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ABSTRACT

The Chicxulub impact crater (Yucatan, Gulf of Mexico) is linked to the asteroid strike that
caused the end-Cretaceous Mass extinction event [~66 million years (Ma ago)]. Based on the
fossil record, it is estimated that over 70 % of terrestrial and aquatic life went extinct globally
(Sepkoski, 1996). In 2016, International Ocean Discovery Program (IODP) and International
Continental Scientific Drilling Program (ICDP) Expedition 364 obtained an ~800 metre (m)
long continuous record at the site of impact that contained granitic basement rocks, a ~120 m-
thick suevite layer, and ~ 100 m of post-impact marine consolidated marlstone sediments that
were deposited in the crater during the early Cenozoic (~66.5-48 Ma ago). The overarching
aims of this multidisciplinary scientific project were to reconstruct the geological formation of
the crater, the post-impact recovery of aquatic and terrestrial life as well as the recovery of the
modern deep biosphere at the impact crater (Gulick et al., 2017). Recent molecular biomarker-
based studies on the suevite interval and the overlying marine sediments in this core have also
revealed first insights into major changes in previously overlooked non-fossilizing aquatic and
terrestrial microbial communities resulting from environmental changes that have occurred
before, during and after the asteroid impact (Schaefer et al., 2020). Furthermore, a highly
diverse modern deep biosphere throughout the entire core [~500 to ~1300 meters below
seafloor (mbsf)] was discovered from immediately frozen available core catcher material,
which showed distinct microbial communities in the three major lithological intervals (Cockell
etal., 2021), while the remaining intact core sections were stored refrigerated in the core facility

of MARUM, Bremen for several months before subsampling.

Active and metabolically diverse microbial communities in the deep subsurface may

potentially contribute to the secondary alteration of sedimentary lipid biomarkers. In addition,
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a subset of molecular biomarkers in sediments may be subject to ongoing microbial activity
following field collection. For instance, less hostile post-sampling storage conditions may have
resulted in re-activation and growth of indigenous subseafloor microbial communities that were
dormant under the prevailing extreme environmental conditions (e.g., high in sifu temperatures,
lack of nutrients) in the deep biopshere. However, the possibility that microorganisms may
continue to biodegrade biomarkers especially in consolidated sedimentary records during
standard non-frozen storage conditions has often been overlooked in organic geochemical
studies. The full interpretive value of sedimentary biomarkers can only be realised, therefore,

by understanding their vulnerabilities to both in situ and storage biodegradation.

For this multidisciplinary study, we selected a 12-m long short interval from the remaining
intact core section, deposited during the end of Early Eocene Climatic Optimum (EECO), to
explore the association between microbial communities and lipid biomarkers records during
refrigerated storage conditions. Further, we utilized well established lipid biomarkers that were
less susceptible in our samples to reconstruct the paleoenvironmental conditions at the end of

EECO in the Yucatan, Gulf of Mexico.

For this thesis, a combination of organic geochemical and molecular ecological techniques was
used to analyze the lipid biomarker and microbial community composition in a 12m long
section of the core from the Chicxulub impact crater. This material was subsampled at high
resolution from the freshly split core after four months of refrigerated storage and contained
marine marlstone sediments that were deposited into the crater between ~48.2 and 48.5 Ma ago
during the EECO. This study has two primary aims: 1) to investigate the susceptibility of
sedimentary lipid biomarkers to microbial degradation during post-sampling refrigerated
storage conditions; and identify the structure and metabolic functions of the contemporary

microbial communities involved; 2) to apply well-established lipid biomarker proxies to refine
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our understanding of orbitally controlled changes in paleoenvironmental conditions and

associated microbial community responses at the end of the Early Eocene in the Gulf of Mexico.

Chapter 2 evaluated the potential impact that subseafloor microbial communities can have on
sedimentary biomarker records when stored under refrigerated conditions. Chicxulub core
sediments were stored at ~4°C for four months. The microbial community composition of the
samples was analysed through 16S rDNA amplicon sequencing and the bioinformatics pipeline
Quantitative Insights Into Microbial Ecology (QIIME 2). Phylogenetic Investigation of
Communities by Reconstruction of Unobserved States 2 (PICRUSt2) was used to predict
functional genes involved in various physiological processes. Multivariate statistical analysis
identified a Pearson correlation between a subset of the bacterial communities (notably
Halomonas and Marinobacter) and altered biomarker abundances. The major molecular
hydrocarbon products of the sediments included polycyclic aromatic hydrocarbons (PAHs), n-
alkanes, steroids, hopanoids, and carotenoids such as isorenieratane. PAHs (7-184 pg/g) were
the most susceptible components to microbial degradation, followed by isorenieratane (up to
18 ng/g TOC) and Csz1 3-methylhopane (0.2-6.1 pg/g TOC), whereas the regular Cz7-Cao
steranes (63.3-925.0 pg/g TOC) and n-alkanes (57 — 2,447 pg/g TOC) were less bioavailable
to microbial attack attributed to partial sequestration by early abiotic diagenetic sulfurization.
The microbial taxa that correlated most strongly with the relatively bio-labile biomarkers,
notably Halomonas, were predicted to be nitrate-reducing hydrocarbon degraders. Their
relative abundances were shown to have increased up to five-fold compared to the distribution
of these taxa in immediately frozen samples from the Cenozoic interval (Cockell et al., 2021).
This suggests that these bacteria were relatively dormant in the hydrothermal deep biosphere
environment and may have been re-activated when they experienced more optimal growth
conditions during the short-term refrigerated storage conditions. Overall, these results suggest

that non-sulfurized biomarkers in ancient, consolidated sediments remain vulnerable to
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sustained post sampling biodegradation by the viable microbial communities of the deep
biosphere. Only a small fraction of the microbiome of these Cenozoic marine sediments was
successfully cultivated in the laboratory (Cockell et al., 2021). However, substantiation of these
preliminary results might be achieved by future time-series cultivation experiments and
sequencing analysis of actively expressed functional gene transcripts from other refrigerated
deep subsurface cores. Nevertheless, the current findings do encourage a cautious approach to
sampling and storage of microbially active samples, including sedimentary cores from the deep

biosphere, intended for biomarker based organic geochemical studies.

Chapter 3 investigated potential microbial interactions with maturity biomarker proxies in the
early Eocene clay-rich sediments during the short-term refrigerated storage conditions of the
Chicxulub core. Clay minerals in sediments are known to adsorb organic matter (OM)
including lipid biomarkers and have catalytic properties that can alter the relative abundances
of organic compounds including lipid biomarkers. Consequently, clay minerals can influence
the in situ sedimentary values of maturity-related biomarker parameters such as
diasterane/sterane ratios. However, the continued biodegradation vulnerability of these
biomarkers during post-sampling storage of clay mineral rich sediments retaining a viable
biomass has not been thoroughly investigated. Here we performed Sparse Partial Least Square
(sPLS) regression and Pearson correlation analysis to explore the relationship between the
microbial communities (analysed through 16S rDNA profiling) and clay mineral assemblages
of the Chicxulub sediments with various maturity-related biomarker indices. Our results
showed positive correlation between a subset of microbial communities (e.g., Halomonas) with
smectite mineral assemblages and maturity-related biomarker indices (e.g., 18 a (H) 22,29,30
trisnorneohopane (Ts)/ 17 a (H) 22,29,30 trisnorhopane (Tm); diasterane/sterane ratios.
PICRUSt2 analysis predicted that these taxa harbour genes involved iron redox recycling as

the most likely pathway involved in microbially-induced alterations of clay minerals, in
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particular the smectite groups. This study provided indirect evidence that a subset of the rock-
associated bacteria can be re-activated during refrigerated storage and potentially modify clay
mineral assemblages e.g., by dissolution of smectite via iron redox recycling. These processes
could also impact the relative abundances of maturity sensitive biomarkers, thus compromising
the maturity information they convey. To preserve the integrity of bioavailable lipid
biomarkers, it is recommended that sediment samples for organic geochemical analysis should
be obtained and/or analyzed shortly after coring or immediately stored frozen, similar to the
now standard sampling procedures used for deep biosphere studies involving molecular
techniques. However, future time series incubation experiments and/or sequencing analysis
functional metatranscriptomes are required to fully confirm the microbial communities and
processes that are actively involved in the continued degradation of lipid biomarkers in
sediment cores that are stored under non-frozen conditions and at what rate this degradation

occurs.

Chapter 4 Orbitally controlled climatic oscillations that influenced the oceanic carbon pump
during Paleocene and Eocene hyperthermal events have previously been studied using bulk
geochemical data. This chapter explored the use of potentially informative lipid biomarkers of
core samples obtained from the Chicxulub impact crater to refine our understanding of orbitally
controlled paleoenvironmental changes and ecosystem responses at the end of the EECO. For
this study, highly resolution lipid biomarker profiles were constructed from a total of 68
samples spanning a short 12 m core section of the Chicxulub crater reflecting a 0.5 Ma interval
at the end of the EECO. Correlation of cyclostratigraphic data (i.e., colour reflectance L* values
indicative of the lightness of the sediments) and 8'3Cierogen Suggested orbital controls on organic
composition (terrestrial versus marine-derived OM) were dominated by eccentricity cycles
(~95-105 kyrs/cycle). Bulk 8'3Cyerogen variation may be linked to orbital controls on continental

weathering and nutrient delivery. Coincident biomarker parameters revealed

vii



paleoenvironmental changes at eccentricity time scales, including changes in redox conditions
(Gammacerane Index and Pr/Ph ratios) and in algal populations (dinosteranes, Cso 24-n-
Propylcholestane, C3o 24-isopropylcholestane, and Cas/Cy9 sterane ratios). Variations of
selected biomarkers indicative of photic zone euxinic (PZE) conditions (isorenieratane,
chlorobactene, okenane) also seemed paced by eccentricity periodicity, with elevated PZE
conditions often coinciding with occurrences of maximal eccentricity. Furthermore, §'*C
values of selected biomarkers (Ph, C17-Cis n-alkanes) reflected orbitally controlled shifts in
microbial communities, i.e., higher autotrophic activities (8'*C alkane/Ph = ca. - 4.65 per mil
for Ci7.13 n-alkanes more depleted in *C than Ph) occurred during maximal eccentricity while
more heterotrophic activities (8'°C alkane/Ph = ca. + 4.26 per mil for Ci7.13 n-alkanes more
enriched in 13C than Ph) occurred during minimal eccentricity. Overall, eccentricity-paced
nutrient influx/continental weathering appears to have played a major role in the redox
conditions, certain algal blooms, and shifts in microbial community structures at the end of the

EECO in the Gulf of Mexico.

This thesis employed comprehensive analytical techniques, including organic geochemistry
and molecular microbial ecology, to investigate sedimentary lipid biomarker records and
contemporary microbial communities recovered from an early Eocene interval in the Chicxulub
impact crater, Gulf of Mexico. The outcomes of this study provided 1) indirect evidence for
the possibility of continued biodegradation of specific lipid biomarkers during refrigerated
storage of intact consolidated sediment cores obtained from the deep subsurface biosphere,
which may compromise the suitability of bioavailable biomarkers as paleoenvironmental
proxies; and 2) highly-resolved geochemical evidence at a molecular level, i.e., sedimentary
lipid biomarker records, revealing orbital controls on paleoenvironmental and microbial

communities during the end of the EECO.
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Chapter One

1. Introduction and overview



Sedimentary rocks are not only geological archives carrying information about Earth’s history
including life evolution and environmental changes but can also host a relatively modern deep
biosphere which is distinctive from the biosphere at the surface. Nowadays scientific ocean
drilling projects provide geologists and microbiologists valuable subseafloor samples from
which they can extract important data with the use of advanced molecular biology, organic
geochemical and isotopic techniques. The different data sets are integrated to reconstruct the
evolution of life and paleoenvironments throughout Earth’s history, as well as gaining insights

into the contemporary subseafloor sedimentary microbiome.

1.1 Early life and paleoenvironments

Ancient sediments contain fossilized materials of past life, ranging from macro- and
microfossils (e.g., vertebrates and melanosomes) to individual organic compounds originating
from natural products of pre-existing organisms. Each can provide valuable new information
about the evolution of life on Earth (Figure 1.1). For instance, the evidence from the carbon
isotopic composition of reduced carbon (graphite) in ancient metaturbidites (South Greenland)
suggests that the earth’s earliest life possibly dates back to ~3.7 Ma (Rosing, 1999).
Paleoenvironments can also be reconstructed e.g., by tracing the source organisms from
fossilized organic molecules (molecular fossils or biomarkers) and the environments under
which these organisms thrive. As an example, evidence of anoxygenic photosynthetic sulfur
bacteria identified in ancient sediments deposited during ~1.8-0.8 Ga (see also 2.2.2.3)
suggests anoxic and sulfidic marine settings were widespread during the mid-Proterozoic
interval (Brocks et al., 2005). Sulfidic conditions in ancient water columns (discussed in detail
in 2.2.2.3) have also been frequently linked to many major geological events in Earth’s history,

e.g., the Permian-Triassic mass extinction (Grice et al., 2005).



Advanced geochemical techniques make it possible to interpret sedimentary geochemical data
more accurately at molecular and even atomic (e.g., isotopic compositions) levels, which now
contribute valuably to reconstruction records of Earth’s history. The following section provides
a background summary of the general principles of organic geochemistry, particularly
biomarkers and their stable carbon isotopic compositions, and their applications in

paleoenvironmental reconstruction.

Origin of life
(possible isotopic
evidence for the Qldest fossil

Earth's earliest life) evidence of life Oxygenic photosynthesis  simple multicelllularity  Eukaryotic diversity increase
Formation (stromatolite) (Great oxidation event) in eukaryotes radiation of animals
| | | L
Hadean Proterozoic | Phanero | Eon
‘ T T T T T
4500 4000 3500 3000 2500 2000 1500 1000 500 0 (Ma)

Figure 1.1 Simplified geological timeline of the evolution of life since the formation of the

Earth.

1.1.1 Origin and fate of sedimentary organic matter

Photosynthesis involves the conversion of light energy into chemical energy through the
fixation of inorganic carbon (CO3) by photoautotrophic organisms. Photosynthetic organisms
are widespread in the natural environment, including oxygenic photosynthetic organisms (e.g.,
land plants, submerged plants, phytoplankton) and anoxygenic photosynthetic organisms.
Organic matter (OM) can also be synthesized by chemoautotrophs (e.g., methanogens) which
do not require solar energy to fix CO;. All these autotrophs are primary producers and occupy
the base of the food chain, which create nutrients and energy supporting not only themselves
but also heterotrophic organisms (e.g., animals, fungi, heterotrophic bacteria) that are unable

to produce their own food. OM produced by organisms usually experiences intense chemical



degradation and microbial remineralization in the water column or in immature sediments.
However, under certain environmental settings the degree of OM degradation can be
minimised. For instance, OM is generally effectively remineralised under oxic conditions,
whereas under anoxic conditions it can be better preserved. In oxygenated aquatic settings most
OM (e.g., proteins, lipids, carbohydrates, and lignin) is remineralized back to CO; with less
than 0.1% typically escaping remineralization and accumulating in sediments (Holser et al.,

1988).

Diagenesis is a process by which OM undergoes chemical and biological alteration in the water
column and surface sediments (Rullkétter, 1999). Diagenesis involves two stages 1) eogenesis
covering processes that occur in the water-column and surface depositional environments and
2) mesogenesis covering processes that occur after burial and in the subsurface environment
(Burley et al., 1985). During diagenesis naturally occurring biomolecules (e.g., lignin,
carbohydrate, protein, lipids) undergo depolymerisation and recondensation reactions (Tissot
and Welte, 1984) to yield new geopolymeric materials such as humic substances and
subsequently kerogen (Figure 1.2). A small proportion of biomolecules can be highly resistant
to degradation and transformation and may be selectively preserved during diagenesis
(Tegelaar et al., 1989). For example, reduced sulfur can become intermolecularly bound to OM
leading to bio-resistant carbon-sulfur moieties which can be preserved in sediments (Wakeham
et al., 1995; Briggs and Summons, 2014). Kerogen is insoluble in common organic solvents
whereas a bitumen fraction can be extracted from sediments using organic solvents e.g.,
dichloromethane (DCM) and methanol (MeOH). The relatively free hydrocarbon constituents
of bitumen may undergo various chemical changes (e.g., oxidation, reduction, rearrangement

reactions) including isomerisations to form a range of different isomers (Peters et al., 2005).



Catagenesis is a process that occurs with increasing burial at temperatures of 50 °C ~ 150 °C,
during which kerogen and bitumen are altered geothermally (Figure 1.2). Kerogen can crack
into a low-molecular-weight fraction (bitumen), which might be eventually expelled from
sedimentary rocks as crude oil (Brocks and Summons, 2003). During this stage, hydrocarbons
that are bound to kerogen can be released with this occurring at higher temperatures for those
with stronger chemical bonds (e.g., C-O and C-C) compared to those with weaker chemical

bonds (e.g., S-S and C-S) (Koopmans et al., 1997).

Metagenesis is a subsequent process that can occur when the organic material is subjected to
temperatures above 150 °C, and only gas is formed (Figure 1.2). This process effectively breaks

the OM down to small gaseous range hydrocarbons.
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Figure 1.2 Simplified diagram showing geological fate of OM (modified from Tissot and Welte,

1984)



1.1.2 Biomarkers

Biomarkers are fossilized biomolecules derived from pre-existing organisms, e.g., lipids and
other natural products such as chlorophylls and bacteriochlorophylls. These biomolecules can
lose their functional groups during diagenesis, but the remaining hydrocarbon skeleton
encapsulated in the sedimentary record over geological time still retains important biological
and ecological information about their source organisms. A background introduction of

biomarkers and their applications is provided below.

1.1.2.1 The origin of biomarkers

All living organisms, i.e., prokaryotes (bacteria and archaea) and eukaryotes, have lipid
membranes. Eukaryotic cells have a membrane-bound nucleus whereas prokaryotic cells do
not. The lipid membranes of bacteria and eukaryotes are mainly constituted of fatty acid chains
attached to a polar head (Figure 1.3), whereas archaeal lipids typically have isoprenoid
hydrocarbon chains (Ci5-Cas) attached to a single polar head, or two polar heads joined by Cao

biphytanyl isoprenoids (Figure 1.3).
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Figure 1.3 Schemitic structures of major lipid components of bacteria, archaea and eukarya.

Organisms from all domains make different terpenoids, which are the precursors of many
biomarkers, to moderate their membrane stability in response to changes in environmental
conditions. Generally, eukaryotes synthesize steroids (tetracyclic triterpenoids) which requires
free oxygen, whereas bacteria and archaea synthesize hopanoids (pentacyclic triterpenoids) and
C4o0 biphytanyl isoprenoids, respectively, via biosynthetic pathways that do not require free
oxygen. Hopanoids and steroids are formed by the cyclization of squalene (Figure 1.4), a
critical intermediate isoprenoid (acyclic, C3oHso) for all domains of life. Generally, the origins
of hopane biomarkers are mostly confined to bacteria. For instance, pentacyclic terpanes of the
extended hopane series (C31-Css) originate from bacteriohopanetetrol (I) synthesized by
bacteria as membrane rigidifiers. However, some hopanes can also have eukaryotic origins
such as angiosperm clades, which biosynthesize the pentacyclic terpenoid lupeol (IT). Sterane
biomarkers in sedimentary records can originate from eukaryotic organisms ranging from
animals to higher plants and algae. Some steranes may also derive from some bacterial lineages,

such as lanostanes (IIT) and dinosterane (IV) (Chen and Summons, 2001; Goodwin et al., 1988),



but in relatively low concentrations. In contrast, archaea utilize diether- and tetracther bound
isoprenoids to maintain their membrane integrity in response to extreme environments
(temperatures), which give rise to archaeal lipid biomarkers in sedimentary records including
isoprenoidal dialkyl glycerol diethers (DGDs) and glycerol dialkyl glycerol tetracthers

(GDGTs) (see also Sec. 2.2.2.4).

A X X AN AN AN

l Squalene cyclization

hopanes steranes

Figure 1.4 Chemical structure of squalene, hopanes and steranes. The S, R sterioisomers of
steranes are at the C-20 position; the S, R sterioisomers of hopanes (with carbon numbers >

30) are at the C-22 position.

Additionally, light-capturing pigments in photosynthetic organisms are also important
precursors of biomarkers, e.g., chlorophylls (a, b, ¢, d; V, VI, VII, VII) or
bacteriochlorophylls (a, b, ¢, d, e; IX, X, XI, XII, XIII) and accessory pigments, e.g.,
carotenoids. For example, the biomarker phytane is mostly derived from the phytyl side chain
of chlorophyll a (Figure 1.5) in phototrophic organisms and bacteriochlorophylls @ and b in
purple sulfur bacteria (e.g., Brooks et al., 1969). However, other sources of these compounds

cannot be excluded, including dihydrophytol (XIV) in archaea (Chappe et al., 1982),
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methanogenic or halophilic archaea (Grice, 2001) (Figure 1.5) and tocopherols (XV) that are
abundant in higher plants, algae and cyanobacteria (Goosens et al., 1984). Other examples of
pigment-derived biomarkers are porphyrins (e.g., deoxophylloerythroetioporphyrin, XVI)
which are diagenetic/catagenetic products of (bacterio)chlorophylls; and maleimides (e.g.,
methyl ethyl maleimide, XVII, and methyl iso-butyl maleimide, XVIII) which are the
oxidation products of (bacterio)chlorophylls or sedimentary porphyrins (Nacher et al., 2013).
Carotenoids serve as accessory pigments in photosynthesis among plants, algae, and
photosynthetic bacteria. Some carotenoid biomarkers are highly source specific, e.g., Cao
carotenoids such as isorenieratane (XIX) and chlorobactane (XX) made by green- and brown-
pigmented species of green sulfur bacteria (Chlorobiaceae) (Grice and Brocks, 2011),

respectively, which are useful for paleoenvironmental studies (see also Sec. 2.2.2.3).

(halophilic archaea)

Chlorophyll a

(phytoplankton/higher plants)

Figure 1.5 Origin of phytane from cholorophyll a or archeal lipids.

1.1.2.2 Applications of biomarkers
1.1.2.2.1 Biomarkers as maturity indicators
Hydocarbon biomarkers can be used to assess the thermal maturity of sedimentary OM.

Thermal maturity indicates the extent of thermal reactions that alter the sedimentary OM after

burial. Biomarkers that are sensitive to thermal reactions at different stages during burial can



be used as maturity indicators, typically measured from their abundances relative to other
hydrocarbon compounds showing a stable or different response to increasing thermal
exposures. For example, the configurational isomerization involving hydrogen atoms at C-22
in the C31-Css 17a-hopanes (e.g., C3122S 17a-hopanes, XXI, and C31 22R 17a-hopanes, XXII)
and C-20 in the steranes (e.g., C27 20S aaa steranes, XXIII, and Cz7 20R aaa steranes, XXIV)
are two widely applied molecular maturity parameters. The R configuration of these
compounds is gradually converted to a mixture of the R and S configurations during burial
maturation, therefore the maturity parameters for these compounds can be expressed as Czo
170-hopanes 225/(225+22R) and Cy; steranes 20S5/(205+20R), respectively. As another
example, Ca7 17a-trisnorhopane (Tm or 17a-22,29,30-trisnorhopane, XXV) is less stable than
C27 18a-trisnorneohopane (Ts or 18a-22,29,30-trisnorneohopane, XXVI) during catagenesis,
thus Ts/(Ts+Tm) can be also used as a maturity parameter. However, they need to be used
cautiously as other factors, e.g., lithologies, different sources and depositional environments,
may affect the thermal reactions (i.e., isomerisations) of these biomarkers (Nabbefeld et al.,
2010). For example, the catalytic sites of clay minerals in sediments can promote isomerization
reactions causing substantial increases in the values of some maturity parameters, e.g.,

Ts/(Ts+Tm).

1.1.2.2.2 Biomarkers as source-related indicators

Biomarkers as implied from their name often provide a direct indication of the sources of
organic input in sedimentary OM. Examples include the relative abundance of regular steranes,
i.e., C27-C29 a0t (205+20R) and aff (205+20R) (mainly originating from algae and higher
plants) versus 17a-hopanes (mainly originating from bacteria) which is frequently used as an
indicator of relative input from eukaryotes versus bacteria (Schwark and Empt, 2006a). As
another example, n-alkanes in sedimentary records are not particularly source specific as they

have been found in all extant organisms ranging from bacteria to higher land plants and algae,
10



but their carbon number distributions can vary depending on the source organisms. Shorter-
chain-length n-alkanes with 17-21 carbon numbers are preferentially produced by aquatic
algae/cyanobacteria (Cranwell et al., 1987), whereas the long-chain n-alkanes (>C»7) with a
predominance of odd-over—even carbon numbers usually originate from plant waxes implying
OM input from terrestrial vascular plants (Eglinton and Hamilton, 1967). Source-related
biomarker parameters have also been established based on the relative terrigenous versus
aquatic OM input, e.g., the terrigenous/aquatic ratio (TAR) (Bourbonniere and Meyers, 1996)
and the carbon preference index (CPI) (Bray and Evans, 1961). However, these ratios might
also be affected by other factors such as thermal maturity and biodegradation. More reliable
interpretation about OM input is based on using multiple biomarker parameters and additional

information obtained from e.g., isotopic compositions of individual compounds (See Sec. 2.3).

1.1.2.2.3 Biomarkers as paleoenvironmental indicators

Diagnostic biomarkers from a specific source organism can be applied to reveal information
about paleoenvironmental conditions of deposition. For instance, photic zone euxinia (PZE)
occurs in the water column when excess hydrogen sulfide (H2S) produced by sulfate-reducing
bacteria extends from the deep oxygen-depleted sediments and bottom water to the photic
region of the water column. Under these conditions, the anoxygenic phototrophic purple and
green sulfur bacteria (Chromatiaceae and Chlorobiaceae, respectively) living at the oxic and
anoxic interface in the water column can grow on H»S utilizing a distinct assemblage of light-
harvesting carotenoid pigments which help to capture longer wavelengths of light as well as
protect their photosynthetic apparatus from photooxidation (Figure 1.6). Different species
occupying different depths synthesize different types of carotenoid pigments based on light
intensities (Grice and Eiserbeck, 2014). Namely, Chromatiaceae colonizing the upper water
column synthesize the carotenoid okenone (XXVII) which is a potential precursor of the

okenane (XXVIII) in sediments (Brocks and Schaeffer, 2008). Below this zone, the green-
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pigmented Chlorobiaceae synthesise chlorobactene which gives rise to biomarker
chlorobactane (XX), below which brown-pigmented Chlorobiaceae synthesize isorenieratene
(XXIX) resulting in the biomarker isorenieratane (XIX) (Brocks and Summons, 2003).
Although recent research has found another source of isorenieratane (XIX) from some genera
of Actinomycetes (Grice and Eiserbeck, 2014), the contributions from these organisms to
sedimentary OM is considered to be insignificant (Brocks and Schaeffer, 2008). The
identification of these carotenoid biomarkers and their diagenetic alteration products (aryl
isoprenoids, XXX) in sediments can be used to indicate photic zone euxinic (PZE) conditions

in the past (Grice et al., 2005).

CO2

Green-pigmented GSB
Brown-pigmented GSB

Ha2S
iment \ ulfate reducing bacteria j

Figure 1.6 Schematic diagram of photic zone euxinia conditions and supported bacterial

populations.

Other biomarker parameters can also be used to identify redox conditions in the water column.
The pristane (XXXI)/phytane (XXXII) (Pr/Ph) ratio is frequently used as a redox indicator for

the ancient water column. The cleavage of the phytyl side chain is promoted under reducing or
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anoxic conditions resulting in phytol, which then undergoes reduction to yield phytane
(XXXII), whereas the oxic conditions promote the competing conversion of phytol to Pr
(XXXI). However, it should be noted that Pr/Ph ratios can also be affected by other factors,
e.g., increased Pr/Ph values with thermal maturation (Alexander et al., 1981). Another indicator
of water paleoenvironments is the biomarker gammacerane (XXXIII), which is putatively
derived from tetrahymanol (XXXIV), a lipid in heterotrophic ciliates that occur at the interface
between oxic and anoxic zones in stratified water columns (Sinninghe Damsté et al., 1995).
Abundant gammaceranes (XXXIII) in sediments suggest the presence of a stratified water
column and possible salinity stratification during deposition (Tulipani et al., 2015). The relative
abundance of gammacerane (XXXIII) versus C3o 17a-hopanes is a common parameter for
water stratification or identifying hypersaline conditions in ancient water columns (Fu et al.,

1986).

1.1.2.2.4 Biomarkers as paleothermometers

Some hydrocarbon biomarkers have been established as proxies of paleotemperature. A good
example is the isoprenoidal GDGTs (isoGDGTs) which are characteristic lipid biomarkers of
archaea (e.g., methanogenic, hyperthermophile, and mesophilic species) (Figure 1.7a, b). The
use of isoGDGTs as paleothermometer is based on the fact that these organisms produce
GDGTs with more rings and higher melting points at warm temperatures (Gliozzi et al., 1983).
In response to temperature variations, for example, hyperthermophilic Crenarchaeota can
incorporate one to four cyclopentyl rings within the biphytanyl ester lipids (Figure 1.7a) to
regulate their membrane stability at different temperatures, while psychrophilic Crenarchaeota
can further add an extra cyclohexyl ring to the common three-cyclopentyl ring structure to keep
their membrane fluidity at low temperatures (Figure 1.7b). Schouten et al. (2002) developed

an index to mathematically represent the degree of this cyclization called TEXss, and
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experimentally calibrated TEXgs to reflect sea-surface temperature (SST) which has been

widely applied to reconstruct paleoenvironmental conditions.

(a)

Jorra R

(b)

ij

Figure 1.7 Examples of isoGDGTs in archaea (a) Thermophilic Crenarchaeota, R; = polyol,

and/or sugar residues and sulfate; (b) Psychrophilic Crenarchaeota, R> = polyol.

1.1.2.3 Biomarker isolation and analysis

The bitumen fraction of sedimentary rocks or fossil fuels is generally extracted using pure or
mixed organic solvents (e.g., 9:1 mixture of DCM:MeOH) by either microwave or Soxhlet
extraction. All laboratory equipment — e.g., pestle and mortar, glassware (e.g., pipettes, vials)
and non-combustible materials (cotton wool) - must be cleaned of organic contaminants such

as by rigorous washing in organic solvents or high temperature treatment (>500 °C).

The bitumen fraction can then be separated into different polarity based fractions - i.e., saturate,
aromatic and polar fractions - using column chromatography and elution with different organic
solvents (i.e. n-hexane, 7:3 Hex:DCM, and 9:1 DCM:MeOH, respectively). The saturate

fraction contains hydrocarbon compounds such as n-alkanes, hopanes and sterane hydrocarbon,
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whereas aromatic hydrocarbons in the aromatic fraction include PAHs and aromatic

carotenoids.

One of the commonly used techniques for hydrocarbon biomarker analysis is gas-
chromatography mass-spectrometry (GC-MS) (Seifert and Moldowan, 1978, 1981). The gas
chromatograph consists of a stationary phase (GC capillary column) and a mobile (inert gas,
e.g., Helium) phase. The sample (typically dissolved in a low-boiling solvent such as hexane)
is injected into a heated inlet and carried through the capillary column by the carrier gas. The
vaporized mixture of hydrocarbon compounds separates as they move through the column.
When compounds reach the detector, they are ionised in the ion source by a high-energy beam
of electrons, producing a molecular ion and often also many fragment ions. The abundances
and mass-to-charge ratios of the molecular and fragment ions form a mass spectrum that is
used to molecularly fingerprint and identify the compound (Peters et al., 2005). Selected ion
monitoring (SIM) mode can target specific ions allowing for more sensitive detection of trace
components. Other more sophisticated detection such as metastable-reaction-monitoring MS
(MRM-MS) (Warburton and Zumberge, 1983) can distinguish co-eluting isomers of
compounds with the same mass-to-charge ratios, such as 2- and 3-methylhopanes that derive
from aerobic cyanobacteria and methanotrophs, respectively (Summons and Jahnke, 1990).
Internal standards (such as deuterated C>7 cholestane) are usually added to samples prior to
analysis to determine the concentrations of biomarkers. Comparison of GC elution times and
patterns to known natural or synthesised compounds can also help to identify organic
compounds. Whilst GC supports the detection of non-polar compounds (e.g., hydrocarbons) of
typically a molecular weight (MW) < 1000, high-performance liquid chromatography (HPLC)
coupled to MS allows for the direct detection of intact polar compounds and of higher MW,

e.g., GDGT lipids (Schouten et al., 2007).
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1.1.3 Stable isotopes

Stable isotopes, e.g., carbon ('2C and '*C) and hydrogen (*H and 'H) occur naturally and do
not decay over time (unlike radiogenic isotopes, e.g., '*C). Their abundances remain relatively
constant over geological timescales. Nevertheless, the stable isotopic compositions of naturally

occurring compounds may differ due to different chemical and physical processes (Figure 1.8).
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Figure 1.8 The 6°C for different organic and inorganic carbon sources in the natural

environment (based on Wefer and Berger 1991; Schidlowski and Aharon, 1992)

1.1.3.1 Notation and standards

Since heavy stable isotopes typically represent a minor fraction of the total isotope abundance
of chemical elements (Table 1.1; e.g., °C = 1.111%), the stable isotopic composition is
expressed as a delta (8) value relative to the stable isotopic ratio of a reference standard. For

8!3C, the ratio is measured in parts per thousands (%o) as follows:

d13C = (Rsample - Rstandard)/ Rstandard,

where R stands for the relative abundance of the '*C to 2C (!3C/'2C) for the sample or standard.

A positive 8'°C value means that the sample is enriched in '*C isotope relative to the standard,
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and vice versa. For 8!°C measurements, the most widely used international reference standard

is the Vienna Pee Dee Belemnite (VPDB).

Carbon Hydrogen Oxygen Sulfur

12C 13C lH 2D 160 170 180 SZS 34S

98.93 1.07 | 99.9885  0.0115 | 99.757 0.038 0.205 | 94.93 4.29

Table 1.1 Relative abundances of selected natural stable isotopes (%o) (Rosman and Taylor,

1998).

1.1.3.2 Isotope fractionation in natural environments

Isotopic fractionation is used to describe variations in stable isotopic composition of organic
compounds due to physical and chemical processes. The two main fractionation mechanisms

are isotopic equilibration and kinetic isotopic effects.

Equilibrium isotopic effects are reversible and temperature dependent, where increasing
temperature decreases the magnitude of isotopic fractionation (O’Neil, 1986). Isotopic

equilibration or exchange reactions can be expressed as follows,

Al +Bxs Ay + By

For hydrogen as an example, H>O is more depleted in D in the vapour phase than in the liquid

phase during the evaporation/condensation cycle of water within a closed system:

HZOvapour + D2Oliquid = HDovapour + HDOliquid = DZOvapour + HZOliquid
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Kinetic isotopic effects usually due to irreversible or unidirectional chemical reactions,
resulting in products enriched in the lighter isotopes. In addition to a temperature dependence,
kinetic isotopic effects are influenced by the distribution of products and reactants. The

reactions of two (or more) isotopes may compete as follows (k, the rate constant),

A1 — By, ki

Ay — By, k2;

Since the bonds of lighter isotopes are generally weaker than those of heavier isotopes, they
will likely proceed (e.g., k;) at a faster rate than reactions involving the heavier isotope (k2) the
products will overall have a lighter isotope value. Photosynthesis represents a kinetically
controlled isotopic process, with the lighter carbon isotopes of CO; preferentially utilized to

produce organic products depleted in *C (Cf. atmospheric CO»).

1.1.3.3 Stable carbon isotopes in sedimentary OM

Carbon is the essential element of OM, which is ultimately derived from atmospheric CO>
fixed by photosynthesis. Carbon has two stable isotopes, '*C and '*C. Carbon fractionation in
OM can largely be attributed to photosynthesis by autotrophic organisms which preferentially
uptake isotopically light CO», resulting in '3C depleted biosynthesised organic compounds (Cf.
CO; source). Photosynthetic carbon fixation mainly involves two steps, i.e., the diffusion of
CO; into the photosynthetic reaction centres (transport processes) and enzymatical fixation of
CO; as a carboxyl group in an organic acid (chemical processes), the latter of which has a
larger effect on isotope fractionation. The magnitude of enzymatical CO; fixation is influenced
by many factors, such as specific photosynthetic pathways, biosynthetic pathways, species-
specific differences in isotope fractionation, carbon source and its availability, and some

physiological factors (e.g., cell size and geometry, cell growth rate) (Ehleringer et al., 1993).
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Therefore, 8!°C values of ancient sediments may provide information about the
biogeochemical carbon cycles in earth’s history and are frequently applied for
paleoenvironmental reconstructions. For instance, plants can use different photosynthetic
pathways, including the C3 (Calvin pathway), C4 (Hatch-Slack pathway) and the crassulacean
acid metabolism (CAM) pathway. Plants using the C4 photosynthetic pathways (e.g., tropical
grasses and desert plants that originated during the Paleocene Epoch or later) are more enriched
in ¥C than C3 fixing plants (e.g., most plants including phytoplankton). Biomolecules

produced by land plants via the C3 fixation of atmospheric CO, (8!*C = —7%o) have an average

83 Crerogen value of approximately —27%o (Deines, 1980), whereas C3 fixation of dissolved

bicarbonate (3'3C = 0%o) by marine phytoplankton (e.g., algae and some autotrophic bacteria)

typically have 8"*Cierogen values of between —18%o and —22%o (Rullkotter, 2003). These
established 8'3Crerogen source values can be used to reveal the relative marine vs. terrestrial OM

input to sedimentary records (Kump and Arthur, 1999).

It should be noted that the bulk 8'*Cierogen (methods in section 2.3.3) of organic sediments
represents the averaged values of all the organic compounds in the sample. More informative
8!3C values are generally obtained from individual compounds (e.g., specific biomarkers)
(methods in sec.2.3.3) that have inherited a source specific 8'°C signal or may reflect post-
depositional transformation pathways (Grice, 2001). The 8'*C of organic compounds might
also help distinguish between two or more potential sources. Phytane, for example, has several
potential sources (i.e., phytoplankton, Figure 1.5; higher plants; methanogenic/halophilic
archaea), but its 6'°C value (XXXII) might correlate with other compounds which can be
unequivocally attributed to one of these (Freeman et al., 1990; Grice, 2001). More directly, the
photosynthetic green sulfur bacteria Chlorobiaceae utilize the reversed tricarboxylic acid

(TCA) cycle to fix CO, (Evans et al., 1966), resulting in more enriched 8'3C values than
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phytane from C3 fixing algae and cyanobacteria (Evans et al., 1966; Sirevég et al., 1977).
Isorenieratane (XIX) derived from intact Cso carotenoids of Chlorobiaceae are generally
enriched in 13C by about 15%o relative to lipids of phytoplankton origin (Summons and Powell,
1986, 1987). Similar observations were also found in other Chlorobiaceae-derived biomarkers,
e.g., chlorobactane (XX) and B—isorenieratane (XXXV) (Grice et al., 1998). Other aromatic
derivatives, e.g., aryl isoprenoids (Ci3-C31, XXX) can originate from the source specific intact
C4o carotenoids biosynthesized by Chlorobiaceae and purple sulfur bacteria Chromatiaceae,
and/or from other compounds e.g., B—carotene (XXXVI) produced by algae and cyanobacteria,
the former of which have less depleted *C values compared to the latter (Summons and Powell,
1987). Based on these findings, the presence of *C enriched isorenieratane (XIX) (or p—
isorenieratane, XXXV, or chlorobactane, XX) or their aromatic derivatives (aryl isoprenoids,
XXX) in sedimentary OM typically suggests high activities of photosynthetic sulfur bacteria
(and the associated microbial sulfur cycle) as well as the existence of PZE conditions in the

depositional environments.

1.1.3.4 Stable isotope analysis

1.1.3.4.1 Bulk isotopic compositions

Bulk isotopic analysis is carried out to measure the overall stable isotopic value of organic
samples, e.g., bulk sediments or a whole crude oil, representing the averaged elemental value
from all organic compounds within such complex naturally occurring materials. Typically, the
entire sample is converted into a gaseous analyte, as well as by-products that do not interfere
with the isotopic determination of the element of interest, via combustion, oxidation, reduction

or pyrolysis.

A combustion elemental analyser (EA) connected to an isotope ratio mass spectrometer (irMS)

is usually used to measure bulk 3'3C values. For analysis of bulk isotopic composition of
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organic carbon (8'*Cierogen), crushed rock material is acidified using hydrochloric acid (HCI)
to remove carbonates from the sample. The decarbonated sample is combusted in the EA
device, and the combustion products carried by a constant flow of helium gas passing through
an oxidation reactor. The oxidized products are subsequently reduced in a reduction reactor
containing copper granules, where oxidized nitrogen is reduced to nitrogen gas and excess
oxygen is removed. Water is then removed from the remaining gas species by a magnesium
perchlorate filter, leaving CO., along with N> and SO: (if present). After separation on a
chromatographic column at ambient temperature, the isolated CO: is then introduced into the
irMS as transient peaks to obtain 3'3C values. The 8'*Cierogen Values are calculated by separate
integration of the m/z 44, 45 and 46 ion currents of the CO; peak measured relative to a CO>

standard with a known 3C/!2C calibrated to VPDB.

1.1.3.4.2 Compound-specific isotope analysis (CSIA)

CSIA enables the isotopic measurements of individual biomarkers in complex mixtures. The
development of gas chromatography isotope ratio mass spectrometry (GC-irMS), whereby a
GC column is connected to an irMS, allowed for the continuous flow separation of individual
compounds from a complex mixture (in GC) prior to combustion (Matthews and Hayes, 1978).
In carbon CSIA, water is removed by a Nafion membrane or liquid nitrogen traps so that the
CO» from each compound is isolated prior to entering the irMS. Similar to bulk 8'*Cierogen
analysis the m/z 44, 45 and 46 of the CO2 peaks from each isolated compound are measured

relative to a CO; standard with a known 3C/!2C calibrated to VPDB.

Accurate §'3C measurements by continuous flow GC-irMS requires full resolution of analytes
(299 % peak separation) because of the different GC temporal profile of the different carbon
isotopologues. Additional separation techniques can be used to help resolve otherwise co-

eluting compounds such as the separation of n-alkanes and branched cyclic subfractions by
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passing the saturate fraction through molecular sieves. Preparatory GC is another useful
technique that can isolate and concentrate selected compounds prior to CSIA. Liquid
chromatography-mass spectrometry has also been coupled to irMS to support the §'°C analysis
of high-molecular-weight or polar compounds unamenable to GC analysis (Grice and Brocks,

2011).

1.2 The present subseafloor sedimentary microbiome

Over the past two decades, scientific ocean drilling expeditions have demonstrated the
persistence of numerous microorganisms in deep subseafloor sediments across the globe,
including from the continental margins to open ocean gyres. A general introduction to

fundamentals of subseafloor microbial communities is introduced below.

1.2.1 Cell densities and biodiversity in subseafloor environments

The microbial cell abundance in subseafloor sediments generally decreases with increasing
depth and sediment age (Kallmeyer et al., 2012) as a result of a concomitant decline in energy
flux per-cell and increasing selection pressure. However, some deviations from this trend may
occur due to specific geological and environmental factors including: periodic changes in the
paleodepositional environment such as reduced bottom water circulation and anoxia that result
in an increased preservation of buried primary produced OM; periodic increased upwelling
resulting in an increased flux of primary produced OM; or downcore changes in elemental
composition and porosity. Microbial cell abundance strongly correlates with mean
sedimentation rates and distance from land (Kallmeyer et al., 2012), which may also lead to
variability in the microbial cell abundance between sites. For instance, cell concentrations are
usually orders of magnitude higher in the organic-rich anoxic sediments of continental margins
than in the organic-poor oxic sediments of the open ocean (D’Hondt et al., 2015). Under more

specific conditions, orbitally-controlled shifts in paleoceanographic conditions in the eastern
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equatorial Pacific Ocean resulted in the deposition of organic-rich diatom oozes in which
microbial abundance was found to be one order of magnitude higher than in the interbedded
organic-lean nannofossil oozes (Aiello and Bekins, 2008; Parkes et al., 2005). Although the
mechanism of stimulation remains unclear, the correlation between diatom layers and
associated microbial populations show that the deep biosphere is an integral part of Earth
System Processes over geological time scales (Parkes et al., 2014). As another example,
increased primary productivity and stratified euxinic conditions during interglacials resulted in
the deposition of late-Pleistocene and Holocene organic-rich sapropels that contained elevated
microbial cell counts and activities as well as different microbial communities compared to
carbonate-rich and organic-depleted intermediate intervals, which were deposited during
Glacial periods when full circulation of the bottom waters returned. It was concluded that
irrespective of sediment depth, the interglacial organic-rich deposits provided a carbon and
energy source to the residing selected microbiome after at least 207,000 years of deposition
(Coolen et al., 2002). Lignite coal beds in subseafloor sediments (~1.5-2.5 km, the Pacific
Ocean off Japan) exhibited the highest concentrations of microbial cells, where communities
are distinct from the shallower sedimentary communities and resembled organotrophs from
forest soils, suggesting that indigenous microbial communities might survive in terrigenous

sediments over geological timescales after burial in the seabed (Inagaki et al., 2015).

Although the structure of microbial communities in subseafloor environments varies greatly
between sites, some persistent groups are common to all subseafloor sediments. Within
Bacteria, the most commonly detected phyla are Chloroflexi, Gammaproteobacteria,
Planctomycetes and the candidate phylum JS1 (Brandt and House, 2016; Inagaki et al., 2006;
Labonté et al., 2017; Nunoura et al., 2016; Walsh et al., 2016a; Webster et al., 2004). For
example, members of the Chloroflexi were estimated to represent the majority of all bacterial

16S genes in Eastern Mediterranean subsurface sediments (Coolen et al., 2002) and other
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locations e.g., eastern equatorial Pacific and the North Pacific gyre (Walsh et al., 2016b). The
most abundant subsurface Gammaproteobacteria are closely related to cultured genera, such as
Halomonas and Pseudomonas. In contrast, the taxonomically and metabolically versatile
Deltaproteobacteria have recently been re-classified into four different phyla (Waite et al., 2020)
and are also frequently identified from subseafloor marine sediments albeit in relatively low

abundance (Coolen et al., 2002; Inagaki et al., 2003; Nunoura et al., 2016; Parkes et al., 2005)

Within Archaea, methanogens are repeatedly detected in most analysed subsurface samples
(Escudero et al., 2018). Additional groups including Crenarchaeota, Euryarchaeota, and the
Deep-Sea Archaeal Group have been identified in subseafloor environments at various
locations (Biddle et al., 2006; Coolen et al., 2002; Inagaki et al., 2003; Kormas et al., 2003;
Parkes et al., 2005; Reed et al., 2002). The Miscellaneous Crenarchaeotic Group is dominant
at most sites, whereas other widespread but less abundant groups include the crenarchaeotal
Marine Group I[(MG-I), Marine Benthic Group D, and Terrestrial Miscellaneous

Euryarchaeotic Group (Schmidt and Schaechter, 2012).

Cyanobacteria sequences have been frequently reported from deep biosphere settings.
Photoautotrophic cyanobacteria are ecologically versatile and can be found in various
environments, ranging from lakes and marine systems to arid deserts. However, it was
previously suggested that members of rock dwelling cyanobacterial lineages in subseafloor
environments can oxidize hydrogen in the presence of different electron acceptors in the dark

(Mannan and Pakrasi, 1993; Meireles dos Santos et al., 2017; Puente-Sanchez et al., 2018).

Over the last few years, several studies implied that a subset of the subseafloor communities
were seeded from the overlying water column and represent a long-term genetic record of
environmental conditions that prevailed at the time of deposition. For example, obligate

anaerobic marine sulfate-reducing bacteria were identified through 16S profiling in continental
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mid-Cretaceous black shales. These sulfate reducers were thought to have initially colonized
the black shale deposits during Cretaceous oceanic anoxic events (Inagaki et al., 2005).
Another study on the microbial community from much younger subseafloor sediments (late
Quaternary) from the Western Mediterranean Sea showed that palacoenvironmental history of
erosion and deposition has left its imprint on the sedimentological context for microbial
habitability, which has indirectly influenced the structure and composition of the microbial
communities (Ciobanu et al., 2012). In addition, shotgun metagenomic analysis from well-
dated sediments of the permanently stratified and anoxic Black Sea revealed microbial
communities that were seeded from the past water column where they were involved in the

cycling of sulfur compounds during the Holocene (More et al., 2019).

1.2.2 Metabolic activities

Microbial communities obtain energy to support their metabolisms via chemical redox
reactions between oxidants (electron acceptors) and reductants (electron donors). The principal
oxidants include dissolved species (e.g., O2, NOs~, reduced metal species, SO4>~, CO») that
diffuse into sediment and solid-phase oxidized metals (e.g., Fe** and Mn*" in minerals) whereas

the principal reductants include buried OM and deposited reduced minerals.

In near-surface organic-rich coastal sediments, molecular oxygen (O) is readily consumed by
heterotrophic bacteria within the top few mm to cm. In contrast, oxygen may penetrate several
meters into organic-lean sediments underlying (ultra)oligotrophic waters with ultra-low
sedimentation rates (e.g., South Pacific Gyre) (D'Hondt et al., 2019; D’Hondt et al., 2015; Ray

et al., 2012), allowing aerobic metabolism to occur in much deeper marine sediments.

After molecular oxygen becomes depleted, nitrate (NO3") is the next electron acceptor used for
microbial activities. Nitrate can be reduced to nitric oxide (NO), nitrous oxide (N20O), and/or

dinitrogen (N2) via denitrification, or be reduced to nitrite (NO;") then ammonia/ammonium
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(NH3/NH4") via dissimilatory nitrate reduction. In marine sediments of the vast oligotrophic
regions, e.g., North Atlantic Gyre, nitrate may be abundant throughout the sediment column,
even with deep oxygen penetration (Ziebis et al., 2012). Nitrate transformation has been
considered as a pervasive process in the deep sedimentary biosphere, e.g., at the oxic-anoxic
transition zone (OATZ) and at the anoxic-oxic transition zone (AOTZ) (Zhao et al., 2019). At
hydrothermal systems or within the ocean crust, microbial activities might involve aerobic
respiration and denitrification utilizing oxygen and nitrate from seawater percolating through
the chimney and can be coupled with anaerobic oxidation of H>S or mineral sulfides (Hou et

al., 2020).

When nitrate is depleted, mineral oxides, such as solid oxides of manganese and iron, are
typically the next preferred electron acceptors, and are reduced in metal-reduction zones of the
sediment column. Dissimilatory metal-reducing microorganisms that can use aqueous or solid
substrates have been documented in subseafloor environments such as in clay-rich sediments,
hydrothermal vents and basaltic bedrocks. Microbes can obtain energy and nutrients by
dissolving basaltic glass in the subseafloor environment and form low-temperature alteration
of minerals and clays (Banerjee and Muehlenbachs, 2003; Furnes et al., 2001; Staudigel et al.,

2008).

Next; sulfate, sulfite, elemental sulfur, and thiosulfate can all be used as electron acceptors in
sulfate reduction zones. Similar to oxygen and nitrate, the penetration of sulfate in anoxic
sediments is also influenced by the sedimentation rate and distance from shore (Orsi, 2018).
Sulfate can be supplied to the deepest sediments with upward diffusion of water circulating
through the underlying basaltic aquifer, e.g., at the eastern equatorial Pacific (D'Hondt et al.,
2004). Microbial sulfate reduction has been shown to also occur in hot and anoxic subsurface

ocean crusts such as in hydrothermal vents (Lever et al., 2013; Robador et al., 2015). Several
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thermophilic sulfate reducers related to Thermodesulfovibro have been identified in
hydrothermal vents and may contribute substantially to secondary productivity (Frank et al.,
2013). Sulfate reducers have catabolic capacities for a wide spectrum of fermentation products

including acetate, Hz, hydrocarbons or aromatic compounds (Jergensen et al., 2019).

In deep subseafloor sediments, there is often a sulfate-methane transition zone (SMTZ), which
usually occurs at much greater sediment depths at oligotrophic deep-water locations than in
organic-rich sediments underlying more productive shallow coastal waters (Parkes et al., 2007,
Parkes et al., 2005; Wellsbury et al., 2002). Within the SMTZ, anaerobic oxidation of methane
(AOM) occurs and is carried out by a consortium of anaerobic methanotrophic archaea and
sulfate reducing bacteria. They use sulfate to oxidize methane into bicarbonate and form
hydrogen sulfide as a by-product (Boetius et al., 2000; Harrison et al., 2009). The SMTZ can
move vertically over thousand-year timescales due to past oceanographic and depositional
conditions, which potentially selects a subset of the microbial community that are adapted to
changing environmental conditions over long timescales (Orsi, 2018; Orsi et al., 2016), such
as thermophilic spore-forming sulfate reducers whose activity and survival may be affected by

changes in temperature during burial (Hubert et al., 2009).

Below the SMTZ, sulfate is generally undetectable while CHa, methanogenic Archaea and
fermentative Bacteria accumulate. CO> and hydrogen (H:) are key components in the
hydrogenotrophic methanogenesis below the SMTZ, which can be sourced from biotic process
via fermentation. Additionally, H> can also be produced during abiotic processes, e.g.,
sepentinization reactions in ultramafic oceanic crust (Schrenk et al., 2013), and may diffuse
upwardly to support the microbial communities at the base of the biosphere (e.g.,
Newfoundland Margin and Nankai Trough). Hydrogenotrophic Archaea use CO: as the least

energy-yielding terminal electron acceptor to oxidize H, thus forming CHs. Abundant

27



molecular hydrogen (H») present in hydrothermal fluids is used as an electron donor and energy
source by (hyper)thermophilic hydrogenotrophic methanogens as well as sulfate reducers
(Takai et al. 2004). Acetate - which can be produced by acetogenesis from CO; and H» (Lever
et al., 2010); fermentation of organic carbon; or abiotic processes (e.g., thermal activation of
OM) - might be an additionaly important metabolic substrate for microbial CH4 production in
deep subseafloor sediments. Acetate methanogenesis for CH4 production can be dominant in
deep sediments (e.g., Pacific Ocean) (Parkes et al., 2005). However, the occurrence of CH4
might also be attributed to syntrophic acetate oxidation coupled to hydrogenotrophic
methanogenesis in some subsurface environments, e.g., in high-temperature petroleum

reservoirs (Mayumi et al., 2011).

Although metabolic processes are usually found to be separated in discrete redox zones in near-
surface sediments, this is not always the case in deeper sediments as the redox zones may
overlap with one another (Canfield and Thamdrup, 2009). There is geochemical evidence for
simultaneous low levels of sulfate reduction, methanogenesis and manganese reduction over
~80m intervals in subseafloor sediments at Western Pacific Ocean (Cragg et al., 2003). At the
Pacific Open Ocean site, metal (Mn*") reducing zones and other activities reoccurred down to
~400 mbsf, suggesting that Mn oxide minerals are still reactive in deep subseafloor sediments
over millions of years (D’Hondt et al., 2004). Energy limitation may result in dominance of
more than one metabolism, which might be linked to quality and quantity of recalcitrant buried
organic and inorganic compounds during deposition over time (Parkes et al., 2014). Moreover,
the use of more oxidized electron acceptors diffused from the basement with fluid flow might
be possible in deeper sediments, including ammonium oxidation (Zhao et al., 2020; Zhao et al.,

2019).
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Figure 1.9 Simplified diagram showing metabolic activities of deep biosphere, modified from

Parkes et al. (2014).

1.2.3 Molecular microbial ecology

This section introduces general principles of molecular microbial ecology and analyses

whereas more detailed descriptions about the analytical methods and samples used in this thesis

are provided in each chapter.

1.2.3.1 16S ribosomal RNA (rRNA) genes, polymerase chain reaction

(PCR) amplification and bacterial 16S sequencing

Environmental 16S rRNA gene sequences recovered from subsurface sediments have been
frequently used to reveal the phylogenetic diversity of prokaryotic (bacterial and archaeal)
communities in the subsurface biosphere. Up to ten copies of the 16S rRNA gene can be present
in bacterial genomes and encode for 16S rRNA transcripts, which serve as a structural

component of the small subunit of the prokaryotic ribosome (Coenye and Vandamme, 2003;
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Woese and Fox, 1977; Woese et al., 1990). 16S rRNA encoding genes are ubiquitous in
prokaryotes (bacteria and archaea). There are ten conserved regions in the 16S rRNA gene
sequence that are common among most bacteria and nine faster evolving variable regions (V-
regions, V1-V9) (Coenye and Vandamme, 2003). Sequencing analysis of these variable regions,
notably the ~300 base pair long V4 region, and subsequent comparison with comparable
sequences that are available from public databases, can reveal taxonomic information of the
source organisms at genus and sometimes species level (Woese, 1987). To generate enough
gene copies for downstream molecular biological analysis such as amplicon sequencing, the
region of interest first needs to be amplified through Polymerase Chain Reaction (PCR). The
PCR amplification takes place in a thermal cycler and requires the presence of DNA
polymerase, concentrated reaction buffer, deoxyribonucleotide triphosphates (dNTPs),
oligonucleotide primers (~20 bp-long) which target conserved regions spanning the variable
region of interest, as well as an aliquot of extracted DNA (Caetano-Anollés, 2013; Wages,
2005). This mixture is adjusted to yield a 1x final concentration of the reaction buffer with
molecular grade water. The amplification process involves the following steps (a) denaturation
- the hydrogen bonds holding double-stranded DNA together are melted resulting in single-
stranded DNA; (b) annealing - the artificial primers bind to the complementary DNA target;
(c) primer extension - DNA polymerase extends the primers using the original DNA as the
template at an optimal temperature; (d) separating the DNA strands again which allows the
primers to bind to complementary regions of newly synthesized DNA; and the whole process
is repeated (Green and Sambrook, 2019). A unique DNA sequence identifier (barcode) is used
to enable multiple samples to be pooled in a DNA library for subsequent sequencing, hence,
each sample can be identified from the sequencing results by a unique barcode during the

analysis (Foxman, 2012).

30



Sanger sequencing, which can only generate one sequence at a time, was one of the first
commonly used sequencing technologies and is nowadays mainly used for the sequencing of
individual clone libraries (Gomes and Korf, 2018). However, for the amplicon sequencing of
complex environmental communities a variety of next generation sequencing technologies
(NGS) are being used, most commonly Illumina sequencing. One run of Illumina sequencing
produces tens to hundreds of millions of sequence reads from a mix of up to several hundred
barcoded amplified samples in parallel, providing orders of magnitude more data per sample

than first generation approaches and at a fraction of the costs.

Whereas amplicon sequencing provides massive datasets of a single barcoding gene of interest,
shotgun metagenome sequencing is an alternative approach gaining quickly in popularity.
Shotgun metagenomics can in theory sequence all DNA fragments within a sample to study
the taxonomic diversity of all domains of life (e.g., bacteria, archaea, eukaryotes as well as
viruses) plus functional genes that inform about the metabolic potential of the source organisms.
However, taxonomically diverse taxa can share metabolic properties, which complicates the
proper identification of functions that need to be removed from the dataset when they are
present in contamination controls as well as in samples. This is especially a problem when
analysing samples that are low in microbial biomass with great contamination potential, such
as the low biomass deep subsurface rock samples obtained from the Chicxulub Impact Crater,
which were found to be heavily contaminated with microbes in the drilling mud used during
coring (Cockell et al., 2021). In contrast, contaminant 16S rRNA gene sequences that are
shared between controls and samples can be easily eliminated and some novel bioinformatic
tools (e.g., PICRUSt) can be used as a complementary tool to predict the metabolic potentials
in environmental samples using 16S rRNA gene data (See Sec. 3.4.2). For this reason, 16S
rRNA gene profiling and PICRUSt-inferred predictions of gene functions was the preferred

approach over shotgun metagenomics for the present study.
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1.2.3.2 Bioinformatics

Bioinformatics uses software tools and methods to process complex and large biological data
sets and to create more simplified and error-free data that can be further processed and
correlated with, for example, categorical or environmental metadata using biostatistical
software programs. One of the most widely used software packages for phylogenetic analysis
of 16S rRNA gene sequencing data is Quantitative Insight Into Microbial Ecology (QIIME?2)
(Bolyen et al., 2019). In QIIME2, the raw paired-end reads are first merged into consensus
reads, which is followed by binning of sequence reads based on sample-specific barcodes
(demultiplexing) using Demux and removing primers and adapters using Cutadapt (Bolyen et
al., 2019). Stringent quality control is then performed using DADA?2 (Callahan et al., 2016).
DADA?2 implements a full amplicon quality workflow including filtering and removal of reads
with sequencing errors, dereplication and the identification and removal of chimera sequences.
Chimeras are artifact sequences formed by two or more biological sequences incorrectly joined
together, which often result from incomplete extensions of the DNA strand during PCR
reactions. This denoising step accurately resolves evolutionary amplicon sequence variants that
differ by a single nucleotide and are present in as few as two reads (Callahan et al., 2016).
Other quality filtering may occur in downstream data analysis, such as the removal of
singletons and amplicon sequence variants (ASVs) that only occur in one sample. The
remaining high quality ASVs can be compared against the latest SILVA 138 using the feature-
classifier Classify-sklearn in QIIME2 to determine their taxonomic affiliations (Bolyen et al.,
2019; Quast et al., 2012; Yilmaz et al., 2014). The resulting ASV abundance x sample matrix

then forms the template for downstream biostatistical analysis.

In order to predict the metagenome functions of microbial communities, a software package
called PICRUSt (phylogenetic investigation of communities by reconstruction of unobserved

states) was developed based on marker gene sequencing profiles, which is useful to obtain
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information about functional potential by using 16S rRNA sequencing data alone. The latest
version (PICRUSt2) has updated the database of reference genomes and gene families,
improved the accuracy of functional predictions, and can handle sequence data from amplicon
sequence variants. PICRUSt2 requires a table of amplicon sequences variants (i.e.,
representative sequences, not the raw reads), and a table of the abundance of each ASV across
each sample. The work flow of PICRUSt2 begins with placement of ASVs into a reference tree
containing 20,000 (Douglas et al., 2020) full 16S rRNA genes from bacterial and archaeal
genomes in the Integrated Microbial Genomes (IMG) database7. Reference databases can be
customized by rerunning this procedure for each input dataset, which allows optimization for
studies on specific microbial genomes. The predicted function output from PICRUSt2 is on the
basis of several gene family databases, including Kyoto Encyclopedia of Genes and
Genomesl1 (KEGG), orthologs (KOs) and Enzyme Commission numbers (EC numbers).
Developed by Kanehisa Laboratories since 1995, the KEGG database has been a useful
reference tool for integration and interpretation of molecular datasets generated by genome
sequencing and other high-throughput technologies. It contains genomic and molecular-level
information of high-level functions and utilities of biological systems at cellular, organismal,
and even whole ecosystem levels. The taxonomic vs. functional abundance x sample matrices
generated via QIIME2 and PICRUSt2, respectively, represent the input files for biostatistical
analysis to, for example, determine to what extent the microbial communities and physiological
properties are shaped by categorical (e.g., climate stages) or quantitative/numerical
environmental proxy data such as temperature, salinity, concentration of individual lipid

biomarkers.

Downstream statistical analysis of the biodiversity and genomic function of microbial
communities frequently involves classification or clustering of biological and environmental

variables. For example, classification methods can be supervised or unsupervised depending
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on whether categorical data is involved, the latter of which requires categorization of samples.
Unsupervised classification provides insights into taxonomic differences between pre-grouped
samples, while supervised classification groups samples based on abundances of different taxa.
One of the most useful supervised statistical methods for biological studies is sparse partial
least square (sPLS) correlation analysis, which is used to unravel the correlation structure
between two sets of highly dimensional data (such as sequencing data, genomic function and
environmental parameters) measured on the same samples (Rohart et al., 2017). The sPLS
regression also exhibits good performance even when the sample numbers are much smaller
than the total number of variables; and covariates are highly correlated. The R package
MixOmix is dedicated to the integrative analysis of two ‘omics’ data (Rohart et al., 2017), and
offers the use of multivariate sPLS regression of biological datasets, and to visualize the results
in graphical outputs that highlight associations between two different types of biological

entities, such as Correlation Circular Plots (CCP) and Clustered Image Maps (CIM).

1.3 Materials and approaches

The International Ocean Discovery Program (IODP) undertook a major drilling expedition
(Exp. 364) at Chicxulub impact crater (Gulf of Mexico, Figure 1.10), one of the largest impact
structures on Earth and which has been directly linked to the end-Cretaceous mass extinction
(Schaefer et al., 2020). For our study, the post-impact sedimentary rocks were recovered
between 505.7 and 617.33 meters below the seafloor (mbsf). The approaches used for this study
combined the molecular biology and organic and isotope geochemistry (Figure 1.11) to

investigate the lipid biomarker records and microbial communities throughout this interval.
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Figure 1.10 Sampling location of this study, based on Gulick et al. (2017).

Molecular biology

DNA extraction

16S rRNA gene PCR

Amplicon pooling and
lllumina sequencing

Figure 1.11 Schematic flow chart of the cross-disciplinary techniques applied to this study.

1.4 Aims

The first aim of this study is to explore the associations between sub-seafloor microbial
community structures and the distributions of selected biomarkers (parameters) in sediments
during refrigerated storage conditions. Active and metabolically diverse microbial

communities are living in the deep subsurface biosphere, but little is known about the specific
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microbial identity, role or diagenetic mechanism by which they may alter lipid biomarkers of
organic sediments in situ or during post-sampling storage conditions. This study conducted a
high-resolution paired biomarker and microbial community statistical analysis on Early Eocene
sub-seafloor sediments in the Chicxulub Impact Crater (Yucatan, Mexico). Chapter 2 aims to
investigate the potential influences of subsurface microbiomes on individual sedimentary
biomarkers and the diversity and predicted metabolic functions of associated microbial
assemblages. Chapter 3 aims to investigate the potential influences of microbial communities

on clay mineral compositions as well as maturity-related biomarker parameters.

The second aim of this study is to explore the orbital controls on the variability of biomarker
(parameters) distributions throughout a highly resolved interval at the end of EECO in the
Chixulub impact crater. Chapter 4 aims to apply lipid biomarkers to reconstruct the cyclic
variations in paleoenvironmental conditions and microbial community structures at the end of
EECO, and to investigate the relationships between orbital controls and the variability of

environmental and ecological responses.
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1.6 Appendix
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V chlorophyll a VI chlorophyll b
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Phytyl

VIII chlorophyll d

1) Chlorophyll ¢7: R, = CHj;; R, =CH,-CH,
2) Chlorophyll c2: R, =CH,;; R,= CH=CH,
3) Chlorophyll ¢3: R; =COOCH,; R,= CH=CH,

IX bacteriochlorophyll a X bacteriochlorophyll b XI bacteriochlorophyll ¢
HO
Ry
Ro
&
O\Famesyl

R1 = ethyl, n-propyl, iso-butyl
R2 = methyl or ethyl
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2.1 Abstract

We examined the possibility that, during short-term refrigerated storage, microbial
communities continue to biodegrade individual lipid biomarkers in an intact core section with
Early Eocene consolidated marlstone sediments from the hydrothermal system overlying the
Chicxulub impact crater (Yucatan, Mexico). Amplicon sequencing of environmental 16S
rRNA obtained from the core samples revealed a high relative abundance of amplicon sequence
variants (ASVs) related to known hydrocarbon degraders, notably Halomonas and
Marinobacter. Phylogenetic Investigation of Communities by Reconstruction of Unobserved
States (PICRUSt2) predicted that Marinobacter and a subset of less abundant bacteria (e.g.,
Alcanivorax) have the genomic potential to anaerobically degrade hydrocarbons via
dissimilatory nitrate reduction to ammonia. The variability in the relative abundance of these
taxa showed strong positive Pearson correlations (Pearson’s r > 0.5) with quantitative changes
in the most bioavailable non-sulfurized compounds, notably polycyclic aromatic hydrocarbons
(PAHs) and isorenieratane. Moderate positive Pearson correlations (r values between ~0.3 and
~0.5) were observed between microbial taxa and compounds that have undergone early abiotic
diagenetic sulfurization (e.g., hopanes, n-alkanes and steranes). These results suggest that non-
sulfurized biomarkers may be subject to continued biodegradation in sediments during short-

term refrigerated storage.

Keywords: microbial degradation, biomarkers, PAHs, nitrate reduction, abiotic sulfurization

2.2 Introduction

Dormant as well as active microbial communities are present in subseafloor sediments up to
several km deep (Jorgensen, 2017). For the molecular biological analysis of this deep
biosphere, sediments from freshly split cores are immediately subsampled and flash frozen to

stop microbial growth, which would otherwise render the samples unsuitable for downstream
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analysis. In contrast, in the field of organic geochemistry, sediment intervals are often
subsampled from intact or split cores after months to years of refrigerated storage. However, it
remains unknown if under such storage conditions, a subset of sedimentary microbial
communities may continue to biodegrade paleo-environmentally diagnostic biomarkers. Here,
we report preliminary results on the presence of indigenous and/or introduced contaminant
bacteria that harbor the genomic potential to continue to degrade individual biomarkers in

refrigerated Early Eocene marlstone sediments overlying the Chicxulub Impact Crater.

2.3 Materials and Methods

The core section used for this study was recovered from the Chicxulub Impact Crater (Yucatan,
Mexico; Hole M0077A) in May of 2016 by the International Ocean Discovery Program (IODP)
and International Continental Scientific Drilling Program (ICDP) Expedition 364 (Gulick et
al., 2017). Intact 3m-long core sections were capped and transported refrigerated (4 °C) in the
dark to the core facility of MARUM (Bremen, Germany), where four months later, the core
sections were split in half, subsampled, and described in detail by the IODP-ICDP 364 Science
Party. For our study, 43 subsamples were obtained aseptically from a 12-m-long split core
section (~506.23 to 518.3 meters below the seafloor; mbsf) spanning the Early Eocene (~48.3-
48.8 Ma ago) (Gulick et al., 2017) to determine the downcore variability in the composition
and quantity of biomarkers and microbial communities. Total lipids were extracted and
fractionated into saturated, aromatic, and polar fractions after Schaefer et al. (2020). Polar
fractions were further treated with Raney nickel to release the C-S bound compounds
(biomarkers) that were sequestered during early sulfurization (Melendez et al., 2013). The
saturated, aromatic, and desulfurized polar fractions in each sample were analyzed by Gas
Chromatography/Mass Spectrometry (GC/MS) and metastable reaction monitoring (MRM) to
identify and quantify the biomarkers(Schaefer et al., 2020). The methods used for DNA

extraction and microbial community profiling through Illumina MiSeq amplicon sequencing
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of sedimentary 16S rRNA genes have been described in detail by Cockell et al. (2021). In the
latter study, microbial 16S rRNA profiling was performed on immediately frozen marlstone
sediments to allow a comparison of the pristine rock communities with those present in the
refrigerated marlstone samples (this study). We furthermore predicted gene functions based on
the recovered 16S rRNA gene sequences using Phylogenetic Investigation of Communities by
Reconstruction of Unobserved States (PICRUSt2) (Douglas et al., 2019). Sparse Partial Least
Square (sPLS) regression using the R package mixOmics (version 6.13.22) (Rohart et al., 2017)
was performed to reveal a robust approximation of the Pearson correlation between the
downcore variability in the microbial community composition and predicted gene functions vs.
quantitative changes in the individual biomarkers vs. the non-specific total organic carbon

(TOC) content. The TOC content was analyzed as described in Schaefer et al (2020).

2.4 Results and discussion

The lack of a correlation between bacterial taxa and TOC content implies that most of the
organic carbon in the analyzed early Eocene sedimentary rocks is recalcitrant and no longer
bioavailable (Figure 2.1). Instead, a subset of the deep biosphere microbiome described in more
detail below showed a strong positive correlation with specific biomarkers, notably

isorenieratane and PAHs (Pearson’s » =~ 0.8, Figure 2.1).

The 3-methylhopane, C;3o hopanes and Ci3.35 n-alkanes may also be influenced by these
microbial communities (» > ~ 0.5), whereas regular Cy7-Ca9 steranes, 24-ethyl dimethyl
steranes and 24-isopropylcholestanes (24-ipc steranes) may be less influenced by microbial
attack (r = ~0.2 to ~0.5). This agrees with the observation that in the desulfurized polar
fractions more steranes were sequestered by sulfur during early diagenesis compared to
hopanes and n-alkanes (Figure S2.1). Based on these results, we predict that the susceptibility

of these compounds to microbial degradation in the Early Eocene marlstone sediments is
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highest for compounds with the lowest degree of early sulfurization, i.e., PAHs followed by

isorenieratane, hopanes, n-alkanes and steranes.

Pearson Correlation

; ' l #ASV Class Order Genus

-042 0 042 084

Actinobacteria Micrococcales Promicromonospora
Actinobacteria Micrococcales Georgenia
Alphaproteobacteria Rhizobiales Pelagibacterium
Gammaproteobacteria ~ Oceanospirillales Cobetia
Gammaproteobacteria  Alteromonadales Idiomarina
Actinobacteria Corynebacteriales Dietzia
Bacteroidia Flavobacteriales Salegentibacter
Actinobacteria Micrococcales
Bacteroidia Flavobacteriales Joostella
Gammaproteobacteria  Cellvibrionales Gilvimarinus
Bacteroidia Cytophagales Microscillaceae (Family)
Gammaproteobacteria  Alteromonadales Marinobacter
Gammaproteobacteria ~ Oceanospirillales Halomonas
Gammaproteobacteria  Alteromonadales Marinobacter
Actinobacteria Micrococcales Arthrobacter
Gammaproteobacteria  Alteromonadales Marinobacter

670 Gammaproteobacteria ~ Oceanospirillales Alcanivorax

84 Actinobacteria Micrococcales Citricoccus
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Figure 2.1 Clustered Image Map (CIM; prepared in mixOmics) showing Pearson correlations
between sedimentary biomarkers (horizontal axis) and bacterial amplicon sequence variants
ASVs (vertical axis), which were recovered from the 43 analyzed Early Eocene marlstone
samples. The ASVs were sorted alphabetically and numbered. Their affiliations at class, order,
and genus levels (where possible) are denoted next to the ASV numbers. Only ASVs that
revealed biologically relevant Pearson’s r values above * (.2 with individual biomarkers are
shown. The color scale bar shows that Pearson’s r values ranged between -0.42 (most negative
correlation/green) and 0.84 (highest positive correlation/dark red). Abbreviations: 3-MeH (3-
methylhopane); C3oH (Cszo aff hopane); 2-MeH (2-methylhopane); GI (Gammacerane index),

C27-C29 S (C27-Ca9 Steranes),; 24-ethyl S (24-ethyl dimethylsterane); 24-ipc S (24-ipc sterane).

All 18 ASVs that showed biologically relevant Pearson correlations with individual biomarkers
(notably PAHs in Figure 2.1) were assigned to bacterial genera that comprise known
hydrocarbon degraders, such as the relatively abundant genera Marinobacter and Halomonas

(Gammaproteobacteria). In the parallel study from Cockell et al (2021), ASVs assigned to
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Marinobacter were not detected in immediately frozen adjacent marlstone samples. Instead,
their presence in drilling mud controls that were sequenced in parallel (Cockell et al., 2021)
suggests that Marinobacter-related ASVs represent marine contaminants that started growing
in the rock samples during refrigerated storage. Halomonas was found to be indigenous to the
rock microbiome (Cockell et al., 2021) and their relative abundance increased up to five-fold
during refrigerated storage compared to the immediately frozen marlstone samples. In addition,
the less abundant putative hydrocarbon degraders such as Alcanivorax in our refrigerated
samples (Figure 2.1) were below the detection limit in the immediately frozen samples from
Cockell et al (2021). Eleven of these ASVs, including those assigned to Marinobacter, revealed
strong Pearson correlations with predicted genes involved in the activation of benzoate to
benzoyl-CoA (aliA, aliB and hbaA) and the genes involved in benzoyl-CoA degradation
pathway (badH and badl) (Harwood et al., 1999; Figure 2.2). Benzoyl-CoA is considered to
represent a universal marker for anaerobic microbial degradation of aromatic compounds

(Porter and Young, 2014).

Pearson’s correlation

0 042 084

COUT3ITVN3IIQTILATFT QST T o O3 zZ333@Q@3 33
29995983 338833008 0a088F03 S TIY 353000
XXXJTowoITIT39S 252520 TE> O o IO 2283
P®AY>r®YRTLOTYERE> YOS T INT> >3I=0
Aerobic benzoate Anaerobic benzoate Dissimilatory nitrate
degradation degradation reduction
(A) (B)

Figure 2.2 CIM showing Pearson’s r values of 11 vs. 9 out of the 18 individual ASVs from
Figure 1 that, according to PICRUSt2 analysis, harbor functional genes related to benzoate

degradation (A) and dissimilatory nitrate reduction (B), respectively. The color scale bar
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above the figure shows that Pearson’s r values between ASVs (vertical axis) and predicted
genes (horizontal axis), varied between r= 0 (no correlation/light yellow) and r=0.84 (highest
observed positive correlation/dark red). The clustering of ASVs is based on the level of

similarity in the presence and relative abundance of shared predicted gene functions.

Moreover, nine of these ASVs, including those assigned to Marinobacter, showed strong
Pearson correlations with the predicted genes nirB and nirD, implying that dissimilatory nitrate
reduction to ammonia plays an important role in the degradation of benzoate and/or aromatic
compounds in the Early Eocence marlstone sediments (e.g., PAHs in Figure 2.2). Combined,
our results suggest that the short-term refrigerated storage of consolidated deep subsurface
sedimentary rocks resulted in an increased relative abundance of putative hydrocarbonoclastic
denitrifying bacteria, which would have the potential to continue to biodegrade the more labile

non-sulfurized paleo-environmentally diagnostic biomarkers.

2.5 Implications for biomarker analysis

In this study we provided preliminary insights into specific members of subseafloor microbial
communities with the genomic potential to continue to decompose biomarkers in recently cored
consolidated marine sedimentary rocks during short-term refrigerated storage. For studies that
will target relatively labile biomarkers for paleoenvironmental and paleoclimate
reconstructions, it may be necessary to subsample sediment cores shortly after recovery and to
immediately store the samples frozen, similar to the now standardized protocol for obtaining
and storing samples from the deep biosphere for DNA and/or RNA work. However, to provide
more direct evidence for the active degradation of biomarkers in refrigerated deep subsurface
sedimentary records, future studies could involve time-series experiments to monitor the
decline in biomarker content over time. Paired analysis of the composition and relative

abundance of extremely short-lived functional gene transcripts (metatranscriptomics) and
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proteins/enzymes (proteomics) would show that genes involved in the breakdown of
biomarkers are not only actively transcribed, but also translated into functional

proteins/enzymes capable of carrying out these processes.
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2.9 Supplementary materials

Figure S2.1 Gas chromatograms of saturated (top) and desulfurized polar (bottom) fractions
of representative sample (506.78 mbsf). Top.: n-Ciz/pristane: 0.02; n-Cis/phytane: 0.01; Cz7-
Cag steranes/Cso aff hopanes: 0.17; Bottom: n-Ciz/pristane: 0.47; n-Cis/phytane: 0.09; C27-Caz9

steranes/Cso aff hopanes: 22.99. Isorenieratane was not detected in the desulfurized polar

fraction.
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3.1 Abstract

Accurate assessment of the thermal maturation stage of sedimentary rocks is important for
reconstructing paleoenvironmental conditions and hydrocarbon exploration. Clay minerals in
sediments can have catalytic effects changing hydrocarbon biomarker distributions which can
to higher thermal maturity biomarker indices. Various sedimentary microbial activities have
been shown to induce alterations of clay minerals, but it remains unknown whether microbial-
induced alterations of clay minerals may indirectly affect the use of certain biomarker ratios as
valid maturity indices. Here, we performed 16S rRNA gene sequencing to investigate the
microbial community composition in early Eocene clay-rich marlstone deposits overlying the
Chicxulub Impact Crater (Yucatan, Mexico). The analysis was performed from the freshly split
core after four months of refrigerated storage. After stringent removal of contaminant reads,
the storage conditions were found to have resulted in potential microbial growth as evident
from significant changes in the community composition compared to the indigenous
communities that were identified in immediately frozen marlstone samples from this core
(Cockell et al., 2021). A subset of the microbial communities, notably putative hydrocarbon
degraders such as Halomonas, which were also identified from immediately frozen samples,
showed significant positive Pearson correlations with various clay mineral assemblages and
with the identified maturity-related biomarker indices that are the most sensitive to clay
catalyzed isomerization reaction, such as 18 o (H) 22,29,30 trisnorneohopane (Ts)/ 17 a (H)
22,29,30 trisnorhopane (Tm) and diasteranes/steranes. According to predicted gene functions
identified through Phylogenetic Investigation of Communities by Reconstruction of
Unobserved States (PICRUSt2), a subset of the putative hydrocarbon degraders, including
those that were present in situ, may continue to modify clay minerals upon activation during
refrigerated storage e.g., by dissolution of smectite via iron redox recycling. Future time-series

incubation experiments coupled with the analysis of functional metatranscriptoms are needed

73



to substantiate these initial results and to verify if core samples should be obtained and stored
frozen shortly after coring to stop microbial-mineral-lipid biomarker interactions that could
sabotage the use of hydrocarbon biomarker indices to accurately assess the thermal maturity

history of sediments.

3.2 Introduction

Thermal maturation history of sediments defines the extent of thermal reactions that alter the
sedimentary OM during burial. Accurate assessment of the thermal maturation stage of
sedimentary rocks is important for reconstructing paleoenvironmental conditions and
hydrocarbon exploration. A combination of mineral and organic thermal indicators is
commonly used to predict the thermal maturation of sediments (Héroux et al., 1979). For
example, the diagenetic progressive illitization of the swelling mineral smectite serves as a
geothermometer for reconstructing the thermal history of sediments. In addition, isomer ratios
of selected hydrocarbon biomarker, such as C31 17a homohopanes 225/(225+22R) ratios, 18 o
(H) 22,29,30 trisnorneohopane (Ts)/17 a (H) 22,29,30 trisnorhopanes (Tm) ratio (Peters et al.,
2005), can be used to evaluate the thermal history of sediments due to the different stabilities
of stereoisomers with increased temperature and depths during diagenesis. However, the
presence of clay minerals in sediments may also catalyze the isomerization of hydrocarbon
biomarkers, such as steranes and triterpanes, leading to increased isomerized products

(Dutkiewicz et al., 2004).

In addition, various microbial processes can also lead to the transformation of clay minerals.
Under anaerobic conditions, iron-reducing bacteria can cause dissolution of smectite, and may
facilitate the transformation from smectite to illite, whereas iron-oxidizing bacteria were found
to promote the dissolution of illite through the oxidation of Fe (II) coupled with nitrate

reduction (Zhao et al., 2017). In addition, the formation of microbial biofilms may be an
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important mechanism to induce bacterial clay authigenesis by promoting metal deposition and
the growth of an amorphous clay-like phase in deep marine sediments (Konhauser and Urrutia,
1999) (Cuadros, 2017). Bacterial communities in the energy-limited deep biosphere have been
shown to grow at a rate that can be several orders of magnitude slower compared to those
residing in surface sediments (Jorgensen, 2017). However, a subset of dormant subseafloor
microbial communities can start to regain activity and to grow when they are relieved from
their nutrient and energy limitations (Jergensen, 2017). However, it remains to be investigated
if long-term storage conditions of intact cores that contain clay-rich deep subsurface
consolidated sediments could have simulated an increase in the relative abundance of a subset
of the rock associated microbiome that have the genomic potential to continue to mediate clay
mineral and mineral bound OM. More specifically, little is known about the taxonomic and
functional diversity of bacteria and their interactions with both minerals and mineral-bound
OM at individual lipid biomarker level and whether these interactions could complicate the use
of hydrocarbon biomarker indices as accurate thermal maturity proxies (Zhou and Keeling,

2013).

In April of 2016, the International Ocean Discovery Program (IODP) and International
Continental Drilling Program (ICDP) expedition 364 obtained an 829 meters long core interval
that were deposited during Paleogene at the Chicxulub Impact Crater [(Yucatan, Mexico; Hole
MO0077A, ~505.70-1334.69 metres below sea floor (mbsf)]. The recovery of the deep biosphere
from this crater was recently studied on frozen rock samples from available core catcher
material obtained offshore at low sampling resolution throughout this interval (Cockell et al.,
2021). After destructive sampling of this core catcher material, the remaining intact core
sections were capped and transported refrigerated in the dark to the core facility of MARUM,
Bremen, Germany, where four months later, the core was split in half and described in detail

by the IODP 364 Science Party. Immediately after core logging, targeted subsamples were
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obtained by the various team members for various sub-projects. We recently retrieved a short
12 m-long core interval from the post-impact core section between ~506.23-518.3 mbsf. These
subsamples were dominant in mudstone/claystone with volcanic ash layers (Gulick et al., 2017)
that contain substantial amounts of iron, which may serve as a source of iron for iron
metabolizing communities leading to clay dissolutions or clay mineral transformations
(Inagaki et al., 2003; Torres et al., 2015). In this study, we performed Sparse Partial Least
Square (sPLS) regression analysis to correlate the microbial community compositions through
environmental 16S rRNA gene profiling and clay mineral assemblages as well as selected
maturity-related biomarkers in these consolidated clay-rich marine sediments. PICRUSt2 was
used to predict the metabolic functions of the microbial communities in the sediments. This
analysis served to predict potential associations between microbial communities and clay
minerals as well as maturity-related biomarker parameters in response to short-term

refrigerated storage conditions.

3.3 Materials and Methods

3.3.1 Core subsampling

The core section used for this study was recovered from the Chicxulub Impact Crater (Yucatan,
Mexico; Hole M0077A, ~505.70-1334.69 mbsf) in May of 2016 by the International Ocean
Discovery Program (IODP) and International Continental Scientific Drilling Program (ICDP)
Expedition 364 using the lift boat L/B Myrtle. The intact core sections were kept inside the
liners, capped, and shipped inside a refrigerated container to the MARUM Centre for Marine
Environmental Sciences, University of Bremen, Germany. In September of 2016, the core
sections were split in half and logged. A total of 43 subsamples from the 12-m-long (~506.23-
518.3mbsf) early Eocene (~48.3-48.8Ma) core section was aseptically subsampled from the

centre, surface-sterilized as described recently (Gulick et al., 2017; Schaefer et al., 2020),
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wrapped in heat-sterilized aluminum foil (500 C, 8h) and shipped on dry ice to the clean-lab
facility at WA-OIGC, Curtin University. Subsequent handling of samples took place inside an
ultraviolet (UV)-sterilized HEPA-filtered horizontal laminar flow hood. Prior to use, all
surfaces in the hood were cleaned with RNase AWAY™ (ThermoScientific) to remove foreign
DNA and nucleases. To remove traces of contaminant DNA, the top and bottom surfaces of
intact rock subsamples were exposed for 10 minutes to ultraviolet light (254 nm) by placing
them ~Icm below the UV bulbs inside a UVLink 8W UV cross linker 254 nm (UVtec,
Cambridge, UK). The UV-sterilized rock samples were transferred into heat-sterilized (8h at
500 °C) pestle and mortars wrapped in aluminum foil. Up to 10 gram of surface-sterilised rock
samples were ground to powder inside the UV-sterilized and RNase AWAY™ cleaned HEPA-
filtered laminar flow hood for subsequent DNA extraction. Drilling mud and concentrated
seawater samples from this core section as well as concentrated seawater samples were
collected in parallel and served as controls for contamination during coring and sampling of

the interior core material.

3.3.2 X-ray diffraction

A Philips X Pert Pro multipurpose diffractometer was used to analyze the mineral assemblages
of studied section. Samples were prepared based on the procedure described by Moore and
Reynolds (1997). Detailed information on the setting up for the diffractometer was provided in
Gulick et al. (2017). Minerals were identified by the position of their main diffraction peaks on
the X-ray diffraction run. The intensity of the minerals was semi-quantitatively estimated using
Philips software X Pert HighScoreTM. The relative intensity values were calculated based on
the relative intensities of the most intense reflex of a specific mineral phase to the most intense

reflex of pure corundum (Chung, 1974).
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3.3.3 Lipid biomarker analysis

Lipid biomarker were extracted with Soxhlet apparatus wusing organic solvents
Dichloromethane:Methanol (DCM:MeOH) at 9:1 for 72 hours. Activated copper turnings were
used to remove elemental sulfur from the rock extracts. Column chromatography were
conducted to fractionate total lipid extracts with n-hexane, a mixture of n-hexane and DCM
(9:1), and a mixture of DCM:MeOH (1:1) to obtain saturated fraction, aromatic fraction and
polar fraction, respectively. Saturated and aromatic fractions were combined and analyzed
using an Agilent 7890B gas chromatography fitted with a DB-5ms capillary column connected
to an Agilent 7010A triple quadrupole (QQQ) tandem mass spectrometer (MS/MS) with
Helium as a carrier gas (constant flow 1.1 mL/min). The temperature program was 4 °C/min
from 40°C to 325 °C, then held at 325 °C for 20 mins. Internal standards (d4 stigmastane) were

added in each sample for further analysis and quantification.

The chromatograms were compared with GEOMARK standard to identify specific compounds
of interests. The biomarker ratios were calculated as relative areas of the peaks of the identified
individual compounds. Selected maturity-related biomarker ratios include the Ts/Tm ratio,
diasteranes/steranes ratio (X£C27-C3o diasteranes/XC»7-Cs3o steranes), the methyl phenanthrene
Index  (MPI)  defined by 1.89*(2-Methylphenanthrene+3-Methylphenanthrene)/
[Phenanthrene+1.26(1-Methylphenanthrene+9-Methylphenanthrene)], the Csi  hopanes
(208/208+20R) ratio [C31 homohopane 225/(C3s1 homohopane 225+Cs31 homohopane 22R], the
C29Ts/(C20H+C29Ts) ratio [18a-30-norneohopane/(18a-30-norneohopane/+Caz9 17 aff hopane)],
the Cayg steranes (225/225+22R) ratio [Ca9 sterane 20S/(Ca9 sterane 205+C»9 sterane 20R), the

moretane/C3o hopane ratio (moretane/Cso 17 aff hopane).
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3.3.4 DNA extraction, amplification, cloning, and sequencing

Total DNA was extracted from each of 43 aseptically pulverized subsamples using the DNeasy
PowerMax Soil Kit (QIAGEN). The protocol was slightly modified by replacing the bead
solution with 15 mL of 1M di-sodium phosphate buffer pH 9.5 and 15 vol% ethanol (Direito
et al., 2012; Orsi et al., 2017) to improve the extraction efficiency of clay-adsorbed DNA.
Amicon® Ultra-4 Centrifugal Filter Devices [30Kda MWCO] were used to concentrate the
DNA extracts, prior to the removal of coextracted PCR inhibiting humic acids and other
impurities with the OneStep® PCR Inhibitor Removal Kit (Zymo Research). The collected
purified DNA extracts were further concentrated to ~25 uL using Amicon® Ultra-0.5
Centrifugal Filter Devices [30Kda MWCO] for downstream analysis. DNA concentrations
were measured using a NanoDrop 3300 spectrofluorometer (Thermo Fisher Scientific). DNA
was furthermore extracted from concentrated seawater, four drilling mud samples that were
sampled in parallel as controls for contamination during coring, and from two procedural

blanks without sample present as controls for contamination during DNA extraction.

qPCR amplification that targets the V4 hypervariable region of the 16S rRNA gene of the
environmental bacterial and archaeal 16S rRNA was performed using a Realplex quantitative
PCR cycler (Eppendorf) in 20 uL reaction mixtures containing ~ 20 ng of template DNA, 1x
final concentration GreenTM Premix Ex TaqTM (Tli RNaseH Plus) (Takara Bio Inc), 0.2 uM
final concentrations of the universal forward primer U519fM (5'-CAGCMGCCGCGGTAA-3")
and the universal reverse primer USO6R (GGACTACHVGGGTWTCTAAT). Both primers
were extended with the required Illumina linkers and adapters, whereas the reverse primer also
carried a unique 12 Bp Golay barcode for each sample as described previously (Caporaso et
al., 2012). qPCR amplification of the 16S V4 region involved initial melting at 95°C (5 mins),
and each cycle involved a melting step at 95°C (5 seconds), primer annealing (59°C for 30

seconds), and primer extension plus imaging of newly formed SYBRgreen-stained double
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stranded DNA (72°C, 20 seconds). Samples were initially amplified to determine the threshold
cycles. Most samples reached the threshold cycle after 22-27 cycles and were amplified
together as a group and the PCR run was stopped after 33 cycles at the end of the exponential
phase to minimize PCR bias otherwise caused by over-amplification. A separate qPCR run was
performed for samples with threshold cycles between 28 and 33 cycles and this run was stopped
after 39 cycles prior to reaching the stationary phase. PCR reaction mixes without DNA
addition, extraction blanks, seawater and mud drilling samples were amplified alongside the

samples for either 33 or 39 cycles.

The quality of the barcoded amplicons was verified by agarose gel electrophoresis. A
VersaFluorTM Fluorometer (BIO-RAD Laboratories) was used to measure the concentration
of DNA (stained with Quant-IT™ PicoGreen™ dsDNA reagent; Thermofisher) in each
barcoded amplicon. Equimolar amounts of barcoded PCR products were pooled, and the library
was gel-purified using the Monarch® DNA Gel Extraction Kit (New England Biolabs). Up to
20 uL of PCR-amplified barcoded contamination controls were added to the mix in case they
did not yield measurable amounts of DNA after amplification. The purified barcoded library
was subsequently sequenced using an [llumina MiSeq instrument at the Australian Genomic
Research Facility (300 bp paired-end chemistry/600 cycles). Image analysis, base calling and
data quality assessment were performed on the MiSeq instrument. Sequenced data were

generated by the AGRF Illumina bel2fastq 2.20.0.422 pipeline.

3.3.5 Bioinformatics

The pair ended reads were analyzed by applying Quantitative Insights Into Microbial Ecology
version 2 (QIIME 2 version 2020.11) pipeline package (Douglas et al., 2019). Briefly, the
reverse and forward raw sequence reads (*.fastq) were paired, demultiplexed and filtered.

DADAZ?2 (Callahan et al., 2016) was applied to denoise the demultiplexed dataset and to remove
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chimeras. All amplicon sequence variants (ASVs) were classified into taxonomic groups based
on QIIME 2 feature-classifier classify-sklearn wusing the silva-138-99-515-806-nb-

classifier.qza as the reference database.

No sequences were detected in parallel controls for samples that were amplified with 33 cycles.
However, ASVs that appeared in both controls and samples that needed to be amplified with
39 cycles to reach the exponential phase were considered contaminants and removed from the

datasets.

Non-contaminant ASVs were analyzed using PICRUSt2 to predict the functional potential of
bacterial communities in the rock microbiome based on marker gene sequencing profiles.
PICRUSt2 served as a complement to the 16S rRNA gene sequencing from which functional
profiles cannot be directly obtained. The nearest sequenced taxon index (NSTI) for each of
sample is calculated by PICRUST2 and used to evaluate the reliability of each predicted
function. Predicted functions with NSTI scores >0.15 were considered unreliable and removed
from the output files. The entire PICRUSt2 pipeline was run using the script
picrust2 pipeline.py using the standard settings and the functional orthologs were identified
based on the Kyoto Encyclopedia of Genes and Genomes (KEGG) database (Kanehisa and

Goto, 2000).

Quantitative correlations among datasets (including clay mineral assemblages, maturity
biomarker indices, the diversity and abundance as well as predicted functions of bacterial
communities) were investigated via Sparse Partial Least Square (sPLS) statistical analysis. The
statistical correlations between microbial communities and important variables were evaluated
and visualized in a two-dimensional correlation circle plot (CCP) and a cluster imaging map
using the R package in MixOmics (Version 6.13.22) (Rohart et al., 2017). The variables
selected by sPLS were projected onto the correlation circular plot (CCP) using the script
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plotVar which displayed the relationship between variates and variables of the same type. The
coordinates of the variables were obtained by calculating the correlation between each original
variable and their associated component. Two circles of radii 0.5 and 1 were used to visualize
the association between the most relevant variables. The highest correlation strength accounts
for variables or groups of variables that are projected closely together on the CCP. The
variables or groups of variables that were positioned at an angle of 90° in the circle do not
correlate to each other. The clustered imaging map (CIM) represented the Pearson’s correlation
between two matched datasets and graphically displayed the hierarchical clustering

arrangement on the rows and columns of a real-valued similarity matrix.

3.4 Results

3.4.1 Lithology

The studied core section from 506.23 to 518.32 mbsf (~48.3-48.8 Ma, early Eocene) mainly
consists of laminated dark marlstone/claystone and ash layers (claystone). CT scan analysis
showed that the dark marlstone/claystone layers appeared as alternating sequences of light gray,
dark gray, and black intervals (Figure 3.1). The claystone (light to dark gray and bluish gray)
occurred sporadically in relatively thin layers (millimeters to centimeters thick) throughout this

section and were interpreted as volcanic ash deposits (Gulick et al., 2017).

3.4.2 Clay mineralogy

The smectite appeared as random interstratified smectite/illite mixed layers (IS RO) (a mineral
assemblage predominated by 60-80% smectite sheets. Smectite concentrations reached a
minimum value at 512.18 mbsf and was the only mineral present between 507 and 509 mbsf

(Figure 3.1). The relative abundances of illite, palygoskite and chlorite only exceeded that of
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smectite between 512.18 and 512.8 Imbsf (Figure 3.1), while smectite dominated throughout

the remainder of the analyzed core section.
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Figure 3.1 Depth profiles of clay mineral (smectite, illite, palygorskite, and chlorite)

percentages against the lithology of the studied interval.

3.4.3 Maturity-related biomarkers

Selected maturity-related biomarker indices were used to further assess the thermal history of
the analyzed early Eocene core section (Figure 3.2). The maturity biomarker indices Ts/Tm,
diasteranes/steranes and Cx9Ts/(C29H+C29Ts) revealed comparable downcore trends and all
reached a maximum value at 508.44 mbsf. In contrast, covariation was observed between the
MPI and the Cy9 sterane 205/(205+20R) index, both reaching a minimal value at the depth of
508.44 mbsf. The moretane/hopane ratios and Cz; hopane 225/(225+22R) covaried, the latter

of which remained relatively stable through this interval (Figure 3.2).
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Figure 3.2 Depth profiles of selected maturity-related biomarker indices against the lithology

of the studied interval.

3.4.4 Sparsed Partical Least Square (sPLS) statistical analysis

The OI values and maturity biomarker indices [i.e., diasteranes/steranes, Ts/Tm and
C29Ts/(C20H+C29Ts)] exhibited significantly positive correlations with a subset of ASVs
(association score up to 0.95) on the first component, whereas HI values, TOC, and maturity
biomarker indices [i.e., C31 hopane 22S/(22S+22R), MPI] were negatively correlated to these
ASVs with association scores up to -0.75 (Figure S3.2). The smectite exhibited positive
correlations with the first and second CCP components, while higher significance was observed
for the second component (association score up to 0.93) (Figure S3.2). However, other minerals
(i.e., illite, palygorskite, chlorite) did not show significant correlations with these bacterial
ASVs in CCP. Cz1 hopanes 22S/(22S+22R) and MPI also exhibited a medium strong positive
correlation with the subset of ASVs on the second component (association score up to 0.5)

(Figure S3.2). Other variables including moretane/hopane ratios and C»9 sterane 20S/(20S+20R)
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ratios did not correlate to either component. ASVs that correlated with these variables on the

first and second components were further visualized in CIM (Figure 3.3).
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Figure 3.3 sPLS correlation between selected maturity-related biomarker indices and
individual ASVs. (A) The clustered imaging map (CIM) presents correlations between
individual biomarkers (concentrations and indices) (bottom) and top relevant 50 ASVs (right)
for the first component in Figure S3.2. Values on the color key, as a robust approximation of
the Pearson correlation, ranged between -0.99 and +0.99. Shown are also the affiliations of

the numbered ASVs at the lowest reliable taxonomic levels.
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3.4.5 Predicted functions of iron metabolism

Functional KOs related to diverse pathways of iron uptake, utilization, and regulation were
detected among the selected ASVs. KOs representing genes encoding for iron complex
transporters (K02013, K02014, K02015 and K02016) and the ferric transport system (K02010,
K2011, K02012) were the most abundant predicted functions among these ASVs (Figure S3.3).
Genes involved in iron regulation and unspecific iron uptake were mostly predicted for ASVs
related to Alphaproteobacteria and Gammaproteobacteria. Particularly, genes involved in ferric
enterobactin uptake were predicted to be present in members of Alphaproteobacteria, e.g.,
Rhodobacteraceae (ASV 498, 500), and members of Gammaproteobacteria, e.g., Xanthomonas
(#ASV 737), Prevotella (#ASV 121), Deinococcus (#ASV 281), Meiothermus (#ASV 296),
Niveispirillum (#ASV 423) and Asticcacaulis (#ASV 429) (Figure S3.3). Ferrous uptake and
transport system (K04758, K04759, K20123, K13283), were predicted gene functions to be
present in most of these taxa, whereas these functions seem to be lacking in predominant groups
that were associated with the second component, such as members of Gammaproteobacteria,
e.g., Marinobacter (#ASV 576, 583, 585) and Halomonas (#ASV 674, 678, 679, 680), and

members of Alphaproteobacteria, e.g., Rhodobacteraceae (#ASV 503, 514, 518) (Figure S3.3).

Genes involved in other metal transport system (e.g., Mn and Zn) were also predicted to be
present in Rhodobacteraceae (#ASV 484, 498, 500, 501, 503, 514, 518), Halomonas (#ASV
64, 678, 679, 680), Corynebacterium (#ASV 40, 41), uncultured Chloroflexia (#ASV 252),
Meiothermus (#ASV296), Niveispirillum (#ASV 423), Marivirgo (#ASV 148), and

Streptococcus (#ASV 363) (Figure S3.3).
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3.5 Discussion

3.5.1 Correlating microbial communities with mineral assemblages and

maturity-related biomarkers

Microbial dissolution of Fe (III)-rich smectite can occur more efficiently than other clay
minerals, such as illite, chlorite and palygorskite. This could be attributed to the expandability
of smectite and its small particle size, which increases the accessibility of structural Fe for

electron transfer (Dong et al., 2009).

Isomerization reactions can be catalyzed by clay minerals in sediments (Rubinstein et al., 1975).
This takes place at the acidic catalytic sites on clay minerals, namely, the crystal edges
associated with the exchangeable metal cations such as Fe** (Nagendrappa, 2002). Particularly,
increased Ts/Tm values in clay rich sediments have been attributed to the clay catalytic
rearrangement of regular bacterial hopanoids as Ts is more sensitive to clay catalytic reactions
than Tm (Peters et al., 2005; van Kaam-Peters et al., 1998). The conversion from regular
steranes to diasteranes during diagenesis can also be largely influenced by the availability of

clay minerals in sediments (van Kaam-Peters et al., 1998).

In addition, the MPI ratio has been proposed to be influenced by clay minerals in sediments,
but it remains unknown which clay minerals are involved (Nabbefeld et al., 2010). Similar as
for Ts/Tm and diasteranes/steranes, Pearson correlation analysis suggests that of all clay
minerals identified, the association was again strongest between MPI and smectite. These
strong biomarker-smectite associations could be due to its strong swelling capacity, which
increases surface area enabling smectite to adsorb large quantities of OM, such as PAHs (Yariv

and Cross, 2002).
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In addition to abiotic mineral transformations, bacterial dissolution of smectite is thought to
also affect the distributions of hydrocarbons on the surfaces of smectite (Cuadros, 2017).
Indeed, our results suggest that of all clay minerals identified, smectite was most susceptible
to microbial transformation. The highest Pearson correlations were observed between smectite
and most notably bacterial ASVs assigned to Halomonas and Marinobacter. Halomonas was
likely to be indigenous to the early Eocene marlstone rocks since this genus has also found to
be relatively abundant in immediately frozen core catcher material with marlstone from the
same core (Cockell et al., 2021). In contrast, Marinobacter may have been present at low
abundance in situ but increased in relative abundance due to more favorable conditions during
refrigerated storage. Based on the observed mineral-microbe-biomarker correlations we
postulate that microbial alterations of clay minerals in sediment cores during refrigerated
storage may continue to affect the relative and/or absolute abundances of certain mineral
associated biomarkers, as well as certain biomarker indices such as Ts/Tm and
diasteranes/steranes. However, the moretane/C3o hopane ratio as well as the Cy9 steranes

20S5/(205+20R) ratio did not show any significantly correlation with any of the ASVs.

3.5.2 Predicted functions of associated microbial communities

Many types of bacteria and archaea produce siderophores to extract mineral iron leading to
partial clay dissolution. Siderophores are low-molecular-weight organic ligands that bind ferric
iron with high affinity and specificity (Powell et al., 1980), and play a key role in the microbial
acquisition of iron (Saha et al., 2013). Previous research proposed that these organic ligands
reduce the structural Fe (III) thus rendering the layer structure of smectite less stable during
anaerobic microbial respiration of smectite (Kostka et al., 1999a; Kostka et al., 1999b). In our
samples, Halomonas (ASV 674, 678, 679, 680) is predicted to possess the gene encoding for
FhuF, a siderophore reductase which is involved in the uptake and reduction of ferric

siderophores (Matzanke et al., 2004) (Figure S3.3). Fes and FepA are genes essential for
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transporting and utilizing ferric enterobactin, which is the strongest siderophore binding to
ferric iron (Andrews et al., 2003; Raymond et al., 2003). Consistently, genes involved in ferric-
binding-protein-dependent transporting system, such as the gene cluster FbpABC, were
predicted to be present in members of Alphaproteobacteria, e.g., Rhodobacteraceae-related
ASVs (484, 498, 500, 501, 503, 514, 518), members of the Gammaproteobacteria, e.g.,
Halomonas-related ASVs (674, 678, 679, 680) and Vibrionaceae-related ASVs (730, 731, 732).
In addition, most of these bacteria were also predicted to possess feoABC (K04758, K04759,
K10123) involved in the microbial uptake of dissolved ferrous ions [Fe(Il)] (Bonnefoy and
Holmes, 2012). In the presence of organic chelates, such as malate and citrate, Fe(Il) can be
removed from reactive sites in the mineral structure, making structural Fe(III) more available
for microbial iron reduction (Kostka et al., 1999a). Genes involved in metal acquisition other
than Fe, such as Mn, Zn and Cu, were also predicted for the majority of these bacterial taxa
(Figure S3.3), notably in Rhodobacteraceae- and Halomonas. The microbial weathering might
also release other trace metals from the clay minerals, further affecting the physical and
chemical properties of the clay minerals, such as surface area, interlayer swelling, hydraulic

conductivity, cation exchange capacity (Cuadros, 2017; Li et al., 2020).

The conversion of smectite to illite in sedimentary rocks was previously considered as abiotic
and irreversible primarily controlled by increased temperature and depths during long-term
progressive burial, and/or much shorter-lived geothermal systems (Pollastro, 1993). However,
microbial communities were found to facilitate or inhibit the smectite-illite reaction via the
structural Fe (IIT) reduction or Fe (II) oxidation under suitable conditions (Kim et al., 2004).
The microbial dissimilatory Fe (III) reduction has been increasingly recognized as an important
pathway to dissolve the smectite and promote the smectite illitization bypassing the prolonged
time and high temperature (Liu et al., 2012). The majority of the clay mineral associated

bacterial ASVs were predicted to be able to participate in Fe recycling, but genes involved in
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dissimilatory Fe (III) reduction were not found. Further, the predominance of random
interstratified S-I mixed layers suggests an exceptionally low degree of transformation of
smectite to illite (Altaner and Bethke, 1988; Hower et al., 1976). Combined, our results suggest
that microbially induced S-I transformation is not a predominant process in the clay-rich
consolidated rocks. If e.g., Halomonas and Marinobacter can potentially affect the chemical
and/or physical properties of the clay minerals (in situ and/or during storage), the most likely
processes involved are microbial dissolution of clay minerals coupled with metal metabolisms,

e.g., Fe recycling.

3.6 Conclusions

In this study, we investigated the associations between the microbial communities, clay
minerals and the maturity-related biomarker proxies in marine sediments. A subset of the
microbial communities, particularly Halomonas and Marinobacter increased in relative
abundance during refrigerated storage and revealed the highest Pearson correlations with
smectite as well as with maturity-related biomarker indices known to be most sensitive to clay
catalyzed isomerization reaction (Ts/Tm and diasteranes/steranes). According to functional
gene predictions through PICRUSt analysis, these marlstone-associated bacteria may produce
siderophores to dissolve the smectite minerals via Fe redox recycling. Based on these
preliminary results we postulate that refrigerated storage conditions may have stimulated the
growth of subseafloor microbial communities that continue to be involved in mineral clay
transformations (notably smectite). However, further studies focusing on time-series
incubation experiments and/or sequencing analysis of expressed functional genes
(metatranscriptomics) are needed to directly show that microbial processes in refrigerated
consolidated deep subsurface sediment cores lead to an accelerated dissolution of smectite,

which then may impact the suitability of maturity-related biomarker indices. If this turns out

91



to be the case, future biomarker studies should ideally be performed using samples that have
been obtained shortly after coring and stored frozen in order to secure the integrity of lipid

biomarkers.
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3.9 Supplementary Material

Figure S3.1 Depth profiles of Rock-eval data, i.e. Hydrogen Index (HI) and Oxygen Index (OI)

against the lithology of the studied interval.
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Figure S3.2 Circular correlation plot (CCP) showing the sPLS correlations for the first two
components between selected maturity-related biomarker indices and clay minerals with
individual ASVs from the analyzed core section. The most relevant 50 ASVs (in blue) were

projected on the first and second components of this CCP. The two grey circles indicate

correlation coefficient radii of 0.5 and 1.0.
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Figure S3.3 Predicted metal metabolisms of positively correlated ASVs from the first two

components shown in Figures 3.3 and S3.2.
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4.1 Abstract

Bulk geochemical, biomarker and isotope signatures in sediments deposited at the end of the
Early Eocene Climatic Optimum (EECO) recovered from the Chicxulub impact crater in the
Gulf of Mexico show a strong relationship with Milankovitch cycles, which play a critical role
in controlling climatic and environmental oscillations. Our study represents the first highly
resolved biomarker and bulk geochemical record from the EECO. The bulk 8" Cierogen data
records the Milankovitch eccentricity-paced variability of continental weathering throughout
the studied interval. Biomarker parameters indicative of redox conditions (e.g., Gammacerane
index, pristane (Pr)/phytane (Ph) ratios), photic zone euxinia (biomarkers: e.g., isorenieratane,
chlorobactene, and okenane abundances) and different algal communities (biomarkers: e.g.,
dinosteranes, 24-n-propylcholetane, 24-iso-propylcholestane, and Czs/Ca9 sterane ratios) show
changes controlled by orbital eccentricity frequencies. In particular, eccentricity maxima were
marked by more reducing/saline/stratified water conditions, photic zone euxinic episodes, and
higher (relative) abundances of certain phytoplankton groups such as prasinophytes, whereas
eccentricity minima were marked by more oxic water conditions and an increase in
cyanobacteria. The §'3C offset observed between phytane and C17 — Ci9 n-alkanes may indicate
that shifts between dominance of autotrophy versus heterotrophy were controlled by orbital

eccentricity.

4.2 Introduction

Earth’s orbital parameters change through time in cycles of 10,000 to 100,000 years (10 to 100
ka) duration collectively known as Milankovitch cycles, which include eccentricity (~100 ka
and ~450 ka), obliquity (~41 ka), and precession (~19 ka and ~23 ka) (Milankovitch, 1941).
Variations in Earth’s orbital parameters control the spatial and seasonal differences in amounts

of incoming solar radiation (insolation), resulting in climate oscillations as well as associated
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variations in carbon cycles on a broad range of time-scales (Lourens and Tuenter, 2009; Boulila
et al., 2018). For the entire Cenozoic (Westerhold et al., 2020) and in particular during the
Ypresian stage of the Early Eocene (56 — 47.8 Ma), which includes the Early Eocene Climatic
Optimum (EECO), a robust astronomical calibration has been described by Westerhold et al.
(2017). Whereas the period of 67 to 14 Ma cyclic environmental changes is dominated by short
(100 ka) and long (405 ka) eccentricity having its highest impact in equatorial regions, a
subsequent change to a more obliquity-driven state of climate variations thereafter having its
highest impact in polar regions is established (Westerhold et al., 2020). Strong eccentricity
forcing has been documented for the Demerara rise of the equatorial Atlantic, which is closest
to the Chicxulub site, the south Atlantic Walvis Ridge (summarized in Westerhold et al., 2017),
the Mediterranean Umbria-Marche Basin (Galeotti et al., 2019), the Shatsky rise of the
Equatorial Pacific (Westerhold et al., 2018), and the Southwest-Australian Mentelle Basin of
the southern Indian Ocean (Vahlenkamp et al., 2020), displaying the global nature of the EECO

eccentricity forcing.

Eccentricity-induced seasonality is characterized by sustained dry climates disturbed by short
intense wet periods of increased continental weathering, rainfall, and storm events leading to
major shifts in biome distributions (Ma et al., 2011; Paillard, 2010). Most previous Eocene
eccentricity studies have utilised bulk geochemical parameters (e.g., 8'3Cearp) and climate-
modelling data (Westerhold et al., 2020). Few studies have investigated the molecular-level
association of lipid biomarkers in sediments with orbital cyclicity and environmental changes
during the EECO. For this study, we conducted biomarker and compound-specific isotope
analysis (CSIA, 8'3C) of high-resolution samples from core material (Hole M0077A) of the
Chicxulub impact crater (Gulf of Mexico) covering the end of the EECO. These data are

combined with bulk geochemical investigations (8**Spyrite, 8'*Crerogen, and Rock Eval pyrolysis)
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to explore the cyclic variability of paleoenvironmental and microbial community structure

changes in response to orbital forcing (Yucatan continental shelf, Figure 4.1).
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Figure 4.1 Location of the drilling site of the Chicxulub impact crater (21.45° N, 89.95° W),
Gulf of Mexico, by IODP and ICDP (Expedition 364) in April, 2016 (modified from Google

Earth, 2021).

4.3 Materials and methods

A detailed description of materials and sampling methods and analysis is provided in the
supplementary materials. In brief, the present analysis included multi-taper method (MTM)
spectral analysis performed to reveal the orbital frequency using colour reflectance data, stable
isotope analysis of organic carbon, and molecular biomarkers extracted from sediments,
separated into different polarity fractions by column chromatography. Saturated and aromatic
hydrocarbon fractions were each analysed by gas chromatography—mass spectrometry (GC-
MS) and metastable reaction monitoring (MRM). Select samples were further analysed by gas

chromatography—isotope ratio-mass spectrometry (GC-ir-MS). Extracted residues were
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analysed for stable isotope data (8**Spyrite and 8'*Crerogen). Rock Eval pyrolysis was performed

on whole ground sediment samples.

4.4 Results and discussion

4.4.1 Orbital forcing and age model

4.4.1.1 Long-term cyclostratigraphic record

Variation in sedimentology and lithology of sediment archives that occur at timescales of tens
to hundreds of thousands of years can occur in response to orbital forcing, namely
Milankovitch cycles (e.g., Hinnov and Hilgen, 2012). Lithological properties, such as mineral
assemblage, carbonate, organic matter and sulfide (pyrite) contents will impact the sediment
color (e.g., Zhao et al., 2011). The sediment color was determined onboard during expedition
364 (Gulick et al., 2017) and is expressed in the L*a*b* color space. In order to identify a
cyclicity that occurs in response to the stable 405 kyr long eccentricity (E) cycle (e.g., Hinnov
and Hilgen, 2012), cyclostratigraphic investigations were carried out in the depth ranging from
507.72 to 580 m. The preliminary age model that is based on biostratigraphic data indicates
relatively stable sediment accumulation rates of 2.0-3.5 cm/kyr within this interval (Gulick et
al., 2017). Spectral analysis of the detrended L*- and a*-data revealed the presence of various
statistically significant spectral peaks (Figure 4.2). In both spectrograms (L*- and a*-values),
robust spectral peaks occur at frequencies of 0.1 and 0.45 cycles/m. Based on their frequency
ratio of about 1:4 spectral peaks were attributed to long (~405 kyr) eccentrcitiy (E) and short
(~100 kyr) eccentricity (e) periods. Spectral peaks in the frequency ranges of 0.8-1.4 cycles/m
and 1.6-3.0 cycles/m then correspond to the obliquity and precession periods, respectively
(Figure 4.2). Data indicate that changes in the sediment color and thus in the sediment
composition occurred in response to orbital forcing. Cyclostratigraphic analysis of the L*- and

a*-values further indicate a duration of approx. 2.6 Myr (6.5 x 405 kyr) for foraminiferal zone
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E7a, which falls in the range of 1.9 to 2.9 Myr calculated by previous studies (Payros et al.,
2015; Speijer et al., 2020; Vandenberghe et al., 2012; Westerhold et al., 2017). For the interval
from 505.72 to 580m, we calculated an average sedimentation rate of 2.9 cm/kyr, which is in
the range determined from the biostratigraphic age model (Gulick et al., 2017). The interval
from 505.72 to 522 m, which was subject to detailed molecular and isotope geochemical
investigations (see sections 4.4.2 and 4.4.3), covers almost two long eccentricity cycles, and

spans about 0.7 Myr (Figure 4.2).
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Figure 4.2 Stratigraphic trends of the detrended (weighted-average rLOESS method; 35%)
L*- and a*-values (see Gulick et al., 2017) in the depth interval 505.72 to 580 m. Also shown
is the filter output for the frequency of F = 0.1+0.05 cycles/m that is attributed to the long
eccentricity cycle (405 kyr). MTM power spectra for L*- and a*-values are shown in the right
panel (E: long 405-kyr eccentricity, e: short 100-kyr eccentricity, O: obliquity; P: precession).

For information on the biostratigraphy we refer to Gulick et al. (2017). Based on the biozone
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boundary dates (Gradstein et al., 2020), a correlation with La2010b solution (Laskar et al.,
2011) is proposed. The interval from 505.72 to 522 m (grey shading) was subjected to detailed

cyclostratigraphic investigations.

4.4.1.2 Interval: 505.72 to 522 m

Discrete samples for detailed geochemical investigations were taken from the core in the
interval from 506.23 to 518.63 m. Geochemical parameters determined exhibit a marked
periodicity (see sections 4.4.2 and 4.4.3). In order to explore the underlying driver(s) we
subjected the interval from 505.72 to 522 m to detailed cyclostratigraphic investigations.
Sediments are composed of dark mud- and marlstones with serval claystone (assumed to derive
from volcanic ash beds) and packstone/grainstone (potential tempestites) interbeds (Figure 4.3).
In particular, claystones/volcanic ash beds that represent event deposits have the potential to

disturb cyclostratigraphic investigations.

7 5
o « c
E® 8 L-values a*-values
£ §Na @
o3 S L= 2 10 20 30 40 50 -3 2 1 0 1 2
O w oo pa} L 1 | | | L | | | 1 |
506 |
||
B -
508 | ~
-
510 -
-
- -
=
5128 -
o -
a
1z
[N
[0) — -
514 g | @ %
S | W -
ju = <
2 -<
5169
- -
-
518
520+
=
p=0. =— | == claystone (volcanic ash)
502 p=0. ?/'L —= packstone/grainstone interbeds

107



Figure 4.3 Stratigraphic trends in high-resolution L*- and a*-values for the core interval from
506 m to 522 m. Sediments are mainly composed of dark mud- and marlstones, with
intercalations of volcanic ash beds and packstone/grainstone horizons. Intercalations, in
particular volcanic ash beds, represent event deposits and will disturb cyclostratigraphic
analysis (Gulick et al., 2017). Red and blue trend lines are smoothing splines with different

smooth parameters (p).

To explore the impact of the event deposits spectral analysis was carried out for the original
data set and for the corrected data set, after removing the event beds. Power spectra of both the
original and corrected data sets reveal significant spectral peaks at frequencies of about
0.45+0.1 cycles/m that correspond to 2.2 m cycles. This frequency was attributed to the short
eccentricity cycle (Figures 4.2, 4.4). Depending on the definition of the filter, about 6 to 7 short
eccentricity cycles were identified in the interval from 505.72 to 522 m. This results in a
duration of about 0.6 to 0.7 Myr, which is very close to the estimate of duration that is based
on the number of long 405 kyr-eccentricity cycles (Figure 4.2). Accordingly, removal of the
event beds has no significant impact on the spectral peaks in the low-frequency range. However,
differences can be observed in the mid- and high-frequency range (f >0.8 cycles/m). In
particular, spectral peaks in the frequency range 0.8-1.5 cycles/m that show a high spectral
power in the original data, partly disappear or show a weaker spectral power in the corrected
data set (Figure 4.4). In the corrected data, spectral peaks in the frequency range from 1.6 to
3.0 cycles/m most likely correspond to the precession cycles (24 kyr, 21 kyr, 17 kyr). Spectral
peaks corresponding to obliquity periods might be present as well (0.8-1.4 cycles/m) but show
an only weak spectral power (Figure 4.4). Results are in accordance with data from previous
work by Vahlenkamp et al. (2020) and Westerhold et al. (2017, 2018, 2020) that documented

a dominant role of eccentricity forcing of environmental evolution during the Early Eocene.
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Periodograms (Fig. 4.5). of L*- and a*-data indicate minor shifts in the frequency of the short
eccentricity cycle, indicating variations in the sediment accumulation rates. In particular, the
interval from about 514-517 m reveals evidence for declined sediment accumulation rates
Variations in sedimentation rates explain minor differences in the filter output in this interval
(f=0.4+0.1 versus f=0.45+0.1 cycle/m; see Figure 4.5) and thus in the number of short
eccentricity cycles that are present in the interval from 505.72-522 m. Assuming a decline in
sedimentation rates in the interval from 514-517 m, a duration of 0.7 Myr can be determined
for the interval from 505.72-522 m. Resulting sedimentation rates of about 2.3 cm/kyr are in
very good agreement with rates of 2.5 cm/kyr that were estimated on the base of

biostratigraphic data (Gulick et al., 2017)
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Figure 4.4 MTM power spectra (L* -and a*-values) for the interval sampled. Power spectra
are shown for the original detrended data (upper panel) as well as for the corrected and
detrended data (lower panel). In the corrected data set event layers, such as volcanic ash beds,

were removed from the data, as they can disturb spectral analysis. In the original and corrected
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data, spectral peaks corresponding to the short eccentricity cycle (e) remain almost stable.
However, in the corrected data set, spectral peaks that correspond to the precession index are

slightly shifted. This indicates that removal of the event layer mainly affects high-frequency

spectral peaks.
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Figure 4.5 Filter output and evolutionary periodograms for corrected L*- and a*-values. Short
(~100 kyr) eccentricity (e) and precession (P) cycles have been extracted from the data. Long
(~405 kyr) eccentricity cycles (E) are indicated (see Figure 2). Periodograms further indicate
variation in sediment accumulation rates that can be inferred from frequency shifts of the short

eccentricity cycle (red dashed line). The interval subjected to detailed molecular investigations

(506.23-518.63 m) spans about 0.6 Myr.
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4.4.2 Bulk Geochemistry

Total organic carbon (TOC) contents, hydrogen index (HI), and oxygen index (OI) values
range between 0 — 4 wt.%, 71 — 561 (mg HC/g TOC), and 23 — 246 (mg CO./g TOC),
respectively (Figures 4.6, S4.1). The higher TOC contents and HIs reflect a greater burial
efficiency of organic matter (OM) due to relatively high algal productivity and/or enhanced
preservation potential due to reducing depositional environmental conditions (Figure 4.6, S4.1).
Lower HI values and higher OI values support a mixture of marine and terrigenous OM
deposition (Peters et al., 2005) within the studied interval (Figure S4.1). The 8'3Ckerogen Values
ranged from -27.5 %o to -26.0 %o throughout the studied interval. Several negative shifts in
8'3Cherogen reflecting a greater contribution from terrestrial-derived OM that is typically more
depleted in *C compared to phytoplankton-derived OM (Oehlert and Swart, 2014). In general,
8!3Crerogen Shows cyclical variations paced by the eccentricity frequency (Figure 6), whereby
positive and negative shifts in 8'3Cierogen align to minimal and maximal eccentricity,
respectively (Figure 4.6). If 83 Cierogen composition depends on mixing of isotopically light
terrestrial and isotopically heavier marine organic sources, this implies maxima in insolation
and eccentricity may have intensified the seasonal dynamics of hydrological cycles and
delivered higher proportions of terrigenous OM to the marine depositional environment via
increased precipitation and run-off. The higher TOC contents at maximum eccentricity are in
part attributed to terrigenic influx but also to enhanced marine productivity due to the supply
of nutrients upon enhanced continental run-off, as indicated by elevated HI-values (Figure S4.1)
derived from marine OM. Enhanced freshwater run-off during maximum eccentricity will have
further contributed to freshwater stratification of the water column (Tulipani et al., 2014)
leading to oxygen deficiency and elevated OM preservation. In summary, eccentricity-
modulated supply and preservation of OM is manifested in the bulk composition of Ypresian

sediments at Chicxulub.
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4.4.3 Lipid Biomarkers

In general, lipid biomarker distributions of the sediments show significant fluctuations
throughout the core interval via saturated compounds e.g., eukaryotic derived steroids and
prokaryotic hopanoids, and aromatic compounds e.g., a range of carotenoids from aerobic and
anaerobic photosynthetic bacteria (Figure 4.6). Thermal maturity biomarker ratios (Table S4.1)
were consistent with a relatively minor diagenetic alteration of the organic material (Peters et
al., 2005). A range of source-diagnostic lipid biomarkers (see below) were evaluated in order

to establish the microbial responses to paleoenvironmental changes linked to orbital forcing.

4.4.3.1 Biomarkers Indicative of Redox Conditions

Pristane (Pr) and phytane (Ph) are primarily sourced from chlorophyll a in phototrophic
organisms (Peters et al., 2005). The relative abundances of Pr and Ph (depicted as Pr/Ph) can
provide information about palaeo- redox and salinity conditions. Pr/Ph values exhibit cyclical
variations (0.54 — 1.18) and generally mirror the eccentricity periodicity (Figure 4.6)
throughout the studied interval. Relatively low Pr/Ph ratios of ~0.5 to 0.7 are consistent with
anoxic conditions and coincide with eccentricity maxima E1 — E6 (Figure 4.6), related to higher
precipitation and freshwater supply that enhanced water column stratification and anoxia. In
contrast, high Pr/Ph ratios of ~0.9 to 1.1 support oxic conditions and coincide with eccentricity
minima E1 — E6 (Figure 4.6) that represent drier climate, reduced bioproductivity and

diminished water column stratification.

Gammacerane has been proposed to be a diagenetic product of tetrahymanol, a compound
biosynthesised by bacteriovorous ciliates that can thrive at the chemocline of stratified water
bodies (Sinninghe Damsté et al., 1995). The relative abundance of gammacerane versus the
Cso hopane, i.e., the Gammacerane Index (GI), a water column stratification indicator,

fluctuates between 0.02 and 0.12 (Figure 4.6). Higher GI values occur at eccentricity maxima,
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albeit less pronounced in the upper interval (e.g., E6; Figure 4.6), and thus reflect freshwater

stratification (Tulipani et al., 2014).

Photic zone euxinic (PZE) conditions describe the overlap of the photic zone with the euxinic
zone, where in the absence of oxygen dissolved H»S is present, the latter formed by the activity
of anaerobic sulfate-reducing bacteria. This may lead to the development of a dense plate of
anoxygenic photoautotrophic green and purple sulfur bacteria (GSB and PSB), which use H2S
as an electron donor to fix COz in the presence of sunlight. Biomarkers such as isorenieratane,
chlorobactane and okenane are diagnostic of PZE depositional conditions (e.g., Grice et al.,
2005; Schaefer et al., 2020). In the studied interval, isorenieratane (up to 17.7 pg/g TOC),
indicative of brown-pigmented GSB, is abundant during eccentricity maxima e.g., E1, E2, E4,
E5 and E6 (Figure 6). Chlorobactane, indicative of green-pigmented SRB, and okenane,
indicative of PSB, show fluctuations a/beit in lower concentrations of <0.2 and <0.3 ug/g TOC,
respectively, reaching relatively higher concentrations during eccentricity maxima, in
particular E3 — E6 (Figures 4.6). In addition, variations in the contents (0.09 to 0.99 dwt.%)
and stable sulfur isotope composition of pyrite (8**Spyrite, -2.6 t0 -13.6 %o) is within the range
observed in the aftermath of the Chicxulub impact (Schaefer et al., 2020) and are consistent
with episodic PZE conditions (Grice et al., 2005) (Figure S4.1, Table S4.2). The pronounced
increase in carbonate and total reduced inorganic sulfur (TRIS) contents with temporary
enrichments in 8**Spyrite €.g., at ~512.73 mbsf (Figure S4.1, Table S4.2) points to stronger

temporal aridity or more closed benthic system sulfate reduction (Hartmann & Nielsen, 2012).
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Figure 4.6 Eccentricity frequency calibrated using La2010b (Supplementary Materials),
orbital solution, corresponding bulk geochemical data (TOC, and &3 Crerogen), and redox
parameters of selected biomarkers throughout the studied interval. E1 — E6 represent six short
eccentricity (e) cycles recorded throughout the interval of study. Eccentricity maxima (minima)
measures how much the shape of Earth’s orbit departs the most (the least) from a perfect circle.
Pr/Ph (Pristane/Phytane) — salinity and redox conditions;, Gammacerane index — water
stratification, isorenieratane — brown pigmented green sulfur bacteria; Chlorobactane — green
pigmented green sulfur bacteria; Okenane — purple sulfur bacteria. Shaded areas represent

intervals linked to anoxic conditions.

4.4.3.2 Biomarkers Indicative of Bacterial vs. Eukaryotic Microbial

Communities

The hopane/sterane ratio (H/S = the abundances of hopanes relative to the abundances of
steranes in each sample; Figure S4.2) is a commonly used proxy for the relative contributions
of bacterial versus eukaryotic biomass. H/S ranges from 0.10 to 0.61 in the studied interval,
supporting an overall predominance of eukaryotic over bacterial contribution to OM in the
water column and sedimentary system. Higher H/S values coincides with the E5 and E6
minima (Figure S4.2), supporting increased contributions of bacteria. However, H/S ratios do
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not correlate with eccentricity cycles in our studied interval, which may indicate that enhanced
freshwater and nutrient supply did not cause a shift in the primary producer composition. Algal
phytoplankton may be differentiated according to its steroid composition (Volkman, 2020).
The proportions of Cz7 to Cao steranes can reflect changes in phytoplankton populations
(Volkman, 2020), whereby the higher ratios of C23/Ca9 steranes (0.67 — 1.26) observed (Figure
4.7) may reflect temporal blooms of prasinophytes (Schwark and Empt, 2006). Prasinophytes
are known to be resistant to biotic stress (e.g., low oxygen levels) and can be selectively
nurtured by the input or availability of nutrients e.g., reduced nitrogen (Prauss, 2012). In
addition to prasinophytes, other phytoplankton groups, e.g., diatoms and coccolithophores can
also produce Cyg steroids. The variations of the biomarker Czs highly branched isoprenoid,
diagnostic of specific diatom groups (Rowland et al., 2001), show a distinct pattern different
from the Cas/Cy9 ratios (Figure 4.7, S4.2), indicating diatoms probably did not contribute
significantly to the Cig steranes in the studied samples. The presence of 4,23,24—
trimethylcholestanes (dinosteranes) indicative of dinoflagellates (Summons and Powell, 1987),
Cso sterane 24-n-propylcholestane (24-npc) indicative of marine pelagophytes (Rohrssen et al.,
2015), and Cso sterane 24-iso-propylcholestane (24-ipc) that may derive from chlorophyte
algae (Bobrovskiy et al., 2021) indicate a complex algal community structure. An alternative
source of 24-ipc and 24-npc (Grabenstatter et al., 2013; Love et al., 2020) from sponges cannot
be excluded. In the studied interval, the dinosterane (0.57 — 24.81 ng/gTOC), 24-npc (0.21 —
14.06 ng/gTOC) and 24-ipc (0.04 — 3.44 ng/gTOC) concentrations varied in cycles and appear
to be linked to anoxic zones during eccentricity maxima (Figure 4.7). The latter are thought to
have supported high algal productivity (Figure 4.7) upon elevated nutrient supply via

freshwater run-off upon maximum insolation.
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Figure 4.7 Orbital frequency, selected biomarkers indicative of phytoplankton community
structures throughout the studied interval. An interpretation of each data is indicated below:
Sterane C2s/C29— prasinophytes,; Czo 4,23,24 trimethylcholestane — dinoflagellates,; C3g 24-npc
— marine pelagophytes or sponges; Cso 24-ipc — chlorophyte algae or sponges. Shaded areas
represent intervals linked to anoxic conditions. E1 — E6 represent six short eccentricity cycles

recorded throughout the interval of study.

3B-methyl hopanes are attributed to aerobic proteobacteria, comprising methanotrophs and
acetic acid bacteria (Rohmer et al., 1984). Elevated abundances of C31 3p-methyl hopanes
relative to Czo hopanes (i.e., C31 3-MeH index, up to 0.038) are evident in the E4 maximum
(Figure S4.2) supporting elevated methanotrophic activity, which may be coupled with intense
methanogenesis as observed in modern euxinic environments, e.g., sulfide-rich sediments
and/or in alkaline saline lakes. The relative abundance of C3; 2-methylhopane to C3o hopanes
(i.e., C31 2-MeHI) has been proposed as a proxy for cyanobacterial input to sedimentary OM
(Summons et al., 1999), although there are alternative sources of Csi 2-methylhopane,
including a-proteobacteria from freshwater and terrestrial environments (Ricci et al., 2017). In
the studied interval, C3; 2-MeHI values (up to 18) are linked to the oxic zones during
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eccentricity minima E4 and E5 (Figure S4.2), suggesting a source of 2-methylhopanes from
cyanobacteria. Based on these results, eccentricity cycles did not play a dominant role in

controlling the methanotrophic and cyanobacterial activities throughout the studied interval.

The 8'*C of Ph (of selected samples) is given in Table S4.3. Ph is predominantly derived from
the phytyl side chain of chlorophyll a of phytoplankton and higher land plants, although
methanogenic and/or halophilic archaea are other potential sources (Peters et al., 2005). In the
current interval, periodic positive shifts in 8'3Cphytane (-33.8 %0 ~ -29.1 %o) linked to anoxic and
stratified water conditions may be explained by increased phytoplankton productivity (Figure
4.8), assuming that there was no significant change in the 8'3C of dissolved inorganic carbon
utilized by phytoplankton during deposition. C17—Cis n-alkanes can be derived from multiple
sources including primary producers (e.g., algae and cyanobacteria) and heterotrophs (e.g.,
bacteria). Primary sourced C17—Cis n-alkanes are depleted in '3C by up 1.5%o relative to e.g.,
phytol, while an enrichment of 13C in n-alkanes can result from heterotrophic reworking (Grice
etal., 2005). The difference between averaged 3'3C values of C17—Cis n-alkanes and Ph (Figure
4.8) in the samples suggests periodic shifts between major autotrophs (e.g., algae and
cyanobacteria) and heterotrophs (e.g., heterotrophic bacteria). Higher heterotrophic processing
dominates in oxic zones while greater primary production occurs under anoxic conditions
(Figure 4.8). Based on the molecular isotope data, it can be inferred that the eccentricity
cyclicity played a key role in controlling the variability of microbial community structures

(autotrophs versus heterotrophs) during the end of the EECO at the studied site.
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Figure 4.8 Eccentricity frequency and compound specific carbon isotope data of select
biomarkers throughout the studied interval. Ave. §°C (n-C17 + n-Cis) — 8°C of phytane = the
difference between averaged 8°C values of C17 — Cis n-alkanes and &3C values of phytane;

03 Cpp = 8 C values of phytane. Shaded areas represent intervals linked to anoxic conditions.

4.5 Conclusions

This is the first high-resolution geochemical biomarker and stable isotope study documenting
orbital-paced variability of paleoenvironments and microbial community structure at the end
of the EECO. Molecular indices such as Pr/Ph, GI, PZE markers, and prasinophyte Cas steranes
concur with bulk geochemical parameters (i.e., bulk 8'*Cierogen, Rock-Eval data) and reflect
cyclical variations with eccentricity maxima and minima. The 8'*C differences between Ph and
Ci17-Cig n-alkanes reflect periodic shifts in autotrophic versus heterotrophy controlled by
eccentricity. Environmental conditions at the Chicxulub site during the Ypresian fluctuated
severely as controlled by high eccentricity and insolation driving an accelerated hydrological

cycle. Higher precipitation and run-off at eccentricity maxima stimulated higher marine
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productivity via concomitant nutrient supply and more intense bottom-water anoxia stabilized

by freshwater stratification.
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4.8 Supplementary materials

4.8.1 Materials and methods

Sampling and preparation of samples

In April 2016, the Integrated Ocean Discovery Program (IODP) and International Continental
Scientific Drilling Program (ICDP) (Expedition 364) drilled a ~800 m-long core (Hole
MO0077A) in the Chicxulub crater (Gulick et al., 2017). Core was taken from 1334.69 to 505.70
meters below seafloor (mbsf) which captured the Cenozoic interval including the
Cretaceous/Paleogene interval, the Paleocene Eocene Thermal Maximum (PETM) and the
EECO. A previous biomarker study was conducted using core samples taken at a relatively
lower resolution (62 samples between ~500 to 1300 mbsf) to investigate the post-impact
recovery of life and paleoenvironmental conditions at the Chicxulub impact crater (Schaefer et
al., 2020; Schaefer et al., 2022, accepted). Now, a total of 69 samples was taken from a ~12 m
short interval between ~506.23-518.30 mbsf deposited at the end of the EECO (~48.3 to

48.8Ma) (Gulick et al., 2017; Morgan et al., 2016).

Each intact sample was surface-cleaned in an ultrasonic bath (10 min, three times), using a
mixture of organic solvents dichloromethane (DCM) and methanol (MeOH) (9:1). All
glassware including vials, beakers and pipettes were pre-cleaned and combusted at 500°C (8

hours) to avoid surface contamination.
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Cyclostratigraphic analysis

Cyclostratigraphic investigations were carried out on colour data (L*- and a*-values) that were
obtained from high-resolution line-scanning (Gulick et al., 2017). In order to obtain an evenly
spaced dataset L*- and a*-data were linearly interpolated to an average sampling spacing of 2
cm. Thereafter, data were re-evaluated using the weighted-average rLOESS method.
Cyclostratigraphic analysis was performed in two steps. Firstly, the long record (~505.72 — 580
mbsf) was analysed to detect the stable 405 kyr eccentricity cycle (Berger and Loutre, 1994;
Laskar et al., 2011; Laskar et al., 2004). Then the core interval from ~506 to 522 mbsf was
analysed in detail, as the interval from ~505.72 to 520 mbsf was subjected to detailed

geochemical investigations.

Cyclostratigraphic analysis was performed using the ACYCLE 2.3 tool for Matlab (Li et al.,
2019). For spectral analysis the 2 multitaper method (MTM) was applied (Thomson, 1982)
together with robust red noise models (Mann and Lees, 1996). The frequency ratio method was
applied to the data set to test the data for the presence of astronomical frequencies (Boulila et

al., 2008).

Evolutionary spectral analysis was done using Fast Fourier transform as implemented in the
ACYCLE 2.3 tool for Matlab (Li et al., 2019). A sliding window size of 200 and step size of 2
was used. Evolutionary spectral analysis allows assessing the evolution spectral components
along a section investigated. Statistically significant spectral peaks were filtered from the data

series using Taner-Hilbert filtering (Taner, 2000).

Total organic carbon (TOC) content and Rock Eval analysis

Total organic carbon (TOC, wt. %) content was measured using a LECO carbon/sulfur analyzer.

Rock-Eval pyrolysis was performed on each powered sample (~80 mg) using a Vinci
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Technologies Rock-Eval 6 standard analyzer with the IFP160000 standard to generate the
thermal maturity parameters (S1, S2, Tmax and S3 peaks). The pyrolysis was programmed at

an initial temperature of 300°C (held for 3 min) then heated to 650°C at a rate of 25°C/min.

Carbonate (TIC) content

Total carbon (TC) contents were directly measured on powered samples using a Vario CNS
Elemental Analyzer III (Elementar®). Reproducibility and quality of the measurements were
checked by running duplicate samples and standards every 10 sample. The total inorganic
carbon (TIC) contents were subsequently calculated by subtracting TOC from TC. The

carbonate content was calculated by multiplying the TIC by 8.33 (stoichiometry of CaCO3).

o B Ckerogen

813 Crerogen Was measured on decarbonated samples (1M HCl treatment for extracted sediments)
using a Thermo Flash 2000 HT elemental analyser (EA) connected to a Delta V Advantage
isotope ratio mass spectrometer (irMS) via a Conflo IV. Samples were weighed (~2 mg) in
triplicate into tin cups (SerCon) and combusted to CO; in the nitrogen-carbon reactor (1020 °C).
CO; passed through the Conflo IV interface into the irMS, which measured m/z 44, 45 and 46.
8!3C values were calculated by Thermo Isodat software and normalised to the international
VPDB scale by multi-point normalisation using the standard reference materials NBS 19
(+1.95 %0) and L-SVEC (-46.6 %) (Coplen et al., 2006). The standard reference material
IAEA-600 was measured during the sequence to evaluate the accuracy of the normalization.
The normalized 3'3C values of IAEA-600 from these measurements were within + 0.1 %o of

the reported value of -27.8 %o (Coplen et al., 2006).

o 34S Pyrite
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The sulfur isotope composition (3**S) for total reduced inorganic sulfur (TRIS), considered to
consist essentials as pyrite (FeS.), is represented by 83*Spyrite. The TRIS was extracted from
powdered sediments via hot acidic chromium (II) chloride distillation, then the generated
hydrogen sulfide was transported in a stream of nitrogen gas through a Zn acetate solution trap
and precipitated quantitatively as ZnS (Fossing and Jergensen, 1989). Sulfide concentrations
were measured spectrophotometrically by the methylene blue method (Cline, 1969). For
isotope measurements, the trapped ZnS was transformed to Ag>S with a 1 M AgNOs solution,
washed and dried (e.g., Koebsch et al., 2019). The sulfur isotopic composition was measured
by combustion-isotope ratio monitoring mass spectrometry (C-irmMS) using a Thermo
Scientific IsoLink elemental analyser coupled to a Thermo Finnigan MAT 253 mass
spectrometer via a Thermo Scientific Conflo IV interface. Mass spectrometric results were
calibrated to the V-CDT scale using IAEA isotope reference materials following Mann et al.

(2009).

Biomarker analysis

Soxhlet extraction: The Soxhlet apparatus used for extraction were combusted at 500°C (8
hours) to remove any surface contamination. Before sample extraction, glass-fibre thimbles
used for sample extractions were cleaned in Soxhlet apparatus using 9:1 DCM:MeOH until all
traces of organic contaminants were removed. Each ground sample (between 6 ~ 7g) was
weighed into the pre-cleaned glass-fibre thimble and was Soxhlet extracted with DCM and
MeOH (9:1) (72 hours). At all times, parallel procedural blanks were taken for analyses. After
extraction, activated copper turnings were added to extracts to remove potential elemental

sulfur.

Column chromatography: Sediment extracts (~20 mg) were adsorbed onto activated silica gel

and applied on the top of a pre-cleaned large column (20 cm) filled with 20 cm of silica gel.
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The saturate, aromatic and polar fractions were eluted from the column with the following
solvents: n-hexane, 9:1 n-hexane:DCM, 1:1 DCM:MeOH. All the fractions were reduced to

dryness by evaporation under a slow N> gas flow.

Gas chromatography — mass spectrometry (GC-MS): GC-MS was performed using an Agilent
5975B MSD interfaced to an Agilent 6890 gas chromatograph, which was fitted with a DB-
IMS UI capillary column for saturated fractions and a DB-5MS UI capillary column for
aromatic fractions (both columns J and W Scientific, 60 m, 0.25 mm i.d., 0.25 pm film
thickness). Samples were dissolved in n-hexane and injected using an Agilent 7683B auto-
sampler. The GC oven was ramped from 40 °C to 325 °C at a heating rate of 3 °C/min with
initial and final hold times of 1 and 30 min, respectively. Helium was used as carrier gas at a
constant flow of 1.1 mL/min. The MS was operated with a standardized ionization energy of
70 eV, a source temperature of 230 °C and an electron multiplier voltage of 1706 V, scanning
a mass range of 50—550 Daltons (2.91 scans per second). Saturated and aromatic hydrocarbons
were identified by comparison of mass spectra and by matching retention times with those of
reference compounds reported previously (Grice et al., 2007; Grice et al., 1996). The mass

spectrometer was operated in full scan mode to identify the compounds.

Gas chromatography — metastable reaction mode — mass spectrometry (GC-MRM-MS):
Combined saturated and aromatic fractions with an internal standard added (D4-C»; aoa
cholestane) were analysed by GC-QQQ (MRM)-MS at the Massachusetts Institute of
Technology (MIT) for quantification, using an Agilent 7890B GC fitted with a DB-5MS UI
capillary column (Agilent 122-5562 UL, 60 m, 0.25 mm i. d., 0.25 um film thickness),
connected to an Agilent 7010B triple quadrupole MS. Helium was used as carrier gas. The GC
oven was ramped from 40°C to 325°C at a heating rate of 4°C/min with a holding time of 20.75

min at 325°C. The temperature of the QQQ was set to 150°C. Compounds were identified by
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comparing retention time with reference compounds from GEOMARK standards. Specific
compounds of interests were identified by comparison with reference standards, matching
retention times and elution order (French et al., 2015). The following transitions were
monitored: m/z 412 — 191 (C3o hopanes), m/z 372 — 217 (C»7 steranes), m/z 386 — 217 (Cas
steranes), m/z 400 — 217 (Cy steranes), m/z 414 — 231 (C3o methylsterane), m/z 426 — 205
(Cs1 methylhopane), m/z 414 — 217 (24-ipc), m/z 414 — 217 (24-npc), m/z 546 — 134
(paleorenieratane & isorenieratane & renieratane & renierapurpurane), m/z 552 — 134 (-
paleorenieratane & B-isorenieratane), m/z 554 — 134 (chlorobactane & okenane), m/z 558 —

123 (B-carotane), m/z 560 — 125 (y-carotane), m/z 376.3 — 221 (D4-Cz7 aaa cholestane).

Gas chromatography — isotope ratio — mass spectrometry (GC-ir-MS): Compound-specific
8!3C measurements were performed using a Thermo Trace GC Ultra coupled to a Delta V
Advantage irMS via a GC Isolink and Conflo IV. GC conditions were the same as described
above for saturated compounds. Compounds eluted from the GC were combusted to CO> in
the GC Isolink combustion furnace (CuO and NiO, held at 1020 °C). Peaks of CO; passed
through the Conflo interface into the irMS, which measured m/z 44, 45 and 46. The 3'*C values
were calculated from the measured masses by Thermo Isodat software and normalised to the
VPDB scale by comparison with an in-house mixture of n-alkanes with known isotopic

composition. All samples were analysed in triplicate.
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Figure S4.2 Orbital frequency, biomarker data indicative of microbial community structures
of analysed samples throughout the studied interval. E1 — E6 represent six short eccentricity
cycles recorded throughout the interval of study. Eccentricity maxima (minima) measures how
much the shape of Earth’s orbit departs the most (the least) from a perfect circle. An
interpretation of each data is indicated below: H/S ratios — bacterial input versus eukaryotic
input; C3; 2-methylhopane Index — cyanobacteria; C3; 3-methylhopane Index — methanotrophs;

C>5 HBIs — diatoms. Shaded areas represent intervals linked to anoxic conditions.

Table S4.1 Distributions of maturity-sensitive biomarker parameters.

Age (Ma) 22CS3/1(2H2(39118,121?26R) pacé?(lgiﬁing)
48.215 0.19 0.11
48.218 0.22 0.10
48.223 0.31 0.14
48.232 0.24 0.11
48.236 0.24 0.11
48.243 0.37 0.13
48.256 0.22 0.11
48.263 0.29 0.12
48.272 0.30 0.12
48.281 0.19 0.11
48.290 0.22 0.11
48.290 0.19 0.12
48.305 0.20 0.12
48.308 0.18 0.12
48.318 0.24 0.10
48.327 0.25 0.11
48.328 0.16 0.12
48.338 0.27 0.11
48.338 0.22 0.11
48.350 0.28 0.11
48.350 0.30 0.13
48.357 0.30 0.13
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48.365
48.376
48.376
48.389
48.397
48.407
48.416
48.429
48.430
48.439
48.449
48.455
48.460
48.468
48.469
48.478
48.488
48.489
48.496
48.499
48.511
48.511
48.518
48.535
48.550
48.550
48.571
48.587
48.589
48.604
48.610
48.624
48.633
48.655
48.656
48.676
48.677

0.27
0.24
0.24
0.25
0.28
0.23
0.21
0.28
0.29
0.29
0.26
0.27
0.31
0.25
0.30
0.25
0.23
0.26
0.23
0.21
0.32
0.24
0.29
0.25
0.27
0.23
0.23
0.26
0.20
0.29
0.27
0.23
0.27
0.23
0.29
0.22
0.30

0.10
0.10
0.11
0.12
0.10
0.11
0.10
0.10
0.14
0.18
0.15
0.14
0.16
0.11
0.14
0.11
0.11
0.15
0.12
0.12
0.14
0.10
0.12
0.09
0.13
0.11
0.10
0.14
0.11
0.14
0.14
0.11
0.10
0.10
0.13
0.09
0.12
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48.687 0.25 0.11

48.698 0.26 0.12
48.716 0.24 0.10
48.730 0.26 0.14
48.733 0.26 0.11
48.747 0.30 0.14
48.747 0.25 0.11
48.762 0.26 0.10
48.777 0.23 0.11
48.778 0.18 0.11

Table S4.2 6°C values for Ph of selected samples and their standard deviations

Age (Ma) 313C of Ph (%0, VPDB) Standard deviation
48215 32.04 (0.20)°
48.213 -31.91 (0.05)°
48223 31.35 (0.10)°
48232 3231 (0.20)°
48232 -32.00 (0.27)°
48.236 31.46 (0.14)°
48.256 3151 (0.20)°
48.263 -30.65 (0.26)°
48272 31.69 (0.18)°
48281 31.97 (0.14)°
48.290 31.47 (0.29)°
48.290 31.67 (0.20)°
48305 3218 (0.13)°
48308 33.78 (0.03)}
48318 -31.90 (0.24)°
48327 31.72 (0.18)°
48328 -30.99 (0.34)°
48338 31.97 (0.05)°
48.350 -30.56 (0.09)’
48.350 31.08 0.11)°
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48.357
48.365
48.376
48.376
48.389
48.397
48.407
48.416
48.429
48.430
48.439
48.449
48.455
48.460
48.468
48.469
48.478
48.488
48.489
48.496
48.499
48.511
48.518
48.535
48.550
48.550
48.587
48.589
48.604
48.610
48.624
48.633
48.655
48.656
48.676
48.677
48.687

-31.70
-32.69
-31.83
-31.71
-31.90
-31.13
-31.91
-32.85
-32.34
-32.14
-32.19
-32.21
-31.62
-31.45
-32.03
-31.72
-32.21
-31.04
-29.95
-31.59
-32.31
-31.58
-31.66
-31.45
-30.48
-31.17
-31.77
-32.91
-31.53
-31.90
-31.54
-32.14
-29.94
-31.29
-29.14
-31.28
-31.60

(0.06)°
(0.14)°
(0.13)°
(0.38)°
0.31)°
(0.26)°
(0.07)°
(0.19)°
(0.06)°
(0.26)°
(0.20)°
(0.08)°
(0.02)°
(0.28)°
(0.34)°
(0.14)°
(0.05)°
(0.09)°
(0.95)°
0.12)°
(0.07)°
(0.15)°
0.22)
(0.18)°
0.22)
(0.06)°
(0.13)°
(0.15)°
(0.14)°
0.17)°
(0.33)°
(0.04)°
0.31)°
(0.06)°
(0.04)°
(0.14)
(0.34)°
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48.698 -32.52 (0.10)°

48.716 -31.95 (0.06)°
48.730 -31.97 (0.29)°
48.733 -32.54 (0.02)
48.747 32.11 (0.08)°
48.747 -30.51 0.32)°
48.762 -32.84 (0.04)
48.777 -32.27 (0.15)°
48.778 -31.87 (0.24)
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Chapter Five

5. Conclusions and Outlooks
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5.1 Conclusions

This PhD involves the reconstruction of contemporary microbial communities and a high
resolution paleoenvironmental record throughout an Early-Eocene interval (Chicxulub impact
crater, Gulf of Mexico) by performing organic geochemical and molecular microbiological
techniques. This study explored the associations between subseafloor microbial communities
and lipid biomarkers during refrigerated storage (Chapters 2 &3). The susceptibilities of
biomarkers to biodegradation were investigated, which can provide references for our future
paleoenvironmental studies using lipid biomarkers (Chapters 2& 3). Thereafter, multiple
well-stablished biomarkers were used to reconstruct the orbitally-driven variability of
paleoenvironments and microbial communities during the end of early Eocene Climatic

Optimum (EECO) at a local scales (Yucatan, Gulf of Mexico) (Chapter 4).

5.1.1 The associations between microbial communities and polycyclic

aromatic hydrocarbons (PAHs) and non-sulfurized biomarkers

A deep modern sedimentary microbiome has been recovered from subseafloor marine
sediments (~500 to 1300 meters below seafloor, mbsf) at Chicxulub impact carter, Gulf of
Mexico (Cockell et al., 2021). Taxonomically distinct microbial communities were found in
different lithologies, i.e., basement sediments versus impact suevite versus post-impact
sediments. Samples for this study had been stored under refrigerated conditions for several
months, which could have stimulated the growth of indigenous subseafloor microbial
communities that might continue to degrade susceptible lipid biomarkers in the sediments.
Such a scenario would restrict the utilities of biomarkers as reliable proxies for
paleoenvironmental studies. Chapter 2 characterized the Pearson correlations between the
microbial community compositions and distributions of selected lipid biomarker (biomarker

parameters) in highly resolved marine sediments during refrigerated storage conditions. The
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significant correlations between a subset of microbial communities, e.g., Arthrobacter,
Halomonas, Marinobacter and Alcanivorax, and selected biomarkers, e.g., polycyclic aromatic
hydrocarbons (PAHs) and isorenieratane, pointed to ongoing hydrocarbon degradation during
the storage conditions. In contrast, these taxa exhibited weaker correlations with more
refractory biomarkers including hopanes, n-alkanes and steranes which were less bioavailable
due to early abiotic diagenetic sulfurization. Moreover, Phylogenetic Investigation of
Communities by Reconstruction of Unobserved States (PICRUSt2) predicted that the
metabolic functions involved in these microbial processes were dominated by anaerobic

hydrocarbon degradation via dissimilatory nitrate reduction to ammonia and denitrification.

5.1.2 The associations between microbial communities, clay mineral

assemblages, and maturity-related biomarkers

Chapter 3 investigated the associations between microbial communities, clay mineral
assemblages, and maturity-related biomarkers in marine sediments during short-term
refrigerated storage conditions. The Pearson correlation analysis revealed that a subset of
microbial communities and the clay minerals suggested that a subset of microbial communities,
in particular the predominant genera Halomonas, may be more efficient in altering the smectite
group than other clay mineral groups. The maturity-related biomarker parameters, notably the
18 a (H) 22,29,30 trisnorneohopane (Ts)/ 17 a (H) 22,29,30 trisnorhopane (Tm) and
diasteranes/steranes, which are sensitive to clay catalyzed isomerization reactions (Peters et al.,
2005), exhibited significantly positive Pearson correlations with these taxa. Moreover,
according to PICRUSt2-inferred gene predictions, iron redox recycling is likely to be involved
in smectite alterations during the refrigerated storage conditions. In summary, this study
provided first inights into the possibility that indigenous microbial communities, e.g.,

Halomonas and Marinobacter, might continue to alter clay mineral assemblages (e.g.,
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dissolution of smectite groups) in sediment cores under non-frozen storage conditions by

affecting their chemical and/or physical properties via iron redox recycling.

5.1.3 A ~0.5 Ma lipid biomarker record of orbital paced paleoenvironments

and microbial communities at the end of EECO

Chapter 4 studied the lipid biomarker composition in the highly resolved core section from
the Chicxulub impact crater to reconstruct orbitally controlled changes in paleoenvironmental
conditions and associated ecosystem responses in the Gulf of Mexico during the end of EECO.
The relationships between cyclostratigraphic data and our bulk geochemical data showed that
Milankovitch eccentricity (~95,000-105,000 years/cycle) controlled the cyclic variability of
carbon accumulation in this region during the end of EECO. In particular, the 8'*Cierogen records
reflected the orbital controlled continental weathering in our studied interval, i.e., increased
weathering rates during the maximal eccentricity. In addition, the parallel analysis of well-
established biomarker proxies provided a much broader understanding of the
paleoenvironmental and ecological changes associated with Milankovitch eccentricity during
the EECO in this understudied region. In particular, the stratified/reducing water conditions
and periods of photic zone euxinia were associated with maximal eccentricity while more oxic
conditions were linked to minimal eccentricity, evidenced by the variability of the
Gammacerane Index, Pristane/Phytane ratios and the amount of isorenieratane in the studied
interval. Variations in phytoplankton structures were also reflected by biomarkers (parameters)
indicative of algal communities, where higher prasinophytes (C2s/Cz9 steranes), dinoflagellates
(dinosteranes), pelagophytes (Cso 24-npcs) and chlorophytes (Cso 24-ipcs) were observed
during all the eccentricity maxima in the studied interval. The selection of certain algal groups
was attributed to increased weathering rates, which can deliver rich nutrients into the surface
water environments. Additionally, oxyphototrophic cyanobacteria (2-MeH) were found to be

more abundant under oxic conditions, which were not solely controlled by eccentricity cycles.
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The comparison between 3'3C values of specific compounds, i.e., phytane and n-alkanes (nC17-
nCo), provided important and novel evidence showing the variability of microbial community
compositions, and autotrophic versus heterotrophic activity, in relation to the eccentricity
cyclicity in our studied interval, where higher autotrophic activities were more evident during

eccentricity maxima and vice versa.

5.2 Future outlook

In Chapters 2 and 3, both studies provided indirect evidence suggesting that the reliablity of
sedimentary lipid biomarker records can be hindered due to the reactivation of dormant
indigenous subseafloor microbial communities during refrigerated storage conditions.
Therefore, we emphasized that it may be important to store samples under frozen conditions
immediately after (sub)sampling to preserve the integrity of lipid biomarkers for organic
geochemical studies. Attempts to cultivate hyperthermophilic members of the indigenous
microbiome in these Cenozoic marine sediments were only marginally successful (Cockell et
al., 2021). However, future time-series incubation experiments using samples from other cores
that are stored under non-optimal conditions combined with sequencing analysis of functional
gene transcripts (metatranscriptomes) would provide more direct evidence for the ongoing
microbial degradation of individual lipid biomarkers in non-frozen sediment cores as well as
microbial taxa and processes are actively involved and at what rate these biomarkers are
degraded This would verify if sediment cores from deep biosphere environments that are
intended to be analysed for less refractory lipid biomarkers should be subsampled immediately
after coring and stored frozen to preserve their integrity as accurate proxies for
paleoenvironmental and paleoclimate reconstructions, a strategy that has already become
standard in deep biosphere research involving cultivation-independent molecular biological

approaches.
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Chapter 4 for the first time multiple lipid biomarkers (parameters) as well as compound
specific isotopic analysis (carbon) have been used to investigate the orbital controlled
variability of paleoenvironments and paleo communities at the end of the EECO at the
Chicxulub impact crater (Gulf of Mexico). It is suggested that intact lipids are investigated to
establish any changes with Milankovitch cyclicity. For example, intact polar lipids such as
glycerol dialkyl glycerol tetraethers (GDGTs) sourced from the membrane components of
archaea have been developed as essential proxies to reconstruct past sea surface temperatures
(SSTs) could be investigated (Wutcher, 2006; Elling et al., 2019). Also heterocyst glycolipids
(HGs) diagnostic of nitrogen fixing cyanobacteria might provide important information on
nitrogen fixation during the EECO (Bauersachs et al., 2010; Schaeffer et al., 2020). Further,
stable hydrogen isotope ratios (D/H) of lipid biomarkers will be very valuable if additional
samples can be obtained (since was there insufficient material for CSIA hydrogen research
herein. 6D analyses of saturated biomarkers would be important to measure to reconstruct

changes in hydrogeological cycle during the EECO.
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