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ABSTRACT

Microbial activity is fully recognized as a major player in lithification processes. Results from
sediment cores retrieved during ODP and IODP-sponsored drilling campaigns have shown
that these organisms are active even in extreme environments and capable of catalyzing and
enhancing diagenetic reactions. The distribution and diversity of microbes in marine sediments
have been already studied for several years, but these investigations are still missing for their
lacustrine counterparts. As modern lakes hold archives of past environments while sheltering
actual and active microbial populations, they represent ideal systems to study early diagenetic
processes. Indeed, microbial processes within the sediment can modify the sedimentary
recordings. Using physical and chemical features of sediments to which a microbiological
approach adds the understanding of the role played by microbes, geomicrobiological studies
aim to determine the relationships between climate, hydrological regime, trophic states,
microbial colonization and diagenetic reworking of lacustrine substrates. Up to now, these
studies in lake basins have mainly focused on either the water column and/or the very recent
sediments. Lake sediments retrieved for multiproxy studies, such as those from ICDP-
sponsored research programs, provide a unique opportunity to explore and apply recent
developments of the marine geomicrobiological field to the lacustrine realm.

In Autumn 2008, a 100-meter long core from Lake Potrok Aike was fully dedicated to a
geomicrobiological study. A sampling strategy was specially tailored to avoid contamination
enabling the inspection of undisturbed lacustrine sediments and the tracking of ongoing
microbial activity throughout depth. Sampling was optimized to avoid any contamination and
preserve the sediment initial signatures for further microbiological techniques. Lacustrine
proxies allowed defining the variable sedimentation regimes along the last 60 ka. Different
microbial substrates were characterized by analyzing bulk organic fractions and pore waters
chemistry while variable degrees of sediment colonization were observed in relation to organic
sources refractoriness. Living microbes activity in the sediments was assessed using in situ
ATP (adenosine 5'-triphosphate) detection, microbial populations further quantified via cell
counts, and the degree of substrate colonization globally defined via DGGE (molecular
fingerprinting technique). Furthermore, clone libraries allowed the attribution of species, and
thus the identification of ongoing metabolic processes. Such phylogenetic approach also
pinpointed the evolution of diversity with respect to both sediment depth and dominant
lithology.

One main focus was the determination of the microbial consortium influence on organic matter
during early diagenesis, and to parallel these results to paleoclimatic interpretations of the
Holocene record. In anoxic habitats, a stepwise degradation can convert primary inputs into
simpler molecules, which can sometimes mask the initial signals of the bulk organic fraction.
We chose to inspect methanogenic populations and assess their possible imprint on organic
sources due to substrate fractionation associated with microbial processes. For this, we
measured methane content and its respective carbon isotopic composition and established a
phylogenetic tree of methanogenic populations that could evidence their stratification
throughout Holocenes sediments. Sequence identifications revealed species related to
Methanolinea and Methanoregula as the most abundant, indicating that CO, reduction was the
major pathway leading to methane production. Methane §3C compositions displayed a high
value in shallow sediments (ca. -24 %o0) associated with its diffusion upwards and oxidation,



whereas values at depth were much more negative (ca. -65 %o to -68 %o) indicating a high
fractionation during methane production. Methanogenic pathways in the sediments were
successively identified as methyl fermentation down to 2 m depth, CO, reduction down to 8 m
depth and syntrophic oxidation of acetate as a late stage of methane production below 8 m
depth. The presence of Syntrophus-related sequences suggested syntrophic associations with
Methanoregula.

Because microbial biomass is often difficult to discern from terrestrial and/or algal inputs, lipid
extractions were necessary. The identification of even saturated, unsaturated and branched-
chain fatty acids along with their respective isotopic compositions allowed tracing initial organic
sources, their reworking by microbes and the production of secondary biomass within the
sediments. These results evidenced a substantial microbial resynthesis of medium-chain even
saturated fatty acids leading to a §'3C frationation of -3 to -6 %o, while long-chain even
saturated fatty acids underwent a partial alteration of their isotopic compositions in
sedimentary horizons highly colonized by microbes. The §*C compositions of microbial fatty
acids showed that microbial biomass was mainly derived from algal matter while very **C-
depleted compositions indicated compounds produced by methanogens. A phylogenetic tree
for Bacteria was established at 5 m depth in a horizon consisting of methane bearing clays and
subsaline pore waters displaying maximum microbial density and activity of the entire record.
The microbial population therein reflected local geochemical conditions with an adaptation to
salinity and different OM degradation abilities. Substantial ongoing nutrient recycling
processes and complementarities in the OM degradation chain affecting the signature of total
sediments could be demonstrated. We tracked down further signs of microbial activity
throughout Glacial sediments and clearly identified a horizon at 30 m depth composed of
organic-poor clays overlain by basaltic sands with a high dissolved sulfate content. This
specific horizon displayed a low microbial population density, but a sustained activity.
Phylogenetic attributions revealed the major presence of sulfate reducers and Actinobacteria
along with numerous lithotrophs. Authigenic iron sulfides at similar depths were often found as
framboids which suggested anaerobic oxidation of methane, as also inferred by an important
increase in the 8"*Ccnsa composition. Signals of microbial activity faded below 40 m sediment
depth while authigenic concretions including vivianite were found increasingly. As our study
also aimed at a better understanding of microbe/mineral interactions and the identification of
biosignatures, a thoroughly study of these concretions provided information of past trophic
states of the lake system and processes undergone by the sediments during former microbial
activity.

Overall, the multiproxy signals indicated the sustainability of microbial influence throughout
depth. Methanogenesis appeared initially as the dominant process during early diagenesis, but
sporadic gravity events associated with lake oscillations of the Potrok Aike maar disrupted
microbial populations during the Glacial period. Mafic volcanics reworked from the catchment
to the lake basin acted as main supplies of iron, sulfur and phosphorus, thus impacting on
primary productivity and arousing additional microbial metabolisms. The Holocene transition
corresponds to a shift to a pelagic sedimentation with subsaline conditions which promoted
methanogenesis in these sediments.
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RESUME

L’activité microbienne est reconnue comme un acteur principal des processus de lithification.
Les résultats des forages ODP et IODP ont montré que ces organismes sont actifs méme en
milieux extrémes, et capables de cataliser certaines réactions diagénétiques. La distribution et
la diversité microbiennes dans les sédiments marins ont déja fait I'objet d’études depuis
plusieurs années, mais ces mémes investigations manquent pour leurs homologues lacustres.
Les lacs modernes, parce qu’ils recelent les archives des climats passés tout en hébergeant
des populations microbiennes actives, représentent des systemes idéaux pour étudier les
processus de diagénése précoce. A l'aide des caractéristiques physiques et chimiques des
sédiments auxquelles une approche microbiologique ajoute la compréhension du role joué par
les microbes, les études géomicrobiologiques visent a déterminer les relations entre climat,
régime hydrologique, états trophiques, et colonisation microbienne des substrats. Jusqu’a
présent, ces études en bassins lacustres se sont principalement focalisées sur la colonne
d'eau et sur les sédiments tres récents. Les sédiments lacustres récupérés lors des
programmes de recherche multidisciplinaires de I' ICDP, fournissent une opportunité unique
d’explorer et d'appliquer les développements récents de la géomicrobiologie marine au
domaine lacustre.

En automne 2008, une carotte sédimentaire de 100 m de long du maar Potrok Aike a été
dédiée a la géomicrobiologie. L’échantillonnage spécialement adapté pour éviter toute forme
de contamination a permis l'inspection de sédiments lacustres non perturbés et le suivi de
I'activité  microbienne jusqu’en profondeur. Les échantillons ont été conditionnés pour
optimiser, a des fins d’analyses microbiologiques, la préservation de leurs signaux initiaux. Les
indicateurs limnologiques ont permis la définition des variations du régime sédimentaire au
cours des derniers 60'000 ans. Différents substrats microbiens ont pu étre caractérisés par
I'analyse des fractions organiques et de la chimie des eaux interstitielles. Différents degrés de
colonisation du sédiment ont été observés en relation a la réfractarité des sources organiques.
L'activité des microbes a pu étre évaluée par une méthode de détection d’ ATP, les
populations microbiennes quantifiées par comptage de cellules, et le degré de colonisation du
substrat globalement défini par DGGE (technique de tracage moléculaire). Par la suite, les
techniques de clonage ont permis l'attribution d’ especes et lidentification des processus
métaboliques en cours. Cette approche a également précisé I'évolution de la diversité
microbienne en fonction de la profondeur et de la lithologie des sédiments.

Notre étude a principalement visé la détermination de I'influence microbienne sur la matiere
organique au cours de la diagénese précoce, et la mise en parallele de ces résultats avec les
interprétations paléoclimatiques de I'enregistrement holocéne. En milieu anoxique, une
dégradation graduelle peut affecter les apports primaires jusqu’a masquer parfois les signaux
sédimentaires initiaux. Nous avons ainsi choisi d'étudier les populations methanogénes pour
estimer une possible empreinte du substrat organique suite a un fractionnement associés a
des processus microbiens. Pour ce faire, nous avons mesuré les teneurs et compositions
isotopiques du méthane, puis établi un arbre phylogénétique des populations méthanogénes,
ce qui a mis en évidence une stratification de ces populations au sein des sédiments. Les
séquences génétiques ont révéelé Methanolinea et Methanoregula comme les espéces plus
abondantes, indiquant la réduction du CO, comme voie principale de la production du
méthane, Les compositions §*3C du méthane ont montré une valeur élevée en surface (ca. -24
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%0) associée a la diffusion et I'oxidation de ce gaz, alors que des valeurs bien plus négatives
ont été mesurées en profondeur (ca. -65 %o a -68 %0). Les processus méthanogéniques dans
les sédiments ont été successivement identifiées comme la fermentation des substrats
méthylés jusqu'a 2 m de profondeur, la réduction du CO; jsuqu’a 8 m de profondeur et, sous
les 8 m de profondeur, I'oxydation syntrophique de I'acétate interprétée comme un stage tardif.
La présence de séquences de type Syntrophus suggere des associations syntrophiques avec
Methanoregula.

Parce que la biomasse microbienne est souvent difficile a distinguer des apports terrestres
et/ou algaires, une extraction des lipides s’est avérée nécessaire. L'identification des divers
acides gras et de leurs compositions isotopiques ont permis le tracage des sources
organiques initiales, de leur remaniement par les microbes et de la production d’'une biomasse
secondaire dans les sédiments. Ces résultats ont mis en évidence une resynthese
microbienne des acides gras saturés pairs a chaine moyenne engendrant un fractionnement
de leur 8C de -3 & -6 %o, un remaniement partiel des acides gras saturés pairs & chaine
longue dans les niveaux fortement colonisés par les microbes. La composition '*C des acides
gras microbiens ont montré I'origine principalement algaire de la biomasse microbienne et la
composition trés appauvrie en **C des composés produits par les méthanogénes. Un arbre
phylogénétique des Bactéries a été établi a 5 m de profondeur, dans un horizon argileux
méthanique et saumétre, affichant les densité et activité microbiennes maximales de
'enregistrement sédimentaire. La population microbienne vy reflete les conditions
géochimiques locales avec une adaptation a la salinité et diverses capacités de dégradation
du substrat. Un recyclage actif des nutriments ainsi que des complémentarités dans la chaine
de dégradation de la matiére organique sont ressortis comme affectant la signature du
sédiment total. Nous avons par la suite traqué I'activité microbienne dans I'enregistrement
glaciaire, et identifié un horizon a 30 m de profondeur composé d’argiles peu organiques
recouvertes de sables basaltiques a teneur élevée en sulfates. Cet interval spécifique affichait
une population microbienne de faible densité mais a I'activité soutenue. Les arbres
phylogénétiques ont révélé une majorité de sulfato-réducteurs et d'actinobactéries en
présence de nombreux lithotrophes. Des sulfures de fer authigenes sous forme framboidale
ont été didentifiés & des profondeurs similaires associés & une augmentation du 8Ccpa
suggérant des processus d’oxydation anaérobique du méthane. Sous 40 m de profondeur, les
signes d’activité microbienne ont commencé a disparaitre, alors que la vivianite en concrétions
est devenue de plus en plus fréquentes. Une étude compléte de ces concrétions, visant une
meilleure compréhension des interactions entre microbes et minéraux et I'établissement de
biosignatures, a révélé des informations quant aux états trophiques du systéme lacustre
passés et aux processus diagénétiques microbiens anciens dans les sédiments.

D’une fagon générale, cette étude multiple a indiqué la durabilité de I'influence microbienne
dans 'enregistrement. La méthanogénese est apparue comme un processus dominant de la
diagénése précoce mais les événements gravitaires associés aux oscillations du niveau d’eau
du maar ont perturbé les populations microbiennes au cours de la période glaciaire. Le
matériel volcanique remanié du bassin versant vers le lac a apporté fer, soufre et phosphore,
influencant la productivité primaire et suscitant divers métabolismes microbiens. La transition
Holocéne correspond a un changement de régime vers une sédimentation pélagique et des
conditions saumatres ce qui a favorisé la méthanogénése dans ces sédiments.
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Chapter 1
INTRODUCTION

1. Geomicrobiology: Background

Foreword

The Earth is ~4.6 eons old and includes the lithosphere, hydrosphere, and atmosphere, all
habitable by microbes to a greater or lesser extent constituting the biosphere. The planet was
initially surrounded by an oxygen-deprived atmosphere and primitive life probably arose 0.5—
0.7 eons after the Earth formation. The earliest forms of prokaryotes are thought to have
evolved from a precellular autotrophic surface-bound metabolism to a detached primitive
autotrophic cellular metabolism. The emerging physiological types went broadly from
anoxygenic photoautotrophy to aerobically respiring heterotrophy. Except for cyanobacteria,
aerobic prokaryotes did not evolve until free oxygen began to accumulate in the atmosphere,
and eukaryotic forms did not appear until the accumulated oxygen in the atmosphere attained
significant levels. The time at which oxygen began to accumulate is not yet precisely known
but estimated as 2.3 eons ago, although it may have been earlier.

The scope of geomicrobiology: A brief explanation of a complex nature

A rapid browse into the recent literature shows a wide variability in the definition of this
relatively new and fast evolving field of research. Some examples are as follows:

“Geomicrobiology is the result of the combination of geology and microbiology. The field of
geomicrobiology concerns the role of microbe and microbial processes in geological and
geochemical processes and vice-versa.”

WIKIPEDIA The Free Encyclopedia (2013)

“Geomicrobiology deals with the role that microbes play at present on Earth in a number of
fundamental geologic processes and have played in the past since the beginning of life. These
processes include the cycling of organic and some forms of inorganic matter at the surface
and in the subsurface of Earth, the weathering of rocks, soil and sediment formation and
transformation, and the genesis and degradation of various minerals and fossil fuels.”

H.L. Ehrlich (2009)

“Since their origin, microorganisms have had a profound influence on shaping our planet. From
localized niches, that occur on the order of micrometers, to ecosystems as immense as the
oceans, microorganisms are intimately involved in transforming inorganic and organic
compounds to meet their nutritional and energetic needs. Because the metabolic waste from
one type of species nearly always provides substrates for another, there is a continuous
recycling of elements throughout the biosphere. This interdependence can exist between
species growing in close proximity to one another, where any number of sorption, precipitation,
and redox reactions inevitably creates unique community-specific biogeochemical and
mineralogical signatures. Alternatively, the communities can be spatially separated, and
elemental cycling may take on more complex and convoluted pathways, such as the transfer
of metabolites across the sediment—water interface or from the ocean water column to the
atmosphere. The latter examples are particularly important for global-scale cycling of carbon,
nitrogen, sulfur, and oxygen.”

K. Konhauser (2007)
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Geomicrobiology is then an area of science where geology meets microbiology, molecular
biology, and geochemistry, combining their techniques to inspect the microbial role in
geological and environmental processes. The most familiar topics to geologists mainly cover
biogeochemical cycles, microbialites and microbes/minerals interactions. This new evolving
field of Earth Sciences addresses stromatolites and black smokers, shallow lagoons and deep-
sea methane seeps, biodiversity reserves as well as anthropogenic wastes. Many academic
and industrial fields of research are presently developing a geomicrobiological approach.
Global climate, water resources, bioremediation, nanotechnology, fuel production,
extremophiles, or life detection on other planets are among hot topics.

2. Goals of the thesis: Geomicrobiology in paleoclimatic reconstructions

The distribution and diversity of microbes in marine sediments have been already studied for
several years (D’Hondt et al., 2004; Teske, 2005), but these investigations are still missing for
their lacustrine counterparts. We decided to look at microbes settled within sediments in a
lacustrine basin (subsurface biosphere) for the first time within the framework of an
International Continental Drilling Program (ICDP) campaign. Previous studies have mainly
focused on the water column and/or very shallow sediments (Humayoun et al., 2003; Zhao et
al., 2007). We performed a systematic sampling down to 93 m depth on a hydraulic piston core
retrieved from Laguna Potrok Aike in October 2008 (Recasens et al. 2012).

Figure 1 Diagrams showing the different factors and their degree of interaction influencing bulk organic matter
proxies Left: The prevalent climate in the catchment area of Laguna Potrok Aike defines the primary productivity
in the water column as well as the external inputs associated with runoff, and thus exerts control on the organic
matter sedimented in the basin. The prevailing climate conditions are also controlling the lake level, and thus the
sedimentation regime resulting in variable lithologies and grain sizes. Right: The sedimented material represents
the initial conditions under which microbes develop leading to variable diagenetic processes.

Since one of the main goals of this dissertation is to determine the impact of microbial activity
during early stages of diagenesis, a sampling protocol was specially defined so that initial
microbial signals would be preserved. Diverse microbiological techniques were selectively
applied in parallel to the development of a multiproxy dataset to establish the preferential
microbial colonization of certain sedimentary horizons and their link to the prevailing
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paleoclimatic conditions (Fig. 1). This is important since, on a premise basis, the influence of
microbial activity on the climatic signal is most often considered negligible (Meyers and
Teranes 2001). The latter is generally done without assessing the actual activity of living
microbes (Fig. 2). Different degradation and fractionation potentials can be related to microbial
growth rates, means of survival, depths of sustainable activity, types of metabolism, and
interactions within their populations (Nealson 1997; Rothfuss et al. 1997; Wist et al. 2009).
These factors will further affect the sediment initial conditions over time (Figs. 1 and 2).

Figure 2 Schemas showing the presence and role of microbes during early diagenesis Left: Scheme displaying a
minimal microbial degradation since early diagenetic processes preserve lipids as well as humic and fulvic acids,
Right: Cycle | is characterized by a constant recycling and reworking of initial organic substrates into new
biomass by microbes, whereas in cycle Il nutrient depletion drives microbial metabolisms towards the use of
inorganic compounds issued from remineralization and mineral alteration.

Thus, microbial activity, abundance and diversity need to be investigated throughout depth
before any bulk organic proxy can be used as a paleoindicator. Authigenic minerals (Glasauer
et al. 2003) and lipid biomarkers (Boschker and Middelburg 2002) are also being inspected in
order to define the preservation of signals of both former and ongoing microbial processes.

The final goal of this thesis is to determine the influence of microbial induced processes on
sediment biogeochemistry that may change the primary environmental signals. Our results are
shedding new light on the interactions between microbes and minerals in freshwater
environments. Furthermore, they show clear evidence of microbial diagenetic imprints on
sedimentary organic matter proxies calling for caution when they are indiscriminately used for
paleoclimatic reconstructions.

3. The PASADO Project

The "Potrok Aike Maar Lake Sediment Archive Drilling Project" (PASADO) is an international
research initiative within the framework of the International Continent Drilling Program (ICDP)
which addresses several key issues related to climatic and environmental reconstructions over
the last glacial cycle. Laguna Potrok Aike is a maar lake located at 52°S within the Pali Aike
Volcanic Field, southern Patagonia, Argentina (Zolitschka et al. 2006). This study site (Fig. 3)
was chosen due to its location, which is ideal to record changes in the atmospheric circulation
of the Westerly winds (Mayr et al. 2007). Previous results of the “South Argentinean Lake
Sediment Archives and Modelling” (SALSA) project focused especially on lake level
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fluctuations (Anselmetti et al. 2008), microfossil assemblages (Wille et al. 2007), and sources
of organic matter (Mayr et al. 2009) provided the first continuous high resolution paleoclimatic
reconstruction for southern Patagonia covering the last 16 ka.

Figure 3 Bathymetric map of Laguna Potrok Aike with the location of the two drilling sites (after Zolitschka et al.
2009). The inset map on top right shows the site location in sub-Antarctic South America.

The drilling operations of the PASADO project were accomplished in November 2008
(Zolitschka et al. 2009) and provided one of the longest lacustrine sedimentary column
recovered for the entire southern hemisphere (Recasens et al. 2012). The PASADO Science
Team implemented numerous techniques to elaborate a full multiproxy dataset (Fig. 4),
allowing accurate paleoenvironmental reconstructions accounting for at least 55 ka (Gebhardt
et al. 2012). The sedimentary sequence of Laguna Potrok Aike can be now compared to
marine sediment archives and ice cores, enabling geological, environmental and climatic
correlations on a global scale (Kilian and Lamy 2012).
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Figure 4 The project design documents the integration of methods and techniques to achieve the overall aims of
climate and environmental reconstruction, which are either local (l), regional (r) or global (g) (from
www.pasado.uni-bremen.de).

The geomicrobiological investigations that are the heart of this thesis were carried out and
compared with the resulting multiproxy record from the PASADO scientific team. The latter
allowed defining whether certain geomicrobiological proxies can be used as paleoclimatic
and/or diagenetic indicators. Firstly, we reassessed the origin of the variations observed in
some commonly used organic proxies in order to identify possible changes of the
environmental signal during successive diagenetic stages. Microbiological techniques were
fitted to determine active microbial processes within the retrieved sediments, while
geochemical proxies from pore water and the organic fraction help to separate the influence of
climate and/or diagenesis, respectively.

The results of a careful analysis of these entangled signals are shedding light on the syn- and
post-depositional sedimentary processes occurring in lacustrine basins. As a result our pioneer
study has set up a sampling strategy and a research approach for investigations in other ICDP
projects in the same fashion than in the marine realm.

4. Structure of the thesis

This dissertation focuses on the microbial impact on the sedimentary organic fraction and thus
on widely used organic proxies. Each of the following chapters corresponds to a scientific
manuscript in press, submitted or in preparation to be submitted to an international journal.
Complete datasets were submitted to PANGEA® Data Publisher for Earth & Environmental
Science and are available online at http://doi.pangaea.de/10.1594/PANGAEA.811523 and
811524. After a general introduction in Chapter 1, the methodology that was developed and
used in this study is presented in Chapter 2. Chapters 3 to 7 focus on different sedimentary
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fractions, and their use in paleoclimatic reconstructions. Last, chapter 8 contains the main
conclusions and an outlook of the investigations.

The second chapter introduces the field conditions and the procedure that were applied during
the drilling campaign to minimize contamination risks and condition samples for specific
geochemical and microbiological techniques. This chapter is a modified version of a paper
published in Scientific Drilling.

The third chapter establishes a geomicrobiological multiproxy dataset in the shallowest
sediments. Investigations focus on the structural ecology of microbes and its possible link with
paleoclimatic and depositional conditions. The role of microbes during early diagenesis is
approached. A modified version of this chapter is in press (2013) in Quaternary Science
Reviews.

The fourth chapter is centered on the microbial sustainability along the complete sedimentary
record of Laguna Potrok Aike. Specific geochemical conditions leading to the preferential
colonization of certain sedimentary layers by microbes are discussed in terms of sedimentary
regimes, trophic states of the water column and primary productivity. The diagenetic impact of
microbes is inspected thoroughly. A similar version of this chapter is presently under review in
Aquatic Sciences.

The foci of the fifth chapter are the authigenic concretions observed along the Glacial record of
Laguna Potrok Aike and aims at determining the conditions and depths of their formation.
Microbial processes in relation to diagenetic effects are compared with independently
determined depositional conditions to define a possible use of mineral authigenic phases
within the concretions as paleoindicators and/or microbial biosignatures. A modified version of
this chapter is in press (2013) in the Journal of Paleolimnology.

The sixth chapter investigates the influence of active methanogenic populations within
Holocene sediments and their relative impact on the different organic sources present in the
bulk fraction. This is achieved through the analysis of methane and fatty acids, while cloning
allows the identification of microbes and their related metabolic pathways. A substantial part of
this chapter is presently under review in Geomicrobiological Journal.

The seventh chapter dives in complex interactions between microbial species, aiming to define
microbial metabolic strategies and active processes within variable lacustrine habitats.
Phylogenetics of Bacteria and Archaea are achieved in two horizons displaying different ages,
geochemical conditions and trophic states. A modified version of this chapter will be submitted
to an international journal.

The final chapter summarizes the main findings of this research and puts into perspective the
geomicrobiological approach and its applications to other lacustrine sedimentary records.
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