating. An age model,

based on the calculated dates, was then established for each lake. Each individual

sample taken for biomarker analysis was 2 cm in depth, therefore the age assigned

to each sample is thus the midpoint of a time window spanning several decades.

Further, the bottommost sample from L. Miiiques fell just outside the modelled

ages and is thus an estimate based on the nearest accumulation rates based upon

the lowermost modelled depths. Results indicate very different chronologies

between the two lakes with lower sediment accumulation rates in Mifniques. The

age of the L. Miscanti samples in this study extend back 1,800 years while the L.

Mifiques samples go back approximately 4,500 years. Both core tops are modern

and no hiatuses were observed. The analyzed timespan of Miiiques does not extend
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to the present as the core top sample for biomarker analysis was compromised

during shipping. Average sedimentation rates are 0.21 cm/yr in L. Miscanti and

0.08 cm/yr in L. Mifliques. A consequence of this disparity is that despite similar

sampling resolution, the cores overlap only for two data points. However, the two

lakes should be hydrologically similar so the higher resolution recent record from L.

Miscanti actually complements the longer term record from Minfiques.

4.4.2 Aliphatic Compounds

The aliphatic hydrocarbon fractions of the extractable lipids from both lakes

generally display very simple distributions of n-alkanes (Fig. 4.2a). The long chain

n-alkanes have a maximum at carbon length 23. This can be demonstrated by the

Paq ratio, which is a proxy for the presence of submerged/emergent macrophytes

(Ficken et al., 2000). In both lakes the high Paq values remain high over the course

of deposition indicating a consistent macrophyte presence in the lakes and lack of

significant terrestrial plant matter input (Fig. 4.3). However, there is an interesting

decrease in L. Mifiques from the period of 1910 BCE to 139 BCE. Traces of long

chain alkanes, such as isononacosane, with additional methylation are evident

during this time period. These compounds were not present outside of this period or

in L. Miscanti. A very strong odd chain length preference typical of higher plants is

evident in all samples.
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Laguna Miscanti also differs from L. Mifniques in that hopanoid hydrocarbons

are present in the saturate fraction including hop-17(21)-ene, 17p, 21P(H)-hopane,

17p, 21P(H)-homohopane and diploptene. The one exception to this contrast is the

uppermost sample from L. Mifniques which shows a very significant diploptene

presence compared to other depths (149 ng/g dry weight vs. 90 ng/g dry weight).

Another major contrast between the two lakes is in respect to the n-C17 abundance.

In L. Miscanti this hydrocarbon is always a minor component that varies along with

the overall amount of organic matter as represented by the TLE/Mass Extracted

ratio, used here due to the absence of total organic carbon values (Fig. 4.4d) (Table

4.1). However, in L. Mifiiques there is a clear rise of n-C17 from 1671 BCE to a

maximum at 567 BCE before reverting to lower levels (Fig. 4.5d). This maximum

actually represents a time when n-C 17 surpassed n-C23 as the most dominant n-

alkane.

4.4.3. Polar Compounds

The polar components of the TLE are dominated by several compound classes

common to lacustrine settings (Table 4.1). For both lakes we find fatty acids,

alkanols, alkane diols and sterols/stanols (collectively referred to as sterols

henceforth). Other compounds of interest in the lakes are archaeol, O-alkylglycerols

and tetrahymanol. The fatty acids and alkanols in both lakes are both dominated by

their n-C2 4 . Sterols present in both lakes include stigmastanol, P-sitosterol,

stigmasterol, campestanol and campesterol. L. Miniiques also has spongesterol,

brassicasterol, cholestanol and cholesterol (Fig. 4.2b).
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In L. Miscanti (Fig. 4.4), the archaeol and alkylglycerol concentrations are

both very low with the exception of a spike in concentration at 233 CE. This spike is

also present to a lesser extent in the tetrahymanol and n-Ci7 records. Diols are

present for most of the core with only minor variations in concentration. The long

chain fatty acids, alkanols, tetrahymanol and sterols all tend to fluctuate together

with two maxima occurring at 365 CE and 920 CE. The earlier maxima at 365 CE is

also displayed by n-C23 and the overall extractable lipid concentration but they have

a second maxima earlier than the other compounds at 688 CE. There is also a very

dramatic increase in n-C16 fatty acid at the most recent time point, 1905 CE, from

background levels of -4 ptg/g dry weight to -570 ptg/g dry weight.

L. Mifiiques differs foremost from L. Miscanti by the fact that none of the

measured compound concentrations match the overall extracted lipid concentration

(Fig. 4.5). Once again the long chain fatty acids, alkanols, tetrahymanol and sterols

all co-vary, this time rising from low background levels to a maximum at 536 CE

before dropping again, though not to background levels. The diols are very minor

compounds for much of the core but have a very pronounced presence at the base.

From the lake's earliest point to 1910 BCE there is a decrease from 51 pg/g dry

weight to <1 pg/g dry weight without any recovery. Finally, there is an interesting

period from 1671 BCE to 139 BCE where there is an increase in archaeol and

alkylglycerols.

4.4.4. Tetraether Lipids
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At all measured samples in both lakes the BIT index is always high (-0.98)

indicating a significant proportion of branched (i.e. nonisoprenoidal) GDGTs (Table

4.2). Given the lack of riverine input and low precipitation it is likely that these

compounds are being produced in situ within the water or sediment of the lake. As

such, it is unlikely that any temperature reconstruction based upon these samples

would be accurate. The calculated MATs based upon the lake calibrations of Tierney

et al., 2010 and Pearson et al., 2011 return values that far overestimate reasonable

temperatures for the area by 10-20 C. However the original calibration of Schouten

et al., 2002 does return reasonable values of 0.1-0.2'C that vary little over time as

expected (actual estimates are 2'C) (Fig. 4.6a,f). This may be entirely coincidental

and is not meant to imply the calibration is robust in other lake settings. However it

does illustrate the benefit of applying multiple calibrations to generated datasets.

In the isoprenoidal GDGT pool there is always a strong predominance of

GDGT-0 (caldarchaeol) over the cyclic GDGTs (Fig. 4.6bg). At most times

caldarchaeol alone represents >75% of the total isoprenoidal GDGTs. The ACE

index is a measure of the relative proportions of GDGT-0 and archaeol proposed to

be a salinity proxy (Turich and Freeman, 2011). Due to the lack of established

response factors during acquisition of the data the approach of Wang et al., 2013

was used in this study. While archaeol was observed by GC-MS, for use in the ACE

index it was measured in the same LC-MS runs as GDGT-0. In L. Miscanti, there is

a general increase of the index over time with its maximum value in the most recent

sediments (Fig. 4.6c). Laguna Minfiques differs in displaying a pronounced increase
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from 1910 BCE to 567 BCE before dropping again though not to values as low as

prior to 1910 BCE (Fig. 4.6h).

Another recently proposed proxy for lakes is the relationship between the

relative amount of thaumarcheaol (previously crenarchaeol) to the total

isoprenoidal GDGT pool expressed as %thaum (Wang et al., 2014). This proxy is

based on the idea that thaumarcheota prefer deeper waters and thus an increase in

the produced thaumarcheaol may indicate an increase in lake level for medium

sized lakes. A relatively new tool, it has been successfully applied in Lake Qinghai

on the Tibetan plateau (Wang et al., 2014). In both lakes there are times of

variation in %thaum which may be linked to changing lake levels (Fig. 4.6d,i)

A new class of isoprenoidal GDGTs was recently discovered with a cyclohexyl

ring on the alkyl chain instead of the conventional cyclopentyl ring (Liu et al.,

2016). These compounds were found in sulfidic environments and are termed "S-

GDGTs" for their six-membered rings and sulfidic locales. They were initially found

in Fayetteville Green Lake, a permanently stratified water body fed by groundwater

through gypsum rich rocks. Both L. Miscanti and L. Minfiques are also groundwater

fed with high presence of gypsum (Grosjean, 2001) making them ideal candidates

for the presence of similar conditions. In this study S-GDGT-1 was found in both

lakes at certain times (Fig. 4.6e,j). In L. Miscanti it was present from 212 CE to 920

CE and with a brief resurgence at 1454 CE. In L. Minfiques it was present in high

amounts at the earliest times before mostly disappearing by 1910 BCE then

displaying a slight increase from 567 BCE to 536 BCE.
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4.5 Discussion

4.5.1 Compound Sources

Examination of fluctuations in compound concentrations through time

illuminates those which have related sources within this lake system. Many of the

major compound classes co-vary in their abundances, and these are likely from the

aquatic plant life, namely submerged macrophytes. Long chain fatty acids and n-

alkanes, alkanols, and major sterols show strikingly similar patterns. Further, the

presence of alkylglycerols in many samples always correlates with the presence of

archaeol suggesting that they reflect related microbial processes. Elevated levels of

these microbial lipids only occurs when long chain methyl-substituted alkanes are

found in the saturate fraction pointing toward a possible microbial origin for these

as well. The overwhelming dominance of GDGT-0 over the other isoprenoidal

GDGTs, and its anti-correlation with crenarchaeol indicates that it is possibly being

produced by methanogens (Schouten et al., 2007).

4.5.2. Laguna Miniiques

2500-1910 BCE

The biomarker data measured here suggest the earliest -600 years record

dramatic changes in the biogeochemistry of L. Mifliques. High levels of S-GDGT-1

at the basal sampling point suggests an initial euxinic condition. The possibility of

euxinia in these lakes is not surprising given the brackish conditions and presence

of gypsum in the lake sediments and around the surrounding catchment. During
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this initial state the highest abundance of long chain diols is also observed. Diols

occur in many settings and are commonly attributed to eustigmatophyte microalgae

(Volkman et al., 1999, 1992) or, perhaps, other types of algae (Gelin et al., 1997).

The occurrence of diols during deposition of sapropels from euxinic waters of the

Pliocene Mediterranean Sea has been noted before (Menzel et al., 2003). Both of

these markers decrease over time as lake level, as suggested by %thaum, increased.

Overall, this period is shown to be a transition from a shallower stratified lake with

euxinic conditions to a deeper well-mixed lake by 1910 BCE.

1910-139 BCE

Around 1910 BCE lake levels had apparently begun to drop with a

corresponding increase in salinity as indicated by the ACE index. Salinity remains

high for the next approximately 1,750 years. This time period represents the only

drop in Paq values indicating a lower contribution from submerged macrophytes

compared to emergent or non-aquatic plants. This change in water chemistry

clearly appears to have favored cyanobacteria as demonstrated by the abundance

increase of n-Ci7 over this time period. The compound 5-methylheptadecane is also

present, likely indicative of cyanobacteria, at the point of highest concentration of n-

C1 7 (Dembitsky et al., 2001; Shiea et al., 1990). One possible scenario is that

increasing blooms of phytoplankton led to a shading effect that adversely affected

the submerged macrophytes (Sand-Jensen and Sondergaard, 1981). Alternatively,

and more likely, increasing salinity suppressed growth of macrophytes (Hammer
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and Heseltine, 1988) which could lead to less nutrient competition and resulting

expansion of cyanobacteria and microalgae.

139BC - 1670 CE

After 139 BCE there was an apparent drop in salinity which subsequently

reversed the changes of the previous 1,750 years with a shift back towards

submerged macrophytes in place of algae. Paq values rose again while n-C1 7

concentrations decreased. Further, the n-C23 produced by macrophytes gradually

increased to the highest levels observed in this study. This is complemented by an

increase in sterol content and predominantly in the C29 sterols likely derived from

the macrophytes. Coupled to these compounds the alkanols and long chain fatty

acids likely have the same source. Increases in tetrahymanol at this time likely

indicate an increase in bacteriovous ciliates in the lake (Harvey and Mcmanus,

1991). However, tetrahymanol may be formed by some purple non-sulfur bacteria

and other taxa (Kleemann et al., 1990). Recent combined genetic-lipid analysis

revealed that its production may be more widespread than previously thought

(Banta et al., 2015). Despite this, an origin from ciliates may be justified due to the

reappearance of S-GDGT-1 and possible times of increased salinity stratification

and euxinia in the lake. This could lead to the establishment of a chemocline and

layer of enhanced bacterial activity which is the primary food source for the ciliates

(Sinninghe Damst6 et al., 1995).

4.5.3. Laguna Miscanti
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212-920AD

During the earliest studied time period recorded in sediments of L. Miscanti

the GDGT based proxies all indicate relatively stable conditions of hydrology and

water chemistry. No variations in the ACE index or %thaum point to a lake with

relatively constant lake level and salinity. This earliest period corresponds to the

most recent period from L. Mifniques where these proxies are also fairly constant

indicating this to be a time of regional climatic stability. S-GDGT-1 is present at all

time points except 501 CE possibly indicating the long term presence of

stratification and euxinia. Lipids derived from macrophytes fluctuate throughout

this time with maxima at 365 CE 688-920 CE. Interestingly, all compounds drop at

501 CE including the relative amount of extractable lipids in the sediment.

Therefore, it is likely a general decrease in productivity that causes the changes

seen at that time than major physical changes to lake level or chemistry.

920-1905 CE

In contrast to the lower half of the record, major changes appear to have

occurred in the lake over the last millennium and approaching modern day. Over

this time the ACE index rises indicating increasing salinity in the lake. Periodic

increases in %thaum indicate episodic increases in lake level while simultaneous

absences of S-GDGT-1 point to loss of euxinic conditions. This relationship between

deepening of the lake and loss of euxinia is similar to the oldest changes recorded in

L. Mifiiques. Contrary to L. Mifniques, the presence of euxinia does not seem to

enhance production of tetrahymanol in L. Miscanti as tetrahymanol rises steadily
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across this time while S-GDGT-1 decreases. Macrophyte lipids are relatively stable

in their abundances and composition during this time period despite the physical

changes in the lake. However, during a period where lake level dropped and euxinia

returned at 1454 CE there is a decrease in Paq possibly indicating a detrimental

effect on the submerged macrophytes.

4.5.4 Comparison to Regional Records

Recent studies have been undertaken to address the relative lack of high

resolution climate records over the Holocene in the southern hemisphere. Prior

geochemical, sedimentological, and palynological examination of L. Miscanti

revealed arid conditions during the mid-Holocene with a nonlinear progression to

modern conditions by 1,000 BCE (Grosjean, 2001; Valero-Garc6s et al., 1996). By

that time, our record indicates a relatively stable water depth in L. Mifiques. The

ACE Index record shows that this time falls during the period of elevated salinity

but conditions freshened within a few centuries after. The proposed pattern of

gradual deepening in the late Holocene is also confirmed by the records established

here with the exception of the potential deepening episode from 2,500-1910 BCE in

L. Minfiques.

Further records of South American climate have been shown to vary

significantly on regional levels. Study of Laguna del Negro Francisco provided a

record that revealed a different paleohydrology than L. Miscanti (Grosjean et al.,

1997). There, conditions were shown to be the wettest in a period from 3,000-1,800

BP. Farther to the south, temperature reconstruction from Laguna Chepical

153



indicates a stable warm period from 700 BCE - 800 CE (de Jong et al., 2013). This

period roughly coincides with the period of stability shown by the GDGT proxy data

from L. Miscanti 212 CE (start of record) to 900 CE. In L. Chepical, cooler and

wetter conditions occurred during the Little Ice Age (LIA) but no Medieval Climate

Anomaly (MCA) was found. Cooler conditions during the LIA were also shown in

recent records from the high elevation Laguna del Maule in Central Chile

(Carrevedo et al. 2015). This study indicates that a change occurred between 920-

1182 CE, which corresponds to the MCA. At this time salinity of L. Miscanti is

shown to increase and water level/euxinia variations begin. However, these

conditions extend many centuries and are not likely to be a direct representation of

the MCA.

4.6. Conclusions

Detailed biomarker examination of dated cores from Lagunas Miscanti and

Mifiques has allowed for the establishment of a recent (2500 BCE-1905 CE) record

of lake and biological community changes. It has been established that there are

multiple periods where euxinia may have existed in the lakes and how that relates

to possible changes in lake level. Further, an extended period of relative quiescence

has been identified from 139 BCE-920 CE. It has been shown that even on short

time scales the lakes of the Chilean Altiplano have an interesting and varied

history. Future analyses of pigments and bacteriohopanepolyols will enhance the

results presented here. It has been established that coring in these lakes is possible

to significantly greater depths indicating the possibility of a longer term high
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resolution biogeochemical study of Holocene climate and ecological changes at these

lakes.
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Figure 4.1: Regional map illustrating the location of Lagunas Miscanti and

Miiiques with close up imagery of the site locale.
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Figure 4.2: Typical total ion chromatograms of (a) aliphatic compounds and (b)

polar compounds (BSTFA derivatized).
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Figure 4.4: Laguna Miscanti records normalized to the amount of dried sediment

extracted of (a) amount of extractable lipids, (b) archaeol, (c) alkylglycerols, (d) n-

C 17, (e) n-C23, (f) long chain fatty acids, (g) sterol groups, (h) total alkanols, (i)

tetrahymanol and (j) total diols. Shading marks different time periods discussed in

the text.
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Figure 4.5: Laguna Minfiques records normalized to the amount of dried sediment

extracted of (a) amount of extractable lipids, (b) archaeol, (c) alkylglycerols, (d) n-

C17 , (e) n-C2 3, (f) long chain fatty acids, (g) sterol groups, (h) total alkanols, (i)

tetrahymanol and (j) total diols. Shading marks different time periods discussed in

the text.
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Figure 4.6: GDGT based records for (a-e) Laguna Miscanti and (f-j) Laguna

Mifliques. Records include (a+f) Mean annual temperature estimates based on the

MBT/CBT proxy, (b+g) percentage of GDGT-0 compared to total isoprenoidal

GDGTs, (c+h) the ACE index salinity proxy, (d+i) the %thaum lake level proxy and

(e+j) the concentration of S-GDGT-1 normalized to the dry weight of extracted

sediment. Shading marks different time periods discussed in the text.
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Table 4.1: Concentrations of various aliphatic and polar compounds

TLE/Mass long chain
Sample Extracted n-C23 n-C17 alkanols fatty acids diols

Depth (cm) Date (mg/g) (pg/g dry weight) (pig/g dry weight) (pg/g dry weight) (pg/g dry weight) (pg/g dry weight)

L. Miscanti
11 1905 16.1 0.6 7.9 470.4 0.0
21 1708 3.8 18.8 0.0 16.7 179.4 2.3
31 1454 6.5 3.9 0.8 7.0 286.9 7.2
41 1182 0.9 0.8 0.3 7.8 151.0 0.0
51 920 4.5 9.0 0.1 40.9 851.5 10.8
61 688 8.2 15.5 0.1 10.8 542.3 19.3
71 501 1.8 4.9 0.1 10.2 248.8 5.7
81 365 12.6 18.4 0.7 16.1 774.0 20.9
91 279 2.5 5.6 0.1 19.2 172.4 3.6
101 233 2.8 1.3 0.7 12.1 171.5 5.6
111 212 2.0 0.8 0.1 12.1 213.6 1.1

L. Mintiques
16 1670 0.9 1.4 0.1 3.0 20.3 2.0
31 536 1.3 1.0 0.6 6.8 97.3 3.6
46 -139 1.2 0.4 0.6 16.7 46.9 0.5
60 -567 0.6 0.5 2.5 6.4 1.0 5.1
75 -915 0.6 0.2 0.9 1.6 10.5 0.0
90 -1189 0.6 0.2 0.5 4.4 0.0 0.1
105 -1432 1.5 0.3 0.3 1.3 10.0 0.6
120 -1671 0.8 0.3 0.1 1.0 0.4 1.0
135 -1910 0.1 0.4 0.0 22.2 0.3 0.2
145 -2070 2.1 0.4 0.0 0.9 0.1 11.7
160 -2309 3.0 0.2 0.0 0.5 0.6 33.6
175 -2500 0.8 0.3 0.0 2.9 0.5 51.5
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Table 4.1 continued: Concentrations of various aliphatic and polar compounds

Sample archaeol alkoxyglycerols tetrahymanol C27 sterols C28 sterols C29 sterols
Depth (cm) Date (pg/g dry weight) (pg/g dry weight) (pg/g dry weight) (pg/g dry weight) (pg/g dry weight) (pg/g dry weight)

L. Miscanti

11 1905 0.0 0.0 4.9 0.0 26.4 104.7

21 1708 0.0 0.0 3.2 0.0 6.6 109.1

31 1454 0.0 0.0 2.1 0.0 6.1 127.6

41 1182 0.0 0.0 0.3 0.0 0.0 36.0

51 920 3.0 0.0 2.0 0.0 15.3 248.1

61 688 0.0 0.0 1.4 0.0 9.5 117.4

71 501 0.0 0.0 0.0 0.0 3.0 38.2

81 365 5.6 0.0 2.0 0.0 9.6 137.2

91 279 0.0 0.0 0.0 0.0 4.5 54.0

101 233 26.1 1.7 1.4 0.0 9.4 51.8

111 212 0.0 0.0 0.6 0.0 0.0 12.3

L. Mifliques
16 1670 1.4 0.2 0.4 0.5 1.7 6.8

31 536 3.3 1.0 1.6 1.8 3.7 13.5

46 -139 2.3 0.3 0.6 0.7 6.2 4.3

60 -567 8.8 2.2 0.5 1.6 4.2 4.1

75 -915 11.1 1.1 1.1 1.6 4.6 4.2

90 -1189 8.6 1.4 0.2 1.5 3.0 2.8

105 -1432 28.5 0.7 0.6 2.3 3.5 4.4

120 -1671 1.5 0.1 0.3 0.3 0.5 1.4

135 -1910 0.2 0.0 0.0 0.0 0.0 0.1

145 -2070 0.0 0.0 0.0 0.0 0.3 0.3

160 -2309 0.0 0.0 0.0 0.0 1.4 0.0

175 -2500 0.0 0.0 0.0 0.0 0.4 0.0
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Table 4.2: GDGT based indices, proxies, and select concentrations.

Sample Date BIT ACE MAT %GDGT-0 S-GDGT-1
Depth (cm) (CE) Index Index %thaum (OC) (vs. isoGDGTs) (ng/g dry weight)

L. Miscanti

11
21

31

41

51

61

71

81

91

101

111

L. Mifliques

31

46

60

75

90

105

120

135

145

160

175

1905

1708

1454

1182

920

688

501

365

279

233

212

536

-139

-567

-915

-1189

-1432

-1671

-1910

-2070

-2309

-2500

0.99
0.86
0.99
0.85
0.99
1.00
1.00
1.00
1.00
1.00
1.00

0.97

0.99

0.98

0.98

0.99

0.99

0.97

0.99

0.98

0.99

0.97

41.0

11.9

14.0

24.5

9.7

7.4

5.2

6.2

6.9

6.3

7.0

23.5

25.5

65.8

59.2

83.3

67.8

60.6

61.7

9.3

2.1

7.2

13.2
29.0
1.1

26.3

2.5

1.9

0.0
0.5
0.3
0.4
0.6

0.6

0.5
0.2

0.2

0.0

0.0

1.3

2.3

2.6

0.6

0.0

-0.5
0.7

0.2

0.3

0.6

0.6

0.4

0.5

0.1

-0.3

-0.4

0.2

0.4

-0.2
-0.2
-0.3
-0.5
-0.1
0.2

2.1

0.3

-0.1

82.9

38.2

92.0

47.6

93.4

93.1

97.1

96.1

93.9

95.8

94.8

0.00
0.00
0.34

0.02

0.41

0.83

0.07

0.75

0.68

0.64

0.67

91.0
89.5
93.2
86.1

81.2

77.0
74.3

90.4

89.0
95.9

95.8

0.34

0.12

0.04

0.00

0.00

0.00

0.00

0.06

0.73

0.34

7.06
7.06
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Chapter 5

Conclusions and Future Directions

This thesis has applied organic geochemistry to reconstruct

paleoenvironmental conditions across multiple timescales and extremes. It has

demonstrated the broad range of tools, from the most traditional approaches using

n-alkane distributions to recent proxies still being established. Further, isotopic

investigations have revealed the larger scale information about the carbon cycle and

hydrologic conditions in some cases.

In Chapter 2 core material from Western India was studied to reveal the

potential for hyperthermal investigation in that region. Through integrated

biostratigraphy, palynology and stable isotope geochemistry it was demonstrated

that at significant depth the Early Cenozoic hyperthermal events are likely present.

Further, in conducting the isotopic investigation the application of pyrolysis-GC-

IRMS to the examination of kerogens was developed. This application was then

utilized to show that the individual components of kerogen as released during

pyrolysis have carbon isotopic compositions that accurately reflect the changes that

are seen in extractable hydrocarbons.

Further examination of the core palynology has the potential to refine the age

determination of the samples. This could allow for more firm conclusions to be

drawn about the stratigraphic locations of hyperthermal events. Additionally the
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quantification of the palynological data would allow for the biomarker distributions

to be compared directly to changes in floral composition.

This study has indicated above all else that the Cambay Basin holds great

potential for detailed examination of hyperthermal events. This is immensely

important as it would provide climate records from the paleoequator which are

currently lacking and would be of great benefit to climate modelling of the time. If

study in this region improves our understanding of the global variability of

responses to rapid intense warming due to carbon input to the ocean-atmosphere

system it would then be applicable to refining future predictions of the effects of

anthropogenic climate change. However, the region is also complex and would call

for an interdisciplinary team including geologists with a knowledge of regional

stratigraphic variations and biostratigraphers and geochronologists to confidently

date any core material. Finally, scientific drilling would be very beneficial as

opposed to taking samples from industrial cores. This would allow for the control of

contamination, the archiving of samples, and more detailed lithology to be

established.

The final contribution of this project was the use of pyrolysis-GC-IRMS for

the study of kerogens. Establishing that kerogens record the same isotopic

information as extractable hydrocarbons lends weight to this process being applied

to kerogens from other scenarios as well. For instance, ancient rocks that lack

extractable hydrocarbons often still retain kerogens. This method would allow for
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detailed investigation of the isotopic makeup of the kerogens and possibly reveal

information as to its possible biogenicity.

Another possible application of this method is to organic rich rocks that may

contain isotopic excursions. For instance, in the Cambay Basin there are areas with

massive lignite seams that were potentially forming during hyperthermal events.

By applying pyrolysis-GC-IRMS directly to raw sample powder it would be possible

to generate compound-specific isotope curves rapidly and without any need for

extraction. By locating excursions this way time and resources can be saved by

targeting areas of interest for more detailed study.

Chapter 3 examined the same time period but at the opposite extreme than

India in the Canadian High Arctic. There paleosols and a shale unit were examined

for biomarker distribution and isotopic content. A number of interesting conclusions

can be drawn from this work. First, the isotopic composition of n-alkanes preserved

in paleosols is comparable to that preserved in shale units from the same time and

area. The hydrogen isotopic composition in particular shows a very different value

than modern meteoric water and implies that the region was ice free during this

time period. Further, proxy data confirms the highly elevated temperature of the

region during the Early Cenozoic. Biomarker distributions demonstrate angiosperm

contributions that may be overlooked in this area based on fossil evidence. Also, a

clear shift from marine to near coastal deposition from the Paleocene to the Eocene

is shown for the Strathcona Fiord area. Sampling resolution at Strathcona Fiord

was limited but the established lithology combined with the confirmation of high
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biomarker preservation indicates that Strathcona Fiord is a desirable target for

future investigations, particularly those that can take advantage of the high

amount of carbonate deposition.

The final study has demonstrated the centennial scale variability within the

high altitude Lagunas Miscanti and Minfiques in the Chilean Altiplano. Situated at

a very different extreme, the high elevation combined with the location near the

Atacama Desert makes the lakes a very cold dry environment. These lakes have

been shown to contain sedimentation dating back tens of thousands of years yet no

biomarker record of their history exists. Here, shorter coring has established that

even within the last several millennia the lakes have undergone periods of

significant variability both in biotic community structure and physical/chemical

alterations. The application of newly introduced proxies based on GDGTs has

revealed a story of lake history in which they all provide complementary

explanations. In the future the sedimentology and geochemistry of the cores will be

established and provide new insights that will paint an even more detailed picture

of these lakes.

In the end three different regions have been thoroughly examined using

multiple approaches of organic geochemical investigation. These investigations have

revealed paleoenvironmental information ranging from the global scale to within a

single lake and from tens of millions of years to just a few millennia. What all these

studies have in common though is they have revealed the relatively untapped

potential of these sites as suppliers of important climatic and ecological information.
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