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Abstract

Lowenstam and Weiner (1989) first described induced biomineralisation as
follows, “[In aqueous environments] even a relatively minor perturbation, such as the
introduction of biologically produced metabolic end-products, the release of
particular cations by the cell, or even the construction of a charged surface such as a
cell wall under certain circumstances induce minerals to precipitate”. This description
is the first official definition of induced biomineralisation. Such biomineralisation
processes occur throughout geological time. They develop in numerous environments,
as a result of the activity of different microbial ecosystems. Stromatolites are classified
as induced biomineralised deposits. Stromatolites are the earliest evidence of life on
our planet and are greatly represented in the rock record until 600 Ma. Stromatolites
played a key role in the early life’s evolution via the changes they triggered in the
composition of the oceans and atmosphere.
Carbonate

concretions

are

another

type

of

microbially-induced

mineralisation. They are largely present in sedimentary rocks across many geological
times, but not as abundant in modern environments. Microbialites are also known to
contain the oldest and/or best preserved fossils, both morphological and molecular.
Consequently, the multiproxy study of fossiliferous Toarcian carbonate concretions
from Germany and modern microbial mats from Shark Bay (Western Australia)
provides an opportunity to gain a better understanding of the diversity of microbial
communities involved in the formation of these microbialite types. Moreover, this
investigation also contributes revealing the ability of these induced biomineralisation
processes to preserve exceptional remains of organisms and organic (bio/geo)molecules over extended periods of time.
An integrated investigation (geochemical and imaging techniques) bears
great potential for the investigation of recent and ancient induced biomineralisation.
This PhD project explored this potential and identified the advantages of using
complementary organic (bulk organic matter and biomarker analyses, δ13C of
iii

biomarkers) and inorganic [δ13C of carbonates, microprobe and inductively coupled
plasma mass spectrometry (ICP-MS) analyses] geochemistry in association with
geological (X-ray diffraction) and imaging techniques [optical microscopy, scanning
electron microscopy (SEM) coupled to energy dispersive spectroscopy (EDS), X-ray
fluorescence (XRF) mapping] providing a more holistic characterisation of these
induced biomineralised sediments.
The main focus of this project was the characterisation of fossiliferous
Toarcian carbonate concretions from the Posidonia Shale Formation (SW-Germany)
in terms of i) formation processes and ii) microbial communities (Chapter 2) as well
iii) organic matter and iv) fossil preservation as presented in Chapters 2-4. The
secondary emphasis of this PhD project was to characterise microbial mat ecosystems
along a shallow depth gradient in the most hypersaline location of the Hamelin Pool:
Carbla Beach, Shark Bay (Western Australia). We applied this multiproxy approach
to establish a more comprehensive understanding of these ecosystems as reported in
Chapter 5. A more detailed synopsis of the investigation presented in this PhD thesis
chapters is described below.
In Chapter 2 of this thesis, two Toarcian carbonate concretions from the
Posidonia Shale Formation were investigated using a multiproxy organic and
inorganic geochemical approach. Both concretions contained a similar structure with
a nucleus, a concretion body with calcite mineralogy and sedimentary bedding, as well
as an outer pyrite-rich rim. The aims were three-fold: characterise i) the environment
of formation and the preservation of its signal despite concretion growth, ii) the
microbial communities involved in the concretion growth and iii) the concretions
properties for organic matter preservation. The selection of two carbonate concretions
with a nucleus of the same nature allowed a thorough comparison with minor bias due
to the nature of the decaying organic matter, trigger of the concretion growth. The 13Cdepleted nature of the calcite and n-alkanes (from the concretion bodies) indicates a
major role played by sulfate reducing bacteria in organic matter degradation leading
to calcite precipitation. Subsequent isolation and preservation of the nucleus in a sealed
calcite matrix occurs. Despite the enhanced activity of sulfate reducing bacteria around
the nucleus, hydrogen index was elevated in the concretion bodies which strongly
suggested that the organic matter degradation was localised at the surface of the

iv

nucleus rather than widespread within the forming concretions. The concretion rims
were marked by a

13

C-enrichment of calcite, a strong decrease in hydrogen index

values and a major increase in pyrite content. These changes between concretion
bodies and rims are attributed to a shift in the microbial community towards an
enhanced iron reducing bacteria contribution coupled to a decrease in the sulfate
reducing bacterial activity allowing direct precipitation of pyrite. However, no
evidence of methane cycling could be inferred from biomarkers despite the overall
depletion in

13

C. Our results contribute to the increasing evidence that carbonate

concretions are not only preserving morphological fossils with the highest degree of
detail but also protecting organic matter from biological and geological degradation.
In addition, carbonate concretions containing sedimentary beddings also record their
environment of deposition at a molecular level via the preservation of the host
sediment signature. Therefore, even ex-situ carbonate concretions can bear major
information on their palaeoenvironment of deposition, despite the weathering of their
host rock.
Chapter 3 presents a new approach to characterise fossils encapsulated
within carbonate concretions. The use of imaging techniques complemented by
detailed biomarker and stable isotopic investigations are carried out on a Toarcian
carbonate concretion containing a fossil ichthyosaur vertebra. The recent report of soft
tissues and proteins in dinosaurs from the Late Cretaceous, showed that such labile
tissues and molecules could be preserved over extended periods of geological time.
The aim of this chapter was to determine if soft tissues and biomolecules could be
preserved in a 182.7 Ma vertebra encapsulated in a concretion. After a light acidic
treatment to remove the carbonate from the bone porosity, Scanning Electron
Microscopy (SEM) revealed the presence of both collagen fibres and red-blood-cells
encrusted by a fine grained fluorapatite cement. EDS showed that these structures have
a higher carbon content than the bare bone in their immediate proximity. This data
suggests that the source for this carbon excess is related to the original biological signal
of the soft tissues. Furthermore, the occurrence of abundant sterols in the ichthyosaur
bone and their dramatic decrease in the surrounding concretion support their
contemporaneous origin, at the time of the ichthyosaur’s death. The strong carbon
stable isotopic discrepancies between cholesterol and ethylcholesterol, suggest
different sources for the biolipids. The δ13C value of the cholesterol, is in accordance
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with a higher trophic level diet, is believed to be largely derived from the ichthyosaur
bone although a minor input from zooplankton and/or algae cannot be entirely
excluded.
In Chapter 4, the same Toarcian carbonate concretion investigated in
Chapter 3 is subject to the first molecular and isotopic investigation of maleimides
within a carbonate concretion and its nucleus. The aim was to determine the likely
origin of the maleimides detected in both the concretion and vertebra bone samples. A
clear dominance of 2-methyl-3-ethyl maleimide (MEM) in all samples, which is
commonly attributed to a chlorophyll a, was observed. However, the

13

C-enriched

nature of the MEM could indicate that, in this case MEM strongly derives from
bacteriochlorophylls c. d and e, from Chlorobiaceae, with a possible contribution from
heme, from the ichthyosaur. Furthermore, the identification of 2-methyl-3-iso-butyl
maleimide (MIBM) in the concretion samples is attributed to the occurrence of photic
zone euxinia in the palaeo water column. Regular isoprenoids, pristane and phytane,
were

13

C-depleted with similar values, which strongly support a common origin

ascribed to the phytol side chain of chlorophyll a. The ichthyosaur vertebra also
contained MEM as well as fossilised red-blood-cells, but no MIBM was detected.
Despite the lack of δ13C values due to the low abundance of the MEM in the bone, we
hypothesise that the MEM is likely to have a heme source. Although, contamination
of the sample via geochromatography cannot be entirely ruled out, an origin from
weathering and/or storage for the MEM and MIBM in the concretion and bone has
been rejected.
The investigation of three microbial mat types from the shallowest section of
a tidal flat (Carbla Beach, Shark Bay, WA) is presented in Chapter 5. The approach
involved microfabric characterisation, lipid and stable isotope analyses. All three mats
investigated, tufted, pustular and smooth, were located in supra-, inter-, and sub-tidal
environments, respectively. Lipids revealed a major cyanobacterial component in all
three mat, however the type of cyanobacteria was revealed by imaging techniques.
SRB lipids were present in all three mats. Abundant diatoms were observed in the
pustular mat, although the C25:1 highly branched isoprenoid (HBI), a diatom-specific
biomarker, was most abundant in the smooth mat. Moreover, lipid distribution (via the
use of the Paq proxy) showed that macrophytes input was greater in the smooth mat

vi

compared to the pustular and tufted mats. This is also supported by the presence of the
13

C-enriched seagrass lipid C29 steradiene. A large eukaryotic input was revealed by

both lipid distribution (sterols) and imaging techniques; eukaryotes can impact the
structure of the mat and lithification processes. This eukaryotic component also
complicates the comparison with Precambrian stromatolites.
This thesis present the successful application of a comprehensive analytical
approach in the investigation of microbialites. It supports the need of multidisciplinary studies of recent and ancient microbialites to better characterise their
environment of formation, as well as their affinity for organic matter preservation.
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Chapter 1

Introduction and overview

Life throughout Earth’s history
The oldest evidence of life
Unicellular organisms
New powerful analytical techniques in Geosciences (Grice, 2014; Thiel et al.,
2007) combined with an increasing curiosity of the scientific community, aim to
unravel the mysteries of early life on Earth as well as the likely existence of extraterrestrial life. This has led to the discovery of new evidence about the early history of
our planet.
Until now, the discovery of indirect evidence for life, e.g. carbon preserved
in a zircon, dating back to 4.1 Ga (Bell et al., 2015) has been strongly debated.
However, the existence of cyanobacterial fossils and stromatolites in Western
Australian rocks dating back to 3.5 Ga (Archean) is now commonly accepted
(Awramik, 1992) (Figure 1-1).
Stromatolites are biogenic sedimentary structures, which form due to microenvironmental modifications by the action of microbial communities, a process
referred to as “biologically-induced mineralisation” (or “induced biomineralisation”).
Stromatolite structures generally consist of layers of calcium carbonate (CaCO3). The
mineral forms from secondary interactions between metabolic processes and the
surrounding environment. A stromatolite forms via precipitation of CaCO3 from
seawater as a result of a pH increase in microenvironments related to biological
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activity in microbial mats, in addition the extracellular polymeric substance (EPS)
produced by microorganisms traps and binds the particles from the surrounding
environment (McNamara, 2013).
In

contrast,

“biologically-controlled

mineralisation”,

or

“controlled

biomineralisation”, consists of a direct and strict control of the organism over the
mineral produced and its incorporation into biological tissues (Reitner and Thiel,
2011). In such cases, the bio-mineral produced is a metabolic product that can have
some species-specific crystallo-chemical properties. These biomineralisation
processes appeared and developed substantially later in the geological time, with the
first occurrence reported in the mid-Neoproterozoic (811-717 Ma) consisting of
phosphate biomineralisation in protists (Cohen et al., 2011).

Figure 1-1. Simplified geological era with important biological events since the formation of the Earth.

Evidence of complex multicellular organisms
Controversial evidence of complex multicellular organisms as old as 2.1 Ga
has been reported (El Albani et al., 2010, 2014). However, the consensus amongst
scientists is that even though complex organisms might have appeared multiple times
throughout Earth’s history (Knoll, 2011), they certainly thrived in the Ediacaran
period, giving rise to the so-called Ediacaran fauna (635-541 Ma) (Narbonne, 2005).
This fauna is characterised by fossils of primitive soft bodied organisms (Figure 1-2),
which have been reported in numerous localities (>30) around the world. However,
the Ediacaran biota abruptly disappeared at 542 Ma, possibly as a result of a mass
extinction event and/or competition with the more complex animals that evolved
during the Cambrian explosion (Narbonne, 2005). The term “Cambrian explosion” is
commonly used to describe the sudden and successful development of life between
541-485 Ma, when life rapidly flourished and diversified. The first predators emerged,
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followed by the evolution of external skeletons (e.g. teeth and horns) needed for
hunting and protection (Landing et al., 2010). Most phyla of multicellular organisms,
showing likeness to extant flora and fauna, first evolved during the Cambrian (Landing
et al., 2010). This period therefore marks a pivotal stage in the history and evolution
of life on Earth.

Fossil preservation
Hard and soft tissues
With the appearance of biologically controlled mineralisation, many
organisms have been preserved over geological times as fossils. These are often fossils
of “hard parts” (e.g. shells of invertebrates and/or bones and teeth of vertebrates),
which are the most easily preserved tissues of any creature (Figure 1-2).
Consequently, most of what is known at present about extinct organisms is inferred
from fossilised hard parts only. The majority of fossils have lost their original
mineralogical composition via permineralisation (i.e. permeation of tissue(s) by
mineralising fluids).

Figure 1-2. Simplified illustration of the three types of fossils. Soft bodied fossils leave an “imprint”, hard tissues
are preserved through mineralisation processes and biomolecules turn into biomarkers (molecular fossils) via
the loss of their functionality and changes in stereochemical configurations.
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However, in some cases, exceptional conditions led to the preservation of soft
tissue over extended periods of geological time (Briggs, 2003; Lindgren et al., 2013;
Martill, 1988, 1995). In the majority of cases, the imprints of soft tissue (e.g. castings
and mouldings) are preserved within fine-grained siliciclastic rocks. These finegrained sediments can preserve an imprint of an organism when all the organic matter
(OM) has been removed leading to a mould, which is later in-filled by fine sedimentary
material that forms a cast of the original organism. Sometimes, soft bodied fossils are
preserved by minerals rather than sediments. Permineralisation (explained above) and
authigenic mineralisation (i.e. rapid in situ growth of minerals) are some of the
processes that can occur during diagenesis. Mineralisation allows for soft bodied
fossils to preserve extraordinary detail. Nonetheless, in recent years, research has also
yielded some exceptional, non-mineralised, soft tissues and proteins of e.g.
Tyrannosaurs rex from the Cretaceous (Asara et al., 2007; Schweitzer et al., 2007,
2005).
Diagenesis in geology and palaeontology
In geology, the term diagenesis involves physical, chemical and biological
processes associated with the deposition of sedimentary material through to greenschist metamorphic facies (Marshak, 2012). Green schist metamorphism typically
occurs at temperatures between 300 °C and 450 °C, and pressures between 2 and
10 Kbar. All mechanisms of diagenesis in sedimentary geology are subdivided into
three stages: eogenesis, mesogenesis and telogenesis. Burley et al. (1985) define the
three terms as follows: i) eogenesis covers the depositional environment and surface
chemistry; ii) mesogenesis describes the burial and subsurface conditions and iii)
telogenesis refers to the weathering or re-exposure to surface conditions.
The most important processes of diagenesis are compaction and lithification,
which are inter-related to deformation, dissolution, cementation, authigenesis,
replacement (including permineralisation), recrystallisation, hydration and bacterial
action including the development of concretions (Southard, 2007). For example, when
a sediment is deposited and bacterial activity modifies the redox conditions of its pore
water, it may lead to precipitation of minerals. Meanwhile, with the increasing
pressure, the primary porosity of the sediment decreases due to compaction as well as
dissolution/precipitation of minerals.
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Diagenesis also plays an important role in the preservation of
palaeontological and archaeological objects. In most cases, such objects are not
preserved over prolonged periods of time. However, when they are preserved, they are
altered to some extent. In palaeontology, the term diagenesis describes the cumulative
processes (chemical and biological), which affect and modify the chemical and/or
structural properties of organic remains and that will govern their fate in terms of
preservation or destruction. Some mineralisation processes, e.g. permineralisation and
authigenic mineralisation, are two diagenetic mechanisms of major importance in the
preservation of both hard and soft tissues as fossils (Allison, 1988a, 1988b; Briggs,
2003). The term diagenesis is also commonly used in the discipline of organic
geochemistry where it has a different meaning – see section Geological fate of OM.
Palaeoenvironmental settings associated with fossil preservation
The likelihood of an organism or a biomolecule to be fossilised is dependent
upon a unique combination of environmental circumstances. Conditions that favour
the preservation of fossils include, i) abundant supply of OM coupled to ii) a limited
amount of oxygen being available in the sedimentary environment (e.g. dysoxic or
anoxic). Such conditions limit the amount of OM oxidation and the activity of
scavengers, insects and bacteria degrading the decaying organisms. Environments that
have the above pre-requisites include, lakes and (semi-) enclosed marine basins with
stratified waters.
Limited oxygen availability is also an important requirement for molecular
fossil preservation (Peters et al., 2005). However, in the case of soft tissue
preservation, it appears that a rapid sedimentary burial coupled to water stagnation and
the promotion of early diagenetic mineralisation processes are the pre-requisite factors
for fossilisation to occur (Allison, 1988b). In contrast, in the case of soft tissue
preservation oxygen availability only plays a secondary role (Allison, 1988a).
In stratified waters, animals and algae live within the upper, oxygen-rich,
layer of the water column. Upon death, animals and algae are either recycled and/or
sink into the deeper oxygen-depleted bottom waters before being deposited in the
sediments. In these anoxic bottom waters and/or at the sediment water interface, sulfate
reducing bacteria (SRB) thrive and anaerobically degrade OM.
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Formation and accumulation of OM in the sediment
Oxygenic photosynthetic (Equation 1-1) organisms such as algae,
cyanobacteria and plants (both terrestrial and aquatic), are the principal producers of
OM on Earth. In anoxic settings, other organisms, e.g. green sulfur bacteria, can
perform anoxygenic photosynthesis. In anoxygenic photosynthesis, different
wavelengths of sunlight and electron donor (hydrogen sulphide; H2S) are used to
assimilate inorganic carbon into biomass, producing S0 as a by-product (Peters et al.,
2005). Other autotroph organisms exist that do not need solar energy but use the energy
released by chemical reactions to metabolise inorganic carbon (i.e. chemoautotrophs).
All these autotrophs are primary producers, they are the first trophic level of the food
chain, which support all higher trophic levels consisting of heterotrophic organisms
(i.e. organisms that require organic carbon sources due to their inability to metabolise
inorganic carbon).

Equation 1-1. Anoxygenic photosynthesis.

Most primary OM is degraded or incorporated into the food chain. However,
a minor part can be accumulated into the sediment where it is exposed to further
degradation and remineralisation. Overall, a minimal proportion (>0.1 %) of the total
biomass is preserved over geological times (Holser et al., 1988). Typically, sediment
accumulation occurs in aquatic environments both terrestrial (e.g. lacustrine, riverine)
and marine (e.g. deep ocean, shallow platforms, delta, lagoons) where the associated
OM displays different signals depending on its source. The best settings for
accumulation and preservation of OM may change between different environments.
However, OM-rich sediments are often formed in anoxic/suboxic depositional
environments, where high primary productivity takes place in the shallower oxic water
layer of the column while fine sediment is accumulated rapidly (Peters et al., 2005).
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Geological fate of OM
As mentioned above, even after OM accumulates in the sedimentary material,
less than 0.1 % of the total biomass is preserved over geological time (Holser et al.,
1988).

Figure 1-3. Geological fate of OM, modified after Tissot and Welte (1984).

In organic geochemistry, diagenesis describes all biological, physical and
chemical processes that are involved in the degradation of OM occurring before
substantial thermal alteration takes place (i.e. T<50°C) (Figure 1-3) (Peters et al.,
2005). By the end of diagenesis, the portion of molecules extractable using common
organic solvents is referred to as bitumen (Brocks and Summons, 2003).
As an example of bitumen evolution during diagenesis, a simplified sterol
evolution follows: due to their abundant asymmetric carbon atoms, sterols can have
many configurations. However, all sterols present in living organism have a 5α,
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14α,17α, 20R configuration (Peters et al., 2005). In some organisms where C5 is
saturated, as well as in the molecules resulting from early diagenesis hydrogenation of
the typical C5 double bond a 5α configuration is favoured leading to stanols and
steranes (I) with a biological ααα 20R configuration (e.g. Mackenzie et al., 1982a,
1982b). Biolipids lose their functional groups and stereochemical configuration during
diagenesis. Consequently, increasing the thermal maturity will result in an increase in
more geologically stable configurations αααS, αββR and αββS stereoisomers, as well
as appearance of diasteranes and aromatic steroids (e.g. Mackenzie et al., 1982a).
These modifications of stereochemical configurations have been used to develop
maturity parameters to establish the thermal history of OM.
The portion of high molecular weight OM residue that is insoluble in usual
organic solvents is referred to as kerogen (Tissot and Welte, 1984). Kerogen formation
is commonly attributed to neogenesis (Tissot and Welte, 1984), which describe the
random polymerisation and polycondensation reactions of biological residues (e.g.
amino acids, sugars, lipids). However, selective preservation of resistant
biosynthesised macromolecules that undergo only limited chemical changes during
diagenesis also leads to kerogen formation (Gupta, 2015). Such preservation is
particularly enhanced in sulfate-rich anaerobic environments, where sulfur can be
incorporated generating complex kerogens, which are very resistant to bacteria (Briggs
and Summons, 2014). As mentioned, diagenesis covers many processes. Therefore a
subdivision describing the very early stages of diagenesis (i.e. immediately after the
death of an organism) is referred to as eogenesis (Burley et al. (1985).
In general, with increasing burial depth and the associated temperature rise,
catagenesis commences (50 °C ≤ T ≤150 °C). During catagenesis, OM present as
kerogen and bitumen and contained within the sedimentary material is thermally
altered (Figure 1-3). Remaining biolipids and molecular fossils are subject to
structural changes and petroleum may eventually be expelled from rocks having
petroleum potential, i.e. source-rock (Brocks and Summons, 2003).
When burial depth and temperature increase further (T≥150 °C), organic
molecules trapped in the sedimentary rocks are cracked and expelled as gas, this
process is called metagenesis (Figure 1-3). At this stage, molecular fossils are often
entirely destroyed due to their instability under such pressure and temperature
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conditions (Peters et al., 2005). However, some molecules (i.e. diamondoids (II)) are
thermally more stable than most hydrocarbons (Dahl et al., 1999) and their
concentration increase with thermal cracking of oil resulting of diamondoid-enriched
condensates (Grice et al., 2000).
In some rare cases, the depth of burial and associated temperatures of the
sediment remain low. Therefore, under these circumstances, ancient sedimentary OM
does not reach thermal maturity and is preserved from severe alteration. The
occurrence of steranes with their biological configuration was reported from the
Devonian (Melendez et al., 2013b). Moreover, in some exceptional occasions intact
biomolecules (e.g. sterols) were reported in sediments from the Palaeozoic (Melendez
et al., 2013a) and Mesozoic (Brassell et al., 1987; Comet et al., 1981)

Significance of molecular fossils (biomarkers) for palaeoenvironmental
reconstruction
Biomarkers are defined as molecular fossils originating from biolipids in once
living organisms. They typically have various functional groups and heteroatoms (N,
O, S and P). In living organisms, such molecules are present with their biological
stereochemical configuration.
The use of biomarkers for palaeoenvironmental reconstruction is based on the
fact that life on Earth is grouped under three major domains of life: archaea, bacteria
and eukaryota (Figure 1-4). Some biomarkers from these groups are common and
ubiquitous amongst most organisms. However, others are very specific for a domain
of life, for a group of organisms or sometimes for a species (Briggs and Summons,
2014; Brocks and Pearson, 2005). It is generally accepted that some lipids, steroids
(III) and hopanoids (IV), are characteristic for eukaryotes and bacteria, respectively
(Briggs and Summons, 2014). However, some exceptions have been reported such as
ciliates (monocellular eukaryotes) that can produce tetrahymanol (V) and various
hopanoids, or bacteria and cyanobacteria that can synthesise sterols (e.g. Schouten et
al., 2000a; Volkman, 2005, 2003).
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Figure 1-4. The three domains of life and their associated biomarkers (modified after Briggs and Summons,
2014).

Most organisms live in particular environmental conditions, or can produce
specific molecules when subject to environmental stress. Therefore, the identification
and quantification of biomarkers, as well as the development of biomarker proxies can
provide information about the environment during sediment deposition. The
investigation of biomarkers allows reconstructing environmental conditions across
geological times, some examples such as water column stratification (e.g. Berndmeyer
et al., 2014; Sinninghe Damsté et al., 1995), palaeosalinity (Barakat and Rullkötter,
1997; Sinninghe Damsté et al., 1993; Ten Haven et al., 1985, 1988), persistence of
anoxic events (e.g. Schwark and Frimmel, 2004) or existence of photic zone euxinia
10
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(PZE, Grice et al., 1996; Koopmans et al., 1996a; Summons and Powell, 1986) are
based on biomarker presence or biomarker proxies.

Figure 1-5: Illustration of stratified water column conditions in which the top layer is oxygenated whereas the
bottom layer is anoxic/euxinic. The top of the anoxic/euxinic bottom water is overlapping with the photic zone
leading to photic zone euxinia (PZE). Associated micro-organisms e.g. Chlorobiaceae in the PZE and sulfate
reducing bacteria (SRB) in the sediments, modified from Whiteside and Grice (2016).

In the case of PZE, there are various source-specific biomarkers that derive
from carotenoids and bacteriochlorophylls, which are characteristic of the anoxygenic
phototrophic sulfur bacteria Chlorobiaceae sp. Some of these PZE- (Figure 1-5)
specific

biomarkers

include

isorenieratane

(VI),

palaeorenieratane

(VII),

chlorobactane (VIII), specific maleimides (IX) as well as a suite of 2,3,6-aryl
isoprenoids (X) with

13

C-enriched isotopic signature (e.g. Grice et al., 1996;

Koopmans et al., 1996a; Summons and Powell, 1986). However, depending on the
environment of deposition, some of these biomarkers can have a different origin. For
example, isorenieratane may originate from isorenieratene (XI), present in
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Chlorobiaceae (Summons and Powell, 1986) in aquatic environment but also in
actinomycetes in soil environment (Kohl et al., 1983; Krügel et al., 1999). Similarly,
aryl isoprenoids may indicate PZE from Chlorobiaceae-derived carotenoids (i.e.
isorenieratane) when their carbon isotopic composition is 13C-enriched, but can also
originate from β-carotene (XII) and would then have a more
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C-depleted isotopic

signature (Koopmans et al., 1996b). Therefore, to address with certainty the
palaeoenvironment of deposition of a sediment a combined use of biomarker
identification with stable isotope analyses is recommended.

Carbon in geochemistry
The carbon cycle
The carbon cycle is essential to the evolution of Earth’s climate, the
preservation of life as well as the composition of both oceans and atmosphere. The
carbon cycle is an interaction between the biosphere, atmosphere, hydrosphere,
pedosphere and geosphere. As a result of these interconnected processes, carbon is in
a constant state of flux and is continuously exchanging between storage in various
sources and sinks (Table 1-1)

Table 1-1.Carbon reservoir sizes as a function of mass (after Falkowski et al., 2000).

CARBON RESERVOIRS
Lithosphere
Sedimentary carbonates
Kerogens
Fossil fuels
Coal
Oil
Gas
Peat
Atmospheric CO2
World Ocean
Total inorganic
Total organic
Terrestrial biosphere
Living biomass
Dead biomass
Aquatic Biosphere

GIGATONS
> 60 000 000
15 000 000
4 130
3 510
230
140
250
720
38 400
37 400
1 000
2 000
600 – 1 000
1 200
1-2

The short-term carbon cycle (Berner, 2004) influences and controls shortterm climatic variations in concert with periodic changes related to astronomical
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forcing. The transfer of carbon from the atmosphere (or hydrosphere) to the biosphere
is driven by primary producers, largely via photosynthesis, absorbing carbon dioxide
(CO2) from atmosphere and/or hydrosphere to produce the essential organic
compounds needed for growth (i.e. incorporating it into the biosphere). Upon the death
of an organism, degradation of the OM will return carbon back to the environment as
CO2 or methane (CH4). Direct gaseous exchanges can also occur between the
atmosphere and the hydrosphere. These transfers between sinks and sources are
constant, and they occur over relatively short periods of time (<10 Kyr) considering
the age of the Earth (4.534 Ga).
Then again, the rate of flux of carbon from sources to sink varies greatly and
distinctions are made between long-term and short-term cycles (Berner, 2004), which
occur simultaneously (Figure 1-6). It is crucial to understand that over time scales of
millions of years, the carbon is (in essence) permanently transferred to and from the
geosphere within limestone rocks and smaller amounts in coals, shales and
hydrocarbons (Table 1-1, Falkowski et al., 2000) but also to and from some silicate
rocks (Berner, 2004) this is the long term carbon cycle. Indeed, most of the carbon on
Earth is contained within the geosphere (>50 000 000 Gt; Table 1-1. Carbon reservoir
sizes as a function of mass (after Falkowski et al., 2000).
Berner, 2004; Falkowski et al., 2000). Carbon exchanges into/out of the
geosphere can result in major modifications to the composition of the atmosphere that
cannot be attained through the processes operating in the short term carbon cycle alone.
The short-term cycle cannot account for the major fluxes of carbon to and
from the geosphere due principally to the far greater mass of carbon present as
compared to the hydrosphere, atmosphere, pedosphere and biosphere combined
(Berner, 2004). The weathering of both silicate and carbonate rocks leads to a major
drawdown of CO2 from the atmosphere to the oceans by chemical and biological
processes that allow carbon to be incorporated into (primarily) calcite that trap carbon
in rocks and biomineralisations. Recycling of limestones (and other rocks) in
subduction zones eventually results in CO2 release through volcanic processes
associated with plate tectonics. Additionally, collapse of methane hydrates in deep sea
settings and permafrosts due to global warming is a significant factor in long-term
carbon cycling and can lead to a run-away greenhouse climate.
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Figure 1-6. Simplified carbon cycle, combining short term and long term processes and indicative δ13C values
of the different reservoirs (Hoefs, 2015; Kroopnick, 1985; Oppenheimer et al., 2014; Peterson and Fry, 2011;
Schidlowski, 1988).

Stable isotopes of carbon: notation, fractionation and significance in geosciences
Carbon has three natural isotopes, amongst which only two are nonradioactive (stable) isotopes,

12

C and

13

C, at a proportion of 98.899% and 1.111%,

respectively (Faure and Mensing, 2005).
Stable isotope measurements are reported as ratio of the heavier (e.g. 13C) to
the lighter isotope (e.g. 12C) and then reported to a reference gas with a known value
(Equation 1-2). These values are reported in per mil (‰) relative to an international
standard.

Equation 1-2. Definition of δ13C.

In the case of δ13C, the values were originally reported against the Pee Dee
Belemnite (‰ PDB), a Cretaceous belemnite from the Pee Dee Formation (North and
South Carolina, USA). However, the demand for that standard exceeded its availability
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and the PDB standard was eventually exhausted. Therefore it has been replaced by the
Vienna Pee Dee Belemnite (VPDB) calibrated to the same ratio as the original PDB.
VPDB standard is now widely used for both carbon and oxygen stable isotopes (for
bulk OM, carbonate, or individual compounds).
The overall abundance of

13

C and

12

C remains constant, however most

physicochemical processes (e.g. phase transfer and chemical reactions) and biological
mechanisms (e.g. incorporation of inorganic carbon by primary producer via different
metabolic pathways) result in different isotopic fractionation related to the
physicochemical properties of each stable isotope. The potential energy required to
break bonds with 12C are lower than for

13

C (Kendall and Caldwell, 1998) allowing

isotope fractionation.
The most significant inorganic fractionation at the Earth surface is the one
taking place between the atmospheric CO2 (CO2atm) and the dissolved inorganic carbon
(DIC) of the oceans. This fractionation is also temperature dependent, which leads to
13

C-enriched DIC in the shallow waters of the oceans (δ13C up to +2 ‰ compared to

deeper water) (Zhang et al., 1995). Furthermore, the formation of sedimentary
carbonates by isotopic equilibrium exchange reactions between the CO2atm, the DIC
and the inorganically precipitated carbonate lead to the formation of a

13

C-enriched

carbonate compared to the DIC from which it precipitates (Hoefs, 2015).
The strongest carbon isotopic fractionation is occurring during kinetic isotope
effects related to CO2 incorporation via photosynthesis. Photosynthetic organisms
overall greatly favour the assimilation of light 12C over the heavy 13C isotope (Hoefs,
2015). Such fractionation effects are complex as they depend on the carbon
assimilation pathways of the different photosynthetic organisms. For example, most
photosynthetic organisms (e.g. majority of terrestrial plants and phytoplankton) use
the Calvin cycle metabolic pathway (C3), which causes a depletion in 13C of the OM
compared to the carbon source (characteristic bulk OM values for terrestrial C3 plant,
δ13C = –34‰ to –23‰). Some land plants, mainly grasses found in saltmarshes and
arid environments, follow a C4 pathway which is leads to more 13C-enriched biomass
(δ13C= –21‰ to –5‰). Other metabolic pathways exist (e.g. Crassulcean Acid
Metabolism; CAM) for succulent plants (e.g. cactus) and the reversed tricarboxylic
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acid (TCA)-cycle in green sulfur bacteria, which result in a less 13C-depleted biomass
(e.g. Quandt et al., 1977).
Carbon isotope analyses
Stable isotopes are analysed by an isotope ratio mass spectrometer (irMS).
For carbon stable isotopes analyses, the samples must be converted to a gas (CO2) to
be irMS amenable. It is on that gas that isotope ratios are measured, by monitoring the
relative abundances of m/z 44 (12CO2), 45(13CO2) and 46 (12C18O16O) relative to a CO2
reference gas of known isotopic value (calibrated to the VPDB), which is measured
immediately before and after the sample. The outflow from the GC is diverted away
from the irMS via a backflow system or heart-split valve to ensure the reference gas is
measured on a clean background (e.g. Grice and Brocks, 2011).
Carbonate isotopes using Gas-Bench
The addition of 100% phosphoric acid to a carbonate sample at temperature
between 20˚C and 90˚C (depending on the carbonate mineral being analysed) under a
helium atmosphere converts the carbonate into CO2. The by-product of the reaction
(e.g. water) is separated and the CO2 is diverted into the irMS for 13C/12C measurement
(δ13Ccarb). The organic carbon is not affected by the acid treatment, therefore the OM
isotopic value does not affect the δ13Ccarb values.
Bulk organic matter isotopes analyses using Elemental Analyser (EA)-irMS
When one studies the stable carbon isotopic composition of OM in sediments
(δ13Corg), the carbonate needs to be removed. To do so, the sample is subject to a
hydrochloric acid (HCl) treatment to remove carbonates. The acid treatment procedure
can vary for the type of carbonate present in the sample, in the case of calcium
carbonate HCl (20%) at room temperature can be used. The residue of this acid
digestion is then brought back to a neutral pH, dried and homogenised before being
weighted into small tin capsules. The OM contained in these capsules is then oxidised
into CO2 in a combustion furnace at ~1000°C, where the tin capsules react and heat
the sample up to 1800°C before the remaining oxygen, nitrate compounds and water
are eliminated through various steps. The measurements give the isotopic value in
delta notation of the bulk organic matter (δ13Corg) contained in the sample.
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Carbon - Compound Specific Isotope Analyses (CSIA)
By contrast, CSIA allows to measure the isotopic composition of individual
organic compounds within a complex organic mixture. This technique is performed
with a continuous flow system that links a GC to an irMS and often results in detailed
insights on the source of each compound and allows to identify the origin of many
biomarkers (e.g. Grice et al., 1996; Koopmans et al., 1996b). CSIA has also been used
to reconstruct changes in the carbon cycle (e.g. Grice et al., 2005; Summons and
Powell, 1985). The sample goes through a combustion furnace containing CuO (and
in some system NiO) that oxidises the gases into CO2 and H2O at a temperature of
1000˚C. A Nafion® membrane (or in some cases liquid nitrogen maintained around –
100˚C) enables the removal of H2O, and allows CO2 into the irMS to be analysed.

Carbonate concretions: an overview
Types of carbonate concretions
Carbonate concretions are commonly found in sediments, typically mudstone
and sandstones, spanning all geological ages (e.g. de Craen et al., 1999; Melendez et
al., 2013b; Mozley and Burns, 1993; Raiswell and Fisher, 2000; Wilson and Brett,
2013; Winter and Knauth, 1992). They are easily observable in outcrops where the
surrounding sediment is weathered away while they protrude due to their intense
cementation, which grants them a greater resistance against weathering and erosion.
Carbonate concretions are generally shaped as a ball or an ovoid, and they
commonly vary from tens of cm (Melendez et al., 2013b) to few meters in size
(Mcbride and Milliken, 2006) (Figure 1-7), however smaller concretions also exist in
soils for example. Carbonate concretions are common in both marine and non-marine
sediments, and they are most often encountered concentrated within a particular
sedimentary layer rather than dispersed in the sediment (Marshall and Pirrie, 2013).
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Figure 1-7. Examples of carbonate concretions and their exceptionally preserved fossil nucleus.

The most common mineralogies for carbonate concretions are calcite
(CaCO3), dolomite (MgCa(CO3)2) and siderite (FeCO3). They sometimes contain
abundant non-carbonate minerals, such as pyrite (e.g. Coleman and Raiswell, 1995)
and/or barite (Raiswell et al., 2002).
Models of formation
Concretions are often found in OM-rich sediments, which reveals that their
formation occurs within oxygen-depleted environments. Microbial degradation of OM
influences the chemistry of the microenvironment that in turn triggers the precipitation
of carbonate minerals (Coleman, 1993; Dale et al., 2014; Marshall and Pirrie, 2013;
Martill, 1989). Various features of carbonate concretions (e.g. shape, sedimentary
bedding, and three-dimensional fossil preservation) indicate a formation at shallow
depth within the sediment (Marshall and Pirrie, 2013; Seilacher, 2001; SellésMartínez, 1996). This would support a very early development of concretions around
centres of decaying OM (e.g. Yoshida et al., 2015). Nevertheless, the lack of modern
forming analogues for carbonate concretions leads scientists to study past concretions
to determine the mechanism involved in their formation. Some laboratory experiments
have been performed to better understand the timing and processes of the formation of
carbonate concretions (Berner, 1967, 1968), or the role of microbial mats in fossil
preservation (Iniesto et al., 2015).
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Many studies have revealed evidence indicating that carbonate concretions
formed concentrically (e.g. Criss et al., 1988; Mozley and Burns, 1993). However, it
has shown that some carbonate concretions rather form pervasively and undergo
multiphase mineralisation processes (Mozley, 1989, 1996; Raiswell and Fisher, 2000).
Textural and isotopic evidence in siderite and dolomite concretions support a pervasive
growth (Hennessy and Knauth, 1985; Mozley, 1989), however similar observations
are uncommon in calcite concretions. Raiswell and Fisher (2000) suggested that it may
be the result of the smaller size of calcite minerals in concretions (typically
microsparite, < 20µm). Coleman and Raiswell (1995) proposed a dynamic model for
calcite concretions with a pyritic rim that involves the precipitation of the outer pyritic
rim simultaneously with the precipitation of the calcite matrix of the concretion.
Concretions, fossils and preservation of OM
Concretions are known to encapsulate the most remarkable fossils of hard and
soft tissues (Bertazzo et al., 2015; Marshall and Pirrie, 2013; Martill, 1989; Williams
et al., 2015) as well as burrows (Wilson and Brett, 2013). Such fossils support a very
early concretion growth after the death of an organism. Furthermore, concretions are
known to preserve the three-dimensional characteristics of the encapsulated fossils,
protecting them from the typical flattening related to diagenesis upon burial. Recently,
studies have shown that carbonate concretions also play a pivotal role in the
preservation of molecular fossils, and have confirmed the importance of microbial
communities (e.g. sulfate reducers) in their formation (Melendez et al., 2013b).
Some molecules such as sterols are very labile and are easily degraded over
geologic timeframes. However, the oldest report of cholesterol was found in a 380 Ma
crustacean encapsulated in a carbonate concretion. The cholesterol was present in
association with a suite of transformation products and intermediates from stanols to
steranes and triaromatic steroids (Melendez et al., 2013a). Such findings have
suggested that carbonate concretions are not only interesting in the research of
morphological fossils, but that they could also contain precious information in the form
of biomarkers and intact biomolecules.
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Techniques of investigation
Carbonates concretions have received a lot of attention from geologists to
inorganic geochemists over the previous decades. However, the interest in carbonate
concretions from an organic geochemical perspective is quite recent (Kiriakoulakis et
al., 2000; Melendez et al., 2013a, 2013b; Pearson et al., 2005; Pearson and Nelson,
2005; Zatoń and Marynowski, 2004) and only very few studies of DNA of carbonate
concretions exist (e.g. Reitner et al., 2005). Furthermore, few studies use crossdisciplinary techniques to investigate such “bio-geo-sedimentary” objects. In this PhD
multidisciplinary geological and geochemical techniques were involved (Figure 1-8)
to improve our understanding of carbonate concretion formation and the preservation
capabilities with regards to biomolecules.
A combination of techniques ranging from classical sedimentary geology
(e.g. optical and scanning microscopy, X-ray diffraction) to inorganic geochemical
tools (X-ray Fluorescence (XRF) mapping, inductively coupled plasma mass
spectrometry, and stable isotopes of carbonates) to bulk organic geochemistry as well
as biomarker analyses and CSIA were used to characterise the sedimentary
environment and mechanisms in action. Figure 1-8 illustrates the analytical
approaches used in the investigation of a carbonate concretion performed during this
PhD.
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Figure 1-8. Flowchart of the cross-disciplinary methods applied to the study of carbonate concretions during this PhD project. Dashed lines represent procedures that were not applied on all
concretions.
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The Toarcian Oceanic Anoxic Event (T-OAE, ca. 183 Ma): geological
settings
The Toarcian Oceanic Anoxic Event (T-OAE) lead to a 2nd order marine
fauna mass extinction (Cecca and Macchioni, 2004; Macchioni and Cecca, 2002) and
the widespread deposition of OM-rich sediments (Baudin et al., 1990a). During this
event, the carbonate production crisis led to the near disappearance of shallow
carbonate platforms (Dromart et al., 1996; Suan et al., 2008) and the increase of more
clayey sediments (Jenkyns et al., 2002). Across Europe, these OM-rich shales have
become one of the major source rocks for petroleum and therefore have been the focus
of numerous studies.
These Early Toarcian OM-rich sediments have proven to show a very
characteristic δ13Corg trend, which consist of an increase in δ13Corg followed by an
abrupt decrease (as much as 6‰) and another increase in δ13Corg (Jenkyns et al., 2002).
This characteristic carbon isotopic signatures allowed to establish stratigraphic
correlations across sections within Europe (e.g. Cohen et al., 2004; Hesselbo et al.,
2007; McElwain et al., 2005) but also at a global scale for example in Argentina (AlSuwaidi et al., 2010) and Alaska (Magoon and Claypool, 1984). Such variations in
δ13Corg were initially attributed to local upwelling (e.g. Jenkyns, 1988) or variations in
salinity (e.g. Farrimond et al., 1989). Although such local fluctuations may play a role
in the δ13Corg signature of the sediments, the global nature of the event suggests that
these were not the controlling factors. Furthermore, the evidence of parallel trends in
δ13Ccarb and δ13C analyses of biomarkers strongly support a change in the isotopic
composition of the DIC (Schouten et al., 2000b). Carbon isotopic analyses performed
on fossil wood from different European locations (i.e. Denmark and Portugal) also
show the existence of a negative δ13Corg excursion, revealing that the shift in isotopic
composition affects the oceanic, biospheric and atmospheric carbon reservoirs
(Hesselbo et al., 2000, 2007; Kemp et al., 2005).
This global isotopic shift has been attributed to an intense volcanism in the
Karoo-Ferrar province (McElwain et al., 2005; Suan et al., 2008; Svensen et al., 2007)
and/or to a massive methane release from the collapse of gas hydrates (Hesselbo et al.,
2000; Kemp et al., 2005). Detailed studies showed that the release of methane occurred
as three rapid pulses controlled by precession cycles (astronomical climate forcing
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parameter with a frequency of 21 kyr), superimposed upon a larger global warming
(Kemp et al., 2005). However, Wignall et al. (2005) showed that mass extinction was
not synchronised with the release of methane, which occurred later. The biological
crisis occurred in two events that coincided with a major rise in seawater temperature
and could be attributed to two major episodes of degassing of the Karoo-Ferrar
volcanic province having a direct impact on the global warming (Suan et al., 2008).

Study site 1: Posidonia Shale Formation (SW-Germany): the Falciferum
zone
The Posidonia Shale Formation was deposited during the T-OAE. At that
time, the South German sub-basin was one of several partly enclosed basins located
on the structurally rich Western Tethyan shelf (Ruebsam et al., 2014). These basins
were connected to the Arctic via the Viking corridor and to the open Tethys Ocean
toward the South East (Figure 1-9). The depositional conditions were strongly
controlled by sea level changes and the monsoon driven-palaeoclimate.

Figure 1-9. Palaeogeography of the Toarcian and localisation of the sampling site (modified after Ruebsam et
al. (2014).
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Most of the Falciferum zone was deposited during sea level low stand. The
South German sub-basin was endorheic, which led to layered stagnant water
conditions with oxygen-depleted bottom waters (Schmid-Röhl et al., 2002). However,
detailed studies of the Posidonia Shale Formation of SW-Germany indicate that these
long term anoxic conditions were punctuated by short periods of oxygenated bottom
water as suggested by sedimentological and bulk geochemical data (Röhl et al., 2001)
and supported by exhaustive biomarker studies (Frimmel et al., 2004; Schwark and
Frimmel, 2004). The subsequent transgression enhanced water exchange with the
Tethys Ocean and improved the conditions for life at the top of the Falciferum zone
(Röhl et al., 2001).
The Falciferum zone is host to various carbonate rich levels and carbonate
concretions. These concretions were studied during this PhD. They are the lateral
equivalent of the pyritiferous calcite concretions from NE-England that have received
much attention from geologist and inorganic geochemists (e.g. Coleman and Raiswell,
1995; Coleman, 1993; Hudson, 1982).

Study site 2: Shark Bay
Geological settings
Shark Bay is a well-known World Heritage area, located 800 Km North of
Perth on the West Australian coastline. The region is renowned for its beauty and its
scientific significance due to the presence of a great diversity of modern day
stromatolites containing complex microbial communities. Shark Bay is subject to an
arid climate characterised by limited rainfall and intense evaporation (Logan and
Cebulski, 1970; Price et al., 2012). The site that was investigated during this study is
Carbla Beach, located in the eastern side of Hamelin Pool. The Hamelin Pool is a semienclosed shallow basin with a surface of approximately 1400 Km2 (Jahnert and
Collins, 2012) and is subject to high rate of evaporation. This abundant evaporation is
compensated by marine inflow through the Faure Sill, a shallow sand bank that formed
thousands of years ago through the trapping of sediments and organic material by
seagrasses, isolating the Hamelin Pool. Through this inflow, a replacement of 70% to
200% of the Hamelin Pool water volume occurs every year (Price et al., 2012).
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The beach ridges of Hamelin Pool are largely dominated by the Hamelin
Coquina Barrier, that resulted from an accumulation and accretion of bivalves shells
(F. erugatum) leading to hypersaturation in CaCO3 of the Hamelin Pool seawater
(Jahnert et al., 2012). The water is poor in dissolved nutrients (oligotrophic) with
phosphorus being the limiting nutrient and nitrogen requirements are met by
cyanobacterial nitrogen fixation (Smith and Atkinson, 1983). The average water
temperatures are comprised between 15 ˚C and 18 ˚C in winter and 26 C-30 C in
summer, but temperature at intertidal surface can be as high as 45 C-50 C (Allen, 2006;
Bauld, 1984).
Jahnert and Collins (2012) established that all subtidal microbial mats overall
cover approximately 300 Km2 of the total 1400 Km2 of Hamelin Pool. These
ecosystems are prone to lithification (induced biomineralisation) and are strongly
influenced by physicochemical parameters (light intensity, alkalinity, salinity, depth
and wave energy) of the surrounding environment (Logan, 1974), resulting in a great
variety of structures and fabrics (Figure 1-10).
Microbialites and biomarkers
Shark Bay microbialites have been extensively investigated as they are
thought to represent robust modern day analogues of Precambrian stromatolites (e.g.
Burns et al., 2009; Goh et al., 2009). Therefore, their study can help understanding
and unravelling mysteries of early life on Earth. Within this context, the study of
microbial communities present in modern stromatolites is also of major interest in
astrobiology and the search for extra-terrestrial life.
Not all mats present the typical lamination that is observed in most ancient
stromatolites. However, in laminated microbial mats, the vertical organisation of
microbial communities along microscale chemical and physical gradients led to the
optimisation of biogeochemical processes (Pagès et al., 2015; Van Gemerden, 1993).
Shark Bay contains a variety of microbial mats presenting different
morphologies. Six different types of mats were previously described in Hamelin Pool,
with increasing depth these mats are: tufted, pustular, smooth, colloform, cerebroid
and pavement (Jahnert and Collins, 2012). These mat types were characterised based
on their i) microfabrics (e.g. presence or absence of laminar microstructure) (Jahnert
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and Collins, 2012; Reid et al., 2003), ii) presence of specific cyanobacterial species,
based on taxonomy (Jahnert and Collins, 2012), iii) dominant microbial communities,
based on DNA analyses (e.g. Allen et al., 2009; Edgcomb et al., 2014; Goh et al.,
2009) and iv) biomarkers and their isotopic composition (Pagès et al., 2014a, 2014b,
2015).

Figure 1-10. Microbial mats distribution in function of depth in Hamelin Pool (modified from Jahnert and
Collins, 2012).

Modern microbial mat ecosystems are made of complex assemblage of
microbial

communities,

commonly

dominated

by

oxygenic

phototrophic

microorganisms (Atlas and Bartha, 1998). Amongst others, non strict anaerobes
photsynthetic purple sulfur bacteria or strict anaerobic green sulfur bacteria were
reported in microbial mats (Des Marais, 1995; Van Gemerden, 1993). Heterotrophs
e.g. SRB and sulfur oxidising bacteria are also involved in microbial mat ecosystems.
Eukaryotic input from e.g. foraminifers, vascular plants and protists were also reported
in microbial mats.

Aims of the thesis
The main goal of the thesis was to use complementary cross disciplinary
approaches such as sedimentary petrology, inorganic geochemistry and imaging and
organic geochemical proxies, biomarkers and stable isotopes, to investigate OM
preservation associated with different types of microbialites. This multiproxy study
aims to highlight the interest of cross-disciplinary investigation to develop a better
understanding of induced biomineralisation in general, and the potential they hold for
early life and extra-terrestrial studies. Overall, the same techniques were applied to
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concretions from ancient times that were formed within the sediment during the TOAE and to modern stromatolites from a hypersaline tidal environment.
The purpose of the research presented in Chapter 2 was to use a multi-proxy
approach combining biomarkers, stable isotopes, imaging techniques and major, minor
and trace elements distributions to investigate various Jurassic carbonate concretions.
Specifically, concretion growth processes, microbial communities involved in
carbonate precipitation and preservation of OM within the concretions were
investigated. Organic and inorganic data were compared to those of the host euxinic
shale in order to distinguish the specific signatures of the concretions and assess their
potential as palaeoenvironmental recorders.
In Chapter 3, a Jurassic concretion containing an Ichthyosaur vertebra was
studied to try to recover biological signatures from this extinct organism. A combined
method using imaging techniques, biomarkers and stable isotopes was applied to the
ichthyosaurs vertebra and surrounding concretion, to get further palaeobiological
information about this ancient species and its evolution as well as and gain further
understanding of the significance of carbonate concretion in the preservation of
exceptional fossil both morphological (soft tissue) and organic (biolipids).
Chapter 4: the same concretion studied in chapter 3 was investigated using
maleimides and regular isoprenoids (pristane and phytane) and their carbon stable
isotopes. The purpose was to identify the origin of the maleimides detected in the
concretion and bone and determine if they were i) originated in the water column, ii)
derived from heme (from the ichthyosaur) or iii) resulting from contamination by
geochromatography and/or iv) were artefacts from weathering or storage of the
concretion.
Chapter 5 described the investigation of three microbial mats from Carbla
Beach, Shark Bay. Biomarker (including aliphatic hydrocarbons, fatty acid methyl
esters, alcohols, sterols and cyclic terpenoids as well as free fatty acids) and isotopic
analysis were performed on the three types of mats (tufted, pustular and smooth) that
live in supratidal, intertidal and shallow subtidal environments, respectively. Imaging
techniques were used to characterise the microfabrics of three specimens and compare
them to their biological signatures. These variations were also used to evaluate the
27
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influence of water depth on microbial communities’ distributions at shallow depth (01m). In addition, the potential for investigation combining lipids and microfabrics in
microbial mats is highlighted.
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Abstract
Carbonate concretions are widespread within the geological record. However,
the lack of recent known analogues creates a need for novel approaches to unravel the
major microbial players involved in concretion formation and establish their suitability
as palaeoenvironmental recorders. Here, we used a combination of geochemical and
geological techniques to study two pyritiferous calcite concretions and compared the
results with their host sediment (Toarcian “Posidonia Shale”, 183 Ma, SW-Germany).
The

13

C-depleted nature of the concretion bodies, with average values of

δ13Ccarb (–14.8 ‰), δ13Corg (–32.4 ‰), and δ13C n-alkanes (–34.9 ‰), indicates that
sulfate-reducing bacteria (SRB) played a major role in the concretion growth and
preservation of the nucleus via the rapid decomposition of organic matter (OM).
However, Rock-Eval analyses from both concretions revealed elevated hydrogen
indices (HI) in the body and low HI values at the rim. These values suggest that most
of the microbial activity did not occur in the concretion body but rather at the rim and
at the surface of the nuclei, which generally supports the exceptional preservation of
OM in carbonate concretions. Furthermore, enrichment in euhedral pyrite in the
concretion rims suggests they were formed through increased activities of iron
reducing (FeR) bacteria coupled to a decrease of SRB activity leading towards
conditions more favourable to the direct precipitation of pyrite. Despite low δ13C
values, the known lipid biomarkers such as acyclic extended isoprenoids or 3β-methylhopanes did not reveal evidence of an active methane cycling. The present study
emphasises the crucial role of carbonate concretion in OM preservation and highlights
their great potential as palaeoenvironmental recorders.
Keywords: Toarcian; Palaeoenvironment; Sulfate reducing bacteria (SRB);
Iron reducing bacteria (FeR); δ13C; Lipid biomarkers
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Introduction
Subsurface microbial communities decompose organic matter (OM) and
trigger carbonate concretion formation in marine and lacustrine environments (Dale et
al., 2014; Das and Tripathi, 2009; Marshall and Pirrie, 2013; Martill, 1988, 1989;
Raiswell and Fisher, 2000). Carbonate concretions are ubiquitous in the geological
record, and often associated with petroleum source rocks (Kiriakoulakis et al., 2000;
Lash and Blood, 2004; Zatoń and Marynowski, 2004). They often encapsulate
exceptionally well-preserved fossils of different ages and origins (Arua, 1991;
Geraghty and Westermann, 1994; Martill, 1989; Wilson and Brett, 2013). Moreover,
carbonate concretions can also contain exceptionally well-preserved molecular fossils
(Kiriakoulakis et al., 2000; Marynowski et al., 2007a, 2007b; Melendez et al., 2013b,
2013b; Pearson and Nelson, 2005; Zatoń and Marynowski, 2004).
Contemporary analogues are rare and, over the last few decades, several
studies have attempted to unravel details about when, where and how carbonate
concretions were formed by analysing their mineral and inorganic geochemical
composition (Coleman, 1993; Coleman and Raiswell, 1995; Curtis et al., 1987;
Marshall and Pirrie, 2013; Woo and Khim, 2006). Field observations of in-situ
carbonate concretions, as well as macroscopic observations of internal structures,
assisted in characterising the environment of formation. Most calcium carbonate
concretions are suggested to form at a very early stage of diagenesis, within the top
metres of sediment accumulation (Marshall and Pirrie, 2013; Raiswell and White,
1978; Seilacher, 2001; Sellés-Martínez, 1996). Furthermore, the presence of intact
three-dimensional fossils and “card house” clay fabric in many calcium carbonate
concretions is concordant with their early formation and highlights the ability of
carbonate concretions to resist compaction (Das and Tripathi, 2009; Geraghty and
Westermann, 1994; Lash and Blood, 2004; Martill, 1988; Zatoń and Marynowski,
2004).
The association of carbonate concretions with OM-rich pelitic shales reveals
a formation under anoxic environmental conditions. In such conditions, OM decays at
the sediment/water interface and is controlled by anaerobic micro-organisms. Berner
(1968) and Allison (1988b) established that microbial OM degradation was
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responsible for local changes in porewater chemistry. These changes can lead to the
formation of a Ca-rich adipocere film playing a pivotal role in the formation of
carbonate concretions. Sulphate reducing bacteria (SRB) obtain energy by oxidising
organic compounds while reducing sulphate (SO42-) to hydrogen sulfide (H2S)
(Equation 2-1). They are believed to play major role in the formation of calcium
carbonate concretions (Coleman, 1993; Coleman and Raiswell, 1980, 1995;
Kiriakoulakis et al., 2000; Melendez et al., 2013a, 2013b) based on the following
general reaction:

Equation 2-1. Sulfate reduction

The role of an active cycling of methane via the involvement, in the microbial
consortium, of methanogenic archaea, anoxic methane oxidizers (Equation 2-2) is still
poorly understood (Coleman, 1993; Coleman and Raiswell, 1995; Curtis et al., 1987;
Kiriakoulakis et al., 2000; Woo and Khim, 2006). Such a consortium has been found
in anoxic marine environments, notably gas hydrates (Boetius et al., 2000; Hinrichs
and Boetius, 2002), but is yet to be associated with concretions.

Equation 2-2. Anaerobic oxidation of methane

Most studies of carbonate concretions have relied on inorganic geochemistry
and petrological observations. However, relatively little attention was given to organic
geochemical parameters to better understand concretion growth processes
(Kiriakoulakis et al., 2000; Melendez et al., 2013a; Pearson and Nelson, 2005; Wolff
et al., 1991; Zatoń and Marynowski, 2004; Zatoń et al., 2011) or to establish a
thorough comparison with their host rock (Marynowski et al., 2007a, 2007b; Melendez
et al., 2013a).
The limited occurrence of known modern analogues for carbonate
concretions (Reitner et al., 2005) complicates the use of DNA in the identification of
microbial communities. However, work on modern microbialites supports a more
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complex ecosystem than originally expected (Burns et al., 2009; Edgcomb et al., 2014;
Pagès et al., 2014a, 2014b).
In order to obtain further insights into the complex ecosystems involved in
subsurface diagenetic environments, multidisciplinary techniques need to be applied.
Here we report the first integrative approach, using geological, organic and inorganic
geochemistry, to gain a better understanding of concretion growth processes and
identify the microbial communities involved in the formation of two carbonate
concretions. Furthermore, a systematic comparison of the concretions with their
surrounding shale was undertaken to identify geochemical variations between the
concretion and the host sediment showing the concretions’ potential to be used as a
palaeoenvironmental recorder.
More specifically, we aim to i) characterise the timing of formation of the two
concretions; ii) identify marker and footprints of microbial activity, iii) establish their
significance for palaeoenvironmental reconstruction and iv) investigate the
preservation properties of carbonate concretion using bulk OM proxies.

Palaeoenvironmental settings
During the Jurassic, Europe was located on a broad and shallow continental
shelf that deepened towards the South-East of the Tethys Ocean (Frimmel et al., 2004;
Jenkyns, 2010; Röhl et al., 2001; Ziegler, 2005). The shallow shelf featured several
deeper sub-basins within which episodically restricted water circulation at relatively
low sea level occurred (Röhl et al., 2001; Schmid-Röhl et al., 2002; Schwark and
Frimmel, 2004). Moreover, global warming and methane release related to
astronomical cycles (Cohen et al., 2004; Hesselbo et al., 2000; Kemp et al., 2005;
Ruebsam et al., 2014) as well as tectonic activity (break-up of the Pangea) led to a
major

marine

transgression

during

the

Early

Jurassic.

These

profound

palaeoenvironmental changes led to widespread deposition of OM-rich sediments
(Baudin et al., 1990b).
A detailed description of the Palaeogeographical and palaeoclimatic settings
associated with the deposition of the Posidonia Shale of SW-Germany during the
Lower Toarcian is presented elsewhere (Cohen et al., 2004; Röhl et al., 2001;
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Ruebsam et al., 2014; Schmid-Röhl et al., 2002). Here, we provide a short overview
of the palaeoenvironment during the deposition of the studied section. The Posidonia
Shale of SW-Germany was deposited in the SW-German Basin, a deep sub-basin of
the epicontinental basin system of the Western Tethyan Shelf (Ziegler, 2005). The
sediment accumulation was mostly controlled by sea-level variations. Enhanced
anoxia and subsequent deposition of the OM-rich black shale occurred during
intermediate sea level whereas phases of sea level highstand led to increased
oxygenation of the water through a better connection to the Tethys Sea (Frimmel et
al., 2004; Röhl et al., 2001; Schmid-Röhl et al., 2002). During the deposition of the
lower H. serpentinum zone (Figure 2-1), a warm and humid, monsoonal driven
climate (Röhl et al., 2001) was prevalent in SW-Germany. Eutrophication of the
epicontinental seas (Cohen et al., 2004; Ruebsam et al., 2014) took place and episodic
photic zone euxinia (PZE) in the sub-basins has been previously reported (Berner et
al., 2013; Bour et al., 2007; Jenkyns, 2010; Pancost et al., 2004; Röhl et al., 2001;
Schouten et al., 2000b; Schwark and Frimmel, 2004).
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Figure 2-1. Stratigraphy of the Dotternhausen quarry, modified from Frimmel et al. (2004).
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Material and methods
Study site
The concretions used for this study were collected from the Lower Toarcian
Posidonia Shale Formation from the former Rohrbach now HOLCIM Cement quarry
of Dotternhausen (SW-Germany) (Figure 2-2). Based on the comparison of
microfacies, lithology and geochemical signatures with previous analyses of sediments
from the same location (Frimmel et al., 2004; Röhl et al., 2001; Schwark and Frimmel,
2004); these concretions derive from directly above one of the major carbonate
horizons (the “Unterer Stein”), within the lower H. serpentinum zone (Ruebsam et al.,
2014; Wignall et al., 2005b) also known as H. falciferum zone (Frimmel et al., 2004;
Seilacher, 2001) although exact stratigraphic position could not be determined after
blasting (Figure 2-1).

Figure 2-2. Map of SW-Germany, outcrop area of Lower Toarcian sediments (black), main cities (cross) and
sampling location (yellow star). (For interpretation of the references to colour in this figure legend, the reader
is referred to the online version of this article). Modified from Röhl et al. (2001).
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Sample description and preparation
Two concretions (A and B) of ovoidal shape, with a longest diameter nearing
the 40 cm, were selected. A slice was cut vertically through the centre of each
concretion revealing a “jet” nucleus (Figure 2-3A, B) and the presence of sedimentary
bedding (Figure 2-3A, B, C). Based on morphological features, the slices were further
divided into three different zones referred to as i) nucleus (jet), ii) body and iii) rim
(Figure 2-3C). Subsamples were taken radially from the concretion body to the rim.
This mode of sampling was previously performed only in parallel to the bedding plane
(Coleman and Raiswell, 1980; Raiswell, 1976, 1982). In this study, additional samples
normal to bedding were also taken (Figure 2-3D) to perform a more thorough
comparison. A further sample was collected from the host H. serpentinum zone shale
for a detailed mineralogical and geochemical comparison with the two concretions.
Sample blocks (5 cm3) were sonicated three times in a mixture of dichloromethane:
methanol (DCM: MeOH) at 9:1 (v:v) for 15 min to remove surficial organic
contaminants. Each analysis corresponds to an average of the sampling area due to the
size of each sample.
Most geochemical analyses were performed on samples from both
concretions and the host sediment. A detailed description of which analysis techniques
have been applied to each individual sample can be found in Table 2-1.
Samples for mineralogy and geochemical analyses were crushed manually
and ground using a Zircon mill in a benchtop ring mill (Rocklabs) after the selection
of areas for thin section preparation. Pre-annealed sand was subject to the same
procedure and used as procedural blank for lipid biomarker analyses.
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Figure 2-3. Macroscopic photo of the concretions investigated (A & B) and schematic illustration of their
features (C). D displays the sampling scheme used in the text body with an additional prefix corresponding to
the concretion (A & B). Concretion A was not sampled at location V2 (sample AV2)

X-ray diffraction (XRD)
Powdered XRD analyses were used to identify mineral species present in the
samples. All concretion samples (Table 2-1) and the surrounding host-rock were
measured using a Bruker-AXS D8 Advance Diffractometer with CuKα radiation and
a LynxEye position sensitive detector. Data were collected from 7.5 to 90 °2ϴ, with a
nominal step size of 0.015 and a collection time of 0.7 s per step. Crystalline phases
were identified using the Search/Match algorithm, DIFFRAC.EVA 3.1 (Bruker-AXS)
to search the Powder Diffraction File.
Petrography and scanning electron microscopy (SEM)
Thin sections were studied using classical optical microscopy as well as SEM.
Backscattered electron images were taken on carbon coated thin sections using a Zeiss
Ultra-Plus FEG-SEM coupled with a Bruker X-Flash energy dispersive X-ray
spectroscopy (EDS) detector for elemental analyses. An accelerating voltage of 20 kV
in high current mode was used.
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Whole rock geochemistry
Major and trace element whole rock analyses (2 g) were carried out by
inductively coupled plasma mass spectrometry (ICP-MS) at ACTLABS, Ancaster,
Canada. The samples were prepared following the standard procedures outlined in the
protocol Ultratrace-7 (see Actlabs.com). In short, samples were fused using sodium
peroxide, diluted and analysed. Blanks were fused and run in triplicates every 22
samples.
Carbonate stable isotopes
Carbon isotopic values were measured on ground samples using a Kiel III
carbonate preparation line connected to a Thermo Fisher 252 isotope ratio mass
spectrometer. Powdered samples were treated with 100 % phosphoric acid at 70 °C.
Values for carbon and oxygen of the carbonate were given in δ-values (δ13Ccarb) and
reported in permil (‰) relative to Vienna PeeDee Belemnite standard (VPDB).
Reproducibility of the analyses was estimated by duplicate analyses which all had
standard deviations of < 0.1 ‰.
Bulk organic geochemistry
Decalcification of ground samples was achieved by using HCl (6 M) to
remove calcium carbonate. Aliquots of dried residues (50 °C, 72 hr) were subject to
standard organic geochemical analysis: a ROCK-EVAL II PLUS analyser (Vinci
technologies) was used to determine the hydrogen index (HI); a Vario CNS-Elemental
Analyser (Elementar®) was employed to estimate the total carbon content of the
decarbonated samples (TOCcf). The carbonate content was estimated based on the
weight loss related to carbonate dissolution by HCl. Bulk organic geochemical
analyses were run in duplicate or triplicate when possible and standards were run every
10 samples.
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Table 2-1. Overview of the methods applied to the different samples taken from both concretions and from the Posidonia Shale (abbreviations and units are defined in section Material and
Methods- Whole rock geochemistry).

Sample

XRD

Thin sections

concretion B

concretion A

Optic

Posidonia
Shale

✓

SEMEDS
✓

ICP-MS

δ13Ccarb Bulk
δ13C OM

RockEval

Elemental
analysis

GC–MS GC–
irMS

✓

✓

✓

✓

✓

✓

GC–MRM

AH1

✓

AH2

✓

✓

✓

✓

✓

✓

✓

AH3

✓

✓

✓

✓

✓

✓

✓

AH4

✓

✓

✓

✓

✓

✓

✓

✓

AV1

✓

✓

✓

✓

✓

✓

✓

✓

AV3

✓

✓

✓

✓

✓

✓

✓

AV4

✓

✓

✓

✓

✓

✓

✓

✓

BH1

✓

✓

✓

✓

✓

✓

✓

✓

BH2

✓

✓

✓

✓

✓

✓

✓

✓

BH3

✓

✓

✓

✓

✓

✓

✓

✓

✓

✓

BH4

✓

✓

✓

✓

✓

✓

✓

✓

✓

✓

✓

BV1

✓

✓

✓

✓

✓

✓

✓

✓

✓

BV2

✓

✓

✓

✓

✓

✓

✓

✓

BV3

✓

✓

✓

✓

✓

✓

✓

✓

BV4

✓

✓

✓

✓

✓

✓

✓

✓

SS

✓

✓

✓

✓

✓

✓

✓

✓

✓

✓

✓
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Lipid biomarker geochemistry
Ground samples and a procedural blank were Soxhlet extracted with a
mixture of (DCM: MeOH) at 9: 1 (v/v) for 72 h. Activated copper turnings were added
to remove elemental sulfur. The total lipid extract (TLE) was adsorbed onto activated
silica gel (at 160 C for at least 24 h). Column chromatography was performed on a
large column (20 cm × 0.9 cm i.d.) filled with activated silica gel (150 °C overnight).
The aliphatic fraction was eluted using 35 mL n-hexane, the aromatic fraction eluted
using DCM in n-hexane (40 mL, 30 %) and the polar fraction was eluted using a
mixture of DCM: MeOH (1:1).
Analyses by Gas Chromatography–Mass Spectrometry (GC–MS)
GC–MS analyses of the aliphatic and aromatic fractions were performed
using a Hewlett Packard 6890 gas chromatograph (GC) with an on-column injector.
The GC was fitted with a 60 m × 0.25 mm i.d. WCOT fused silica capillary column
coated with a 0.25 μm film (DB-5MS, J&W Scientific). The oven was programmed at
an injection temperature of 40 °C with an initial hold time of 1 min. Temperature was
increased at a rate of 3 °C/min to 330 °C and kept isothermal for 35 min. Ultra-high
purity helium was used as a carrier gas and maintained at a constant flow of
1.1 mL/min. An Agilent 5973 mass selective detector (MSD), interfaced with the GC,
was operated at 70 eV and a source temperature of 230 °C with mass spectra acquired
in full scan mode from 30 to 580 Da at about 4 scans per second.
GC–MS-MS
To determine the presence and type of methyl-hopanes, aliphatic fractions of
concretion B samples were analysed on Agilent 6890 coupled to Chromtech Evolution
GC – MS/MS operated in multiple reaction monitoring (MRM) mode. The GC was
fitted with a 30 m DB-1 column with an internal diameter of 0.25 mm, and a film
thickness of 0.25 mm (Agilent J&W); high purity Helium was used as a carrier gas at
a flow of 1.1 mL/min. The oven was programmed from 180 °C to 320 °C at a rate of
2.0 °C/min. The ion source was operated at 70 eV, and 150 °C, the analyser at 230 °C.
Identification of methyl-hopanes was achieved by monitoring the precursor product
reactions of 440 to 205 Da, 454 to 205 Da, 468 to 205 Da and 482 to 205 Da. Data
were processed using the Evolution Evo-driver software.
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5 A molecular sieving
Molecular sieving and subsequent analyses were performed on the aliphatic
fractions of the surrounding shale sample and representative samples of each
concretion (samples AH1, AH4, AV1, AV4 and samples BH1, BH4 and BV1).
Aliphatic fractions were diluted in cyclohexane (2 mL) and then transferred to a 2 mL
reaction vial partially filled (3/4) with 5 A molecular sieves. Capped vials were placed
in the oven at 80 °C overnight. The sieves were rinsed in a Pasteur pipette with
cyclohexane (approximately 4 mL) yielding the branched/cyclic fractions. Sieves with
n-alkanes were dried and transferred into Teflon tubes that were placed in an ice bath.
N-hexane was added to cover the mixture, along with 20 –30 drops of hydrofluoric
acid (HF). A clean Teflon covered magnetic stirrer was added to each tube until the
sieves had dissolved (60 min). HF was neutralised using a saturated sodium
bicarbonate solution. The n-hexane layer was collected and filtered through a small
column (0.5 × 2 cm) containing magnesium sulfate (MgSO4) to remove water and the
isolated pure n-alkane fraction was collected.
Gas Chromatography-Isotope Ratio Mass Spectrometry (GC–irMS)
GC–irMS analyses were performed on a Thermo Scientific Trace GC Ultra
interfaced to a Thermo Scientific Delta V Advantage mass spectrometer via a GC
isolink and a Conflow IV. The reactors consisted of a combustion interface (ceramic
tube lined with NiO and filled with NiO and CuO) which was held at 1000 °C for δ13C
analyses. GC column, carrier gas, injector conditions and oven temperature
programmes were identical to the settings for GC–MS analyses. The δ13C values of
the compounds were determined by integrating the ion currents of masses 44, 45 and
46, and are reported in permil (‰) relative to the VPDB standard. Reported values are
the average of at least two analyses with standard deviation of < 0.6 ‰. Standard
solutions containing compounds with known isotopic compositions were run in
duplicate every third samples to confirm accuracy of the measurements.
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Results
Mineral composition and microscopic observations
XRD analyses revealed that the mineral phases present were identical for both
concretions: a concretion body consisting of calcite only (Figure 2-4A) and a rim
dominated by calcite and pyrite with small contributions of quartz (Figure 2-4B). The
mineralogy of the rim represents a transitory composition with characteristics related
to the concretion (i.e. abundant calcite) and to the surrounding Posidonia Shale (i.e.
abundant pyrite, quartz) (Berner et al., 2013; Röhl et al., 2001). Optical microscopy
revealed that calcite is present as micritic groundmass in the concretions. However,
the concretion body also contains abundant foraminifera that have been recrystallised
into sparite and coccoids, which had recrystallised into microspar (Figure 2-5A), plus
some bivalve remains (Figure 2-5B). SEM observations revealed the presence of small
(300 μm), round and very homogenous calcium carbonate objects (Figure 2-5E) that
likely represent the sparite-recrystallised foraminifera observed in optical microscopy.
In the concretions, pyrite is dominantly located in the rims as shown by XRD analyses.
However, optical microscopy and SEM showed the presence of pyrite encapsulating
the OM-rich nucleus and separating it from the carbonate body of the concretion
(Figure 2-5C). The body contains few euhedral pyrite crystals (5–10 μm), in some
case closely related to framboidal pyrite (Figure 2-5D). The rim is characterised by
euhedral pyrite crystals that combine into agglomerates that can reach 150 μm in size
(Figure 2-5F) and remnants of quartz grains.
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.
Figure 2-4. X-ray diffraction pattern for concretion A: body (A), rim (B) and surrounding Posidonia Shale (C).
The mineral complexity is increasing from the body (AH1) to the rim (AH 4) and the host sediment. The
Posidonia Shale contains some traces of detrital mineral (phyllosilicates) as well as dolomite and gypsum (likely
a weathering by-product of pyrite). These minerals are not detected in the concretions, likely due to the calcite
diluting the signal.
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Figure 2-5. Optical and SEM imaging. A–B) optical microscopy transmitted light. A) Spar-recrystallised
foraminifera (Sp) and microspar-recrystallised coccoids (Msp) in a micritic cement (Mic). B) Bivalve shell in
micritic matrix. C) Optical microscopy reflected light, transition from the nucleus to the concretion body,
presence of abundant and well developed pyrite microcrystals between the euhedral pyrite (Epy). D–E–F)
Backscattered SEM imaging. D) Relation between two types of pyrite, Epy and framboidal pyrite (Fpy). E)
Characteristic concretion body with small and sparse pyrite crystals. White-dashed-circled areas correspond to
spar-recrystallised foraminifera. F) Characteristic features of the rim are the very abundant Epy (white) forming
agglomerates as well as the presence of small quartz grains (arrows).
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The Posidonia Shale shows a more complex mineralogy with a predominance of both
calcite and quartz. It also contains abundant pyrite, described as framboidal by Berner
et al. (2013) as well as minor amount of phyllosilicate minerals (e.g. muscovite and
clays). Some dolomite is present and traces of gypsum are detected, likely a by-product
of pyrite weathering (Figure 2-4C).
Major and redox sensitive element distributions
ICP-MS analyses reveal many common characteristics for both concretions,
notably a very low content of most elements (often below detection limits) other than
the major elements present in the formula of calcite and pyrite minerals (Ca, Fe, and
S). The next most abundant element present is Mg which correlates strongly with the
distribution of Ca (r2 > 0.9). Other major elements (Al, K and Si), characteristic of
detrital material, are present at low concentrations in the rim (Table 2-2) and often
below detection limits in the concretion bodies. In both concretions, Fe and S show an
increasing trend from the centre of the body towards the rim, associated with a
decrease in Ca (detailed in Table 2-2). The increase in Fe and S occurs abruptly in
concretion A; whereas in concretion B the increase is more progressive. The Fe/S
ratios of ~ 0.5 show that in the concretion bodies, Fe and S are related to iron sulfides,
presumably pyrite and an additional S-rich phase, e.g. elemental sulfur or aqueous
FeS-clusters. However, the ratio increases in the pyrite-rich areas for both concretions
(~ 0.8), suggesting that in the concretion body S is present dominantly as pyrite. Nonpyritic S is most likely present as elemental sulfur, but its occurrence in other mineral
phases, below the detection threshold of XRD analyses, is also a possibility.
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Table 2-2. Elemental composition from ICP-MS analyses of major and redox sensitive elements of interest and Fe/S ratio based on ICP-MS measurements.

Ca
(%)
39

Fe
(%)
0.25

K (%)

AH1

Al
(%)
0.34

S (%)

Si (%)

< 0.1

Mg
(%)
1.22

Mo
(ppm)
2

Pb
(ppm)
< 0.8

Sn
(ppm)
0.7

Fe/S

0.97

Cu
(ppm)
6

0.47

AH2

0.35

37.8

0.26

0.1

1.11

0.45

0.97

4

2

< 0.8

< 0.5

0.6

AH3

0.33

36.7

0.34

0.1

0.97

0.57

0.97

18

19

1.8

15.6

0.5

AH4

0.69

29.4

8.61

0.2

0.61

10.5

2.41

11

19

0.8

1.4

0.8

AV1

0.36

37.7

0.43

0.1

1.01

0.67

1.01

4

<1

< 0.8

< 0.5

0.6

AV2

0.33

37.4

0.41

0.1

0.99

0.67

1

8

2

< 0.8

< 0.5

0.6

AV3

0.36

31.2

6.14

0.1

0.71

7.65

1.02

4

14

< 0.8

< 0.5

0.8

BH1

0.29

35.9

0.62

< 0.1

1.09

1.49

0.88

14

3

< 0.8

< 0.5

0.4

BH2

0.31

39.2

0.28

0.1

1.19

0.66

0.93

<2

<1

< 0.8

< 0.5

0.4

BH3

0.34

35.2

2.76

< 0.1

0.95

3.63

0.95

16

6

3.1

2.5

0.8

BH4

0.74

27.2

10.2

0.2

0.54

12.5

3.18

5

22

1.8

< 0.5

0.8

BV1

0.3

36.7

0.35

< 0.1

1.14

0.68

0.84

13

2

3.9

< 0.5

0.5

BV2

0.37

37.7

0.42

0.1

1.12

0.75

1.06

3

<1

< 0.8

< 0.5

0.6

BV3

0.38

34.6

2.35

< 0.1

0.9

3.06

1.06

<2

5

< 0.8

1.9

0.8

BV4

0.8

25.6

9.99

0.2

0.52

12

2.51

7

18

5.2

< 0.5

0.8

Posidonia
Shale

4.52

14.5

3.34

1.4

0.88

3.64

13

85

12

11.7

2.8

0.9

0.5
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Figure 2-6. Evolution trends from the inner body to the rim for both concretions. A–B) Evolution of redox
sensitive elements measured by ICP-MS showing similar overall trends for the concretions. C–D) δ13Ccarbonates
and CaCO3 content, showing a decrease in calcite coupled with an increase in δ13C towards the rim. E-F) Bulk
organic geochemical signal, obtained by Rock-Eval and CNS elemental analyses. HI and TOCcf both display
decreasing trends towards the rim.
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The distribution of redox sensitive elements (Cu, Mo, Pb and Sn) varies
differently depending of the sampling direction (Figure 2-6A, B). Parallel to the
bedding, a redox front is present before the rim (samples AH3, BH3) as shown by an
increase in redox elements. In concretion A, this peak is followed by a decrease in
association with the rim (AH4), while in concretion B, Mo increases (BH4). Normal
to the bedding, Mo increases within the rims for both concretions. Different trends are
otherwise observed between the concretions, which are probably influenced by the
sedimentary bedding inherited from the host sediment.
In the host sediment, Ca and Si are the most abundant elements in accordance
with abundant calcite and quartz minerals detected using XRD analyses. Fe and S are
more abundant than in the concretion bodies but less abundant than in the rims. Fe and
S distribution is related to the presence of abundant framboidal pyrite. Mg shows a
slightly lower concentration than in the concretion bodies. All other elements are more
abundant in the Posidonia Shale than in the concretions. Detailed data is presented in
Table 2-2.
Carbonate composition and 13C isotopes
Both concretions showed similar trends, displaying low δ13Ccarb associated
with high carbonate proportion in the concretion body and enrichment in

13

C, coupled

with a decrease in carbonate content in the rim. The details are presented in Table 2-3
and outlined below. The inner samples of both concretions are rich in calcite
(> 90 wt.%) with δ13Ccarb values of –14.6 ± 0.6 ‰ and –15.4 ± 0.3 ‰ for concretions
A and B, respectively. Both concretion rims are characterised by a strong decrease in
carbonate content, horizontally and vertically, down to 75 % and 65 % for concretions
A and B, respectively. This decrease in carbonate is associated with an increase in
δ13Ccarb values up to an average of –11.5 ‰ for concretion A (Figure 2-6C) and 8.9 ‰ for concretion B (Figure 2-6D). A difference between the two concretions is
reflected by the gradual decrease in carbonate content and associated variation of
δ13Ccarb values in concretion B outermost body samples (BH3 and BV3) whereas, in
concretion A, such variations are abrupt and only associated with the rim.
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Table 2-3. Bulk organic and inorganic parameters. TOC content and HI values, carbon isotopes of the kerogen
and of the carbonates and proportion of carbonates within each sample.

AH1

TOCcf
(wt %)
20.9

HI
(mgHC/gTOC)
760

δ13Corg
(‰)
–32.4

δ13Ccarb
(‰)
–15.5

CaCO3
(wt %)
96

AH2

20.4

740

–32.5

–15.0

96

AH3

19

810

–32.5

–14.3

95

AH4

5.6

640

–32.2

–10.4

74

AV1

18.9

740

–32.5

–14.5

95

AV2

20

750

–32.4

–14.4

95

AV3

5.3

580

–32.1

–12.6

83

BH1

11.5

650

–32.2

–15.6

93

BH2

17.3

n/a

–32.5

–15.3

96

BH3

7.3

640

–32.5

–13.7

92

BH4

5

580

–32.3

–8.0

67

BV1

19.6

700

–32.7

–15.6

96

BV2

16.7

720

–32.5

–15.1

95

BV3

10.2

670

–32.5

–13.8

86

BV4

6.5

590

–32.2

–9.7

70

Posidonia
Shale

15.6

820

–30.7

–1.8

40

By comparison, the Posidonia Shale sample has a carbonate content of
40 wt.% CaCO3. The δ13Ccarb value of –1.8 ‰ is much enriched in 13C compared to the
concretions, and is within the values recorded in marine carbonates (from –2 ‰ to
+3 ‰) (Tucker et al., 1990).
Organic carbon content and preservation parameters
Both concretions show similar horizontal and vertical trends high TOCcf and
HI values in the concretion body decreasing towards the rim. Furthermore, δ13Corg
values are constant throughout both concretions with an average of δ13Corg = –
32.4 ± 0.2 ‰ (Table 2-3).
Concretion A shows constant TOCcf values of ~ 20 wt.% in the body and an
abrupt shift associated with the rim (TOCcf = 5.2 wt.%). HI follows the same trend
with high values associated with the concretion body (~ 760 mg HC/gTOC) and an
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abrupt decrease within the rim (~ 610 mg HC/gTOC) (Fig. 6E). In concretion B, the
TOCcf and HI values of the body are lower (~ 14 wt% and ~ 670 mg HC/gTOC,
respectively) than in concretion A. The outward decrease in TOCcf and HI occurs
gradually (Figure 2-6F) from the inner body to the rim where they reach 6 wt.% and
585 mg HC/gTOC, respectively (Figure 2-6F).
The TOCcf content of Posidonia Shale (15.6 wt.%) was comparable to the one
of the concretions, whereas HI (820 mg HC/gTOC) was higher. The Posidonia Shale
showed a δ13Corg value of –30.7 ‰, which is enriched in 13C in comparison to both
concretions.
Lipid biomarkers and their compound specific stable isotope signatures
Aliphatic hydrocarbons
Aliphatic hydrocarbon distributions were qualitatively similar for both
concretions and the Posidonia Shale. Regular isoprenoids pristane (Pr) and phytane
(Ph) predominated in all samples. The fraction is dominated by short and medium
chain n-alkanes (n-C15–n-C26) and reaches a maximum at n-C17. Long chain n-alkanes,
as high as n-C37, are also present in lower abundance (Figure 2-7). C27 and C29 ααα 20R
are the most predominant steroids, while C28 and C30 ααα 20R are also relatively high
in abundance throughout the concretions. In comparison, the ααα 20S isomers are low
in abundance. In both concretions, C27/C29 ratio is higher in the concretion body than
in the rim. Biomarkers indicative of archaea e.g. squalene and crocetane were not
detected in any of the concretions or in the host sediment. Hopanes range between C29
and C35 with the dominant analogues being C29 αβ and C30 αβ. C32 to C36 methylhopanes were detected in concretion B (Figure 2-8). 2α-methyl-hopanes are dominant
in C32, C34 and C36 methyl-hopanes traces. C33 and C35 traces are marked by a decline
of 2α-methyl-hopanes, which enhances the relative 3β-methyl-hopanes proportion,
despite 3β-methyl-hopanes remaining low in abundance (Figure 2-8).
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Figure 2-7. n-Alkanes abundance and stable carbon isotope compositions. Semi quantitative abundance of n-alkanes is representative of all samples. Stable isotopes analyses of
carbon on n-alkanes were performed on the Posidonia Shale host sediment and on both concretions. Two samples from the concretion A body (AH1 and AV1), and two samples
from the concretion A rim (AH4 and AV4) are shown in grey. Two samples from the concretion B body and one sample from the concretion B rim are represented in green. The
higher δ13C values noted for n-C35 in the host sediment are likely due to a minor co-elution with lycopane.
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Figure 2-8. MRM chromatograms of the typical methyl-hopane distributions in concretion B. Me = methyl, S
and R represent the stereochemistry at C22.
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Compound specific isotope analyses (CSIA) of the aliphatic fractions
revealed overall similar trends for both concretions and the Posidonia Shale. Low
molecular weight n-alkanes (LMW, ≤ n-C23) show homogenous isotopic composition
while high molecular weight n-alkanes (HMW, ≥ n-C24) vary more (Figure 2-7). The
concretions are 13C-depleted, with an average δ13C of –34.7 ± 0.5 ‰, compared to the
Posidonia Shale (δ13C = –33.4 ± 0.5 ‰). Odd HMW n-alkanes C33, C35 and C37 are
consistently more

13

C-enriched than their even counterpart a feature inverse to that

known from plant waxes (Zhou et al., 2010).
Aryl isoprenoids
Aryl isoprenoids (AI) were studied extracting the m/z 133 ion. A series of AI
ranging from C13 to C23, showing the 2,3,6-trimethylation pattern, as well as
isorenieratane, were present in the Posidonia Shale. All concretion samples also
contained AI and traces of isorenieratane at lower peak intensities. Both AI and
isorenieratane signals were greater within the rim than in the concretion body. AI ratio
(AIR), as defined by Schwark and Frimmel (2004), is plotted against the Pr/Ph ratio
for all samples (Figure 2-9) highlighting differences between concretions A and B and
the Posidonia Shale. Concretion B signal is more closely related to the Posidonia Shale
and used as a reference sample in this study.
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Figure 2-9. Modified From Schwark and Frimmel (2004). Crossplot of the molecular redox indicator
pristane/phytane (Pr/Ph) against the aryl isoprenoid ratio (AIR). Black and white values
Schwark and Frimmel (2004), red

correspond to concretion A and blue

Posidonia Shale used as a reference is plotted as grey

were measured by

reflect concretion B. The

and shows stronger similarities with concretion B

body.

Early diagenetic concretion formation
The most reliable indicator for early diagenetic concretion formation (i.e.
early in the sediment evolution and consequently at shallow burial) is the three
dimensional preservation of fossils within the concretion (Marshall and Pirrie, 2013;
Raiswell and Fisher, 2000). This fossil played the role of concretion nucleus and
triggered the concretion formation. Here, the preservation of the jet nuclei strongly
suggests an early diagenetic concretion growth at shallow depth. Furthermore, the
ovoidal shape of the concretions as well as the preservation of the sedimentary
bedding, which showed no bending around the nucleus (Figure 2-3), support the
general notion that concretions were formed at a shallow depth within a water71
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saturated, uncompacted sediment (Marshall and Pirrie, 2013; Seilacher, 2001; SellésMartínez, 1996).
Microenvironmental changes related to microbial activity
Due to the absence of present/recent analogues for concretion formation,
different approaches were used to identify the microorganisms involved in their
formation. Coleman and Raiswell (1995) used inorganic geochemical proxies to
propose a dynamic model for the formation of carbonate concretions that present a
pyritic rim. The carbonate concretions that were investigated did not present any OMrich nucleus. Their findings suggest that intense SRB activity at a centre of OM decay
led to abundant production of H2S. This resulted in an excess of H2S relative to the
Fe2+ available in-situ (supplied by siliciclastic minerals or their coatings present in the
host sediment). This excess of H2S coupled to the limited supply of Fe2+ led to the
direct precipitation of euhedral pyrite crystals around pyrite framboids and the outward
diffusion of excess H2S. This process continued until the diminution of H2S available
matched the inward diffusion of Fe2+ from the sediment and led to the precipitation of
abundant euhedral pyrite, defining the pyritic rim of the concretion.
In the present study, OM-rich (jet) nuclei are preserved. The decay of such
OM-rich nuclei was likely the triggering factor for the concretion growth. An intense
SRB activity took place around the jet nuclei, leading to the precipitation, from
porewater, of abundant pyrite microcrystals at the boundary between the nucleus and
the carbonate (Figure 2-5C). This OM decay and microbial activity resulted in
complex microscale variations in the porewater microenvironment. Variations in pH
and redox state are likely to occur in marine anoxic environments. Bacterial sulphate
reduction (Equation 2-1), methanogenesis /methanotrophy (Equation 2-2) and the
precipitation of pyrite are as many mechanisms that can affect the redox environment
of the porewater (Coleman and Raiswell, 1995). Moreover, the nature of the decaying
OM (animal vs. plant) could play a significant role in the porewater chemistry and
reactions involved in the formation of carbonate concretions. These changes are
typically recorded by the distribution of redox sensitive elements, as shown in Figure
2-6A, B. These redox conditions are complex and are not discussed further in this
study. A major by-product of these complex porewater chemical variations is the
precipitation of minerals (calcite and pyrite), as observed herein.
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In addition, the isotopic discrepancy in δ13Ccarb between the Posidonia Shale
and the concretion reflect important isotopic fractionation during the formation of the
carbonate concretions, and a different HCO3- source for the precipitation of calcite
than the typical marine carbonate. This implies that the concretion formed pervasively,
in relation to very intense microbial activity around the nucleus. Microbial consortia,
likely dominated by SRB, decomposed the OM of the nuclei and produced abundant
HCO3- with an isotopic signature in the range of the OM that is being used as a carbon
source (13C-depleted) (Pearson and Nelson, 2005). The HCO3- is made available for
precipitation of carbonate that inherits this strongly negative δ13C value which is in
line with previous work on carbonate concretions (Coleman, 1993; Coleman and
Raiswell, 1995; Marshall and Pirrie, 2013). This eogenetically induced precipitation
of carbonate, as a cement filling the porosity of the sediment, results in the formation
of the 13C-depleted carbonate (Table 2-3) measured within the concretion. Carbonate
concretions can, therefore, be identified as induced biomineralisation and
consequently referred to as microbialites (sensu latu).
In the concretion body, the very abundant calcite (dominantly present as
homogenous micritic cement) is in agreement with a very intense precipitation of
carbonate by microbial activity (Flügel, 2010).
The concretion rim is marked by remaining quartz grains, as well as abundant
authigenic pyrite agglomerates in the concretion rim (Figure 2-5F) that support a
lesser micritisation. The present data show that the concretion body was formed during
intense SRB activity, while the rim corresponds to a decrease in bacterial sulphate
reduction. Here diminished diffusion of H2S (Coleman and Raiswell, 1995) and/or a
change in bacterial community, potentially with an enhanced Fe reduction (FeR)
activity, led to a rise in Fe2+ concentration (Curtis et al., 1986).
C29 steranes increase within the rim, however C27 steranes remain dominant.
This change in the relative abundance of the two eukaryotic markers could indicate a
change in the balance of the source organisms’ ecosystem or possibly a preferential
degradation of C27 over C29 steranes within the rim. Bulk OM 13C isotopic signature
of the carbonate concretion is slightly depleted in comparison to the shale (2 ‰)
(Table 2-3), indicating input from another OM source (e.g. SRB and FeR bacteria,
methanogens/methanotrophs).
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Methanogens (and likely methanotrophs) are known to have played a major
role in the formation of siderite concretions (FeCO3) (Bojanowski and Clarkson, 2012;
Pearson and Nelson, 2005). It is commonly suggested that they are involved as part of
a bacterial consortium in the formation of calcitic concretions (Coleman, 1993;
Coleman and Raiswell, 1995; Raiswell and Fisher, 2000). Recently, the investigation
of modern carbonate concretions revealed abundant methanogenic archaea and
methanotrophic bacteria, as well as SRB in direct association with the concretions
(Reitner et al., 2005).
However, compounds specific for anaerobic methane oxidation, such as
crocetane (Hinrichs and Boetius, 2002; Wakeham et al., 2004) are absent and 3βmethyl-hopanes (semi-specific for methanotrophic bacteria; Cvejic et al., 2000) are of
low abundance. This could either suggest (i) a minor involvement of these organisms
in the anaerobic decay of OM and pyritiferous concretion growth, or (ii) the different
methanogenic/methanotrophic organisms involved in concretion formation lacked the
commonly associated biomarkers.
Concretions as palaeoenvironmental recorders?
Most studies on carbonate concretions aimed to identify the mechanisms and
organisms involved in their formation (Coleman and Raiswell, 1995; Kiriakoulakis et
al., 2000; Melendez et al., 2013a; Pearson and Nelson, 2005; Raiswell, 1976). Here,
we discuss the ability of carbonate concretions to preserve the signal of the sediment
within which they formed and consequently, to establish their role in
palaeoenvironmental reconstruction. Often, carbonate concretions remain whereas
their softer host sediment has long been eroded away. The identification of the host
sediment signature at different scales and using different techniques is discussed
below.
Inherited sedimentary bedding from the host Posidonia Shale is observed at a
macroscopic scale (Figure 2-3). However, no such bedding can be distinguished at a
microscopic scale, which shows a very homogenous micritic cement. Except for
calcite, no other characteristic of the mineralogical composition of the Posidonia Shale
could be detected in the concretion body and only quartz remains are present in the
rim (Figure 2-5F). This observation is supported by ICP-MS analyses showing that
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elements typical of detrital minerals (i.e. Al, K, P, Si) are commonly below detection
limits in the concretion body and low abundance in the concretion rim (Table 2-2),
most probably related to carbonate dilution of the signal.
Framboidal pyrite is forming via FeS and Fe3S4 precursors (mackinawite and
greigite, respectively), and the size of the framboids is commonly used for
palaeoenvironmental reconstruction (Wilkin and Barnes, 1997). During this
investigation, very rare framboids could be observed in the concretions, whereas they
have been described as abundant in the Posidonia Shale (Berner et al., 2013). This is
explained by the saturation of porewater with respect to pyrite, and the direct
precipitation as euhedral pyrite nucleating and developing around the framboidal
pyrite overprinting the latter (Coleman and Raiswell, 1995). The rare framboids
observed are < 5 μm in diameter (Figure 2-5D), supporting an anoxic/euxinic
environment (Wilkin and Barnes, 1997).
The stable isotope analyses of carbonate were performed on crushed samples
of ~ 5 cm3 from the concretions. Therefore, such analyses gave an averaged signal of
at least two calcium carbonate phases (micrite and sparite). The values resulting from
the averaged signal (Table 2-3) point towards a partial preservation of the sedimentary
carbonate isotopic signature. SRB-derived carbonates commonly exhibit δ13C values
of the source OM, which in marine settings approximate –25 ‰ (Hendry et al., 2006;
Pearson and Nelson, 2005). Thus, the values obtained for the concretion body (–
15.0 ‰, in average) and the concretion rim (–10.3 ‰, in average) indicate a mixed
source for the carbonate.
The Posidonia Shale is rich in calcite with a carbonate content of 40 % and
isotopic values δ13Ccarb = –1.8 ‰ (Table 2-3). The presence of recrystallised
foraminifera and coccoids (Figure 2-5A, B) in the carbonate concretions suggests that
the 13C-enriched carbonate content inherited from the Posidonia Shale was subject to
dissolution and reprecipitation. The carbonate inherited from the Posidonia Shale is
likely to be the second most important source of carbonate involved in concretion
formation beside SRB-derived carbonate, nevertheless other sources cannot be
excluded.
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Aliphatic biomarker distributions showed only small differences between the
concretions and the Posidonia Shale, suggesting that the biomarker signal preserved in
the concretions is largely inherited from the surrounding sediment. The Posidonia
Shale aliphatic hydrocarbons reflect a strong phytoplankton input, as shown by
abundant Pr and Ph as well as LMW n-alkanes that derived from the surficial oxic
zone of the stratified water column. Low abundance hopanoids reflect some limited
bacterial input whereas abundant steranes indicate strong algal contribution. Very
HMW n-alkanes (up to n-C37) were present which can be related to bacterial sulphate
reducers (Holman et al., 2014; Melendez et al., 2013a) and/or land plants as suggested
by the relative 13C-enrichment of odd ≥ n-C31 compared to the even counterparts (with
the exception of n-C34). The average values of n-alkanes of the Posidonia Shale
(δ13C = –33.4 ± 0.5 ‰) are

13

C-depleted in comparison with a “normal” Jurassic

marine OM signature (Jenkyns et al., 2002; Kemp et al., 2005; Schouten et al., 2000b).
A negative shift in δ13C values is also observed in the bulk OM δ13C of the Posidonia
Shale vs. concretion samples (Table 2-3) and was previously described in the
H. serpentinum zone (Figure 2-1) (Jenkyns et al., 2002; Schmid-Röhl et al., 2002).
This isotopic discrepancy is likely related to the well-known Toarcian negative carbon
excursion (Gröcke et al., 2011; Hesselbo et al., 2007; Kemp et al., 2005).
The aliphatic distribution in the concretion is very similar to the host rock's
distribution, supporting a preservation of the biomarker signal within the concretion.
However, the δ13C values of n-alkanes show a negative shift (–1 ‰), from the
Posidonia Shale to the concretion (Figure 2-7). This shift indicates some input from a
different, 13C-depleted carbon source, likely to be related to the microbial activity (e.g.
SRB), involved in the formation of the concretions. The very HMW n-alkanes are
showing the same trend as in the Posidonia Shale. A relative enrichment of odd chain
lengths (≥ n-C31) compared to the even counterparts can be explained by a mixed
source of very

13

C-depleted n-alkanes from SRB with relatively

13

C-enriched odd

HMW n-alkanes derived from land plants that were previously described in the
Posidonia Shale (Frimmel et al., 2004). The constantly 13C-depleted values obtained
for LMW n-alkanes can also be related to SRB or anoxygenic photo-autotrophic sulfur
bacteria (Holman et al., 2014; Londry et al., 2004). Furthermore, the presence of AI
and traces of isorenieratane, both indicative of Chlorobi (characteristic of PZE), in the
concretions supports the preservation of the host sediment signal. Moreover, the plot
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of the AIR vs. Pr/Ph, compared to the study published by Schwark and Frimmel (2004)
(Figure 2-9) confirmed the origin of both concretions within the H. serpentinum zone
and below the Oberer Stein carbonate layer (Figure 2-1). It appears that concretions
A and B have probably not been formed simultaneously. However, the molecular
composition of concretion B and Posidonia Shale reference sample show greater
similarities (Figure 2-9), and possibly had a more immediate relation in the sediment
column than with concretion A. Although isorenieratane and AI displayed low peak
intensity in the concretions samples in comparison with the Posidonia Shale,
concretion samples AIR vs. Pr/Ph are indicative of persistent PZE (Figure 2-9).
Furthermore, HI indices (Table 2-3) show lower values and consequently poorer OM
preservation in the rims where isorenieratane and AI peak intensity are greater. Hence
the low peak intensity of Chlorobi-derived markers in the concretion is most likely
related to a carbonate dilution effect.
Mineralogical, textural and inorganic geochemical parameters pointed to a
partial to total overprinting and/or dilution of the host sediment signature by the signal
associated to the cementation of the concretion. However, the compositional properties
of the host sediment have been transferred at a macroscopic level (sedimentary
bedding), as well as at a molecular level (biomarker distribution) to the diagenetically
formed

concretions.

Thus,

concretions

might

be of

importance

in

the

palaeoenvironmental reconstruction due to their resistance to compaction and
diagenesis. Furthermore, the low porosity and intensive cementation allow concretions
to resist weathering while often their host sediment is partially to entirely weathered
out. Therefore, concretions can be of great importance as palaeoenvironmental
recorders.
Carbonate concretions: importance of the nucleus and the preservation of
organic matter
Carbonate concretions are known to host exceptionally well-preserved
morphological fossils (Arua, 1991; Geraghty and Westermann, 1994; Wilson and
Brett, 2013) as well as for preserving molecules through time (Melendez et al., 2013a,
2013b). However, the preservation state of bulk OM has barely been reported (Dong
et al., 2008). Moreover, in the past, most studies were performed on concretions
lacking any 3D nucleus (Coleman and Raiswell, 1995; Pearson and Nelson, 2005;
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Wolff et al., 1991). Potentially, growth of such concretions could have been triggered
by any type of decaying OM, which had been entirely degraded in the process.
Concretions have been reported to form around, and preserve, various types of nucleus
e.g. wood (Marynowski et al., 2007a, 2007b), fish (Martill, 1989, 1990), crustacea
(Melendez et al., 2013a), and burrow (Wilson and Brett, 2013). Hence a wide range of
biological substrates may impact on the signal preserved in concretions.
Here, both concretions grew around a nucleus of the same nature (jet) and
therefore this approach limits the potential bias that could influence the OM signal
depending on the type of nucleus. The great similarities observed in all proxies, applied
to the two concretions studied, are likely to be related to similar type of OM decayed.
HI index is calculated based on Rock-Eval data and TOCcf measurements,
and is commonly used as OM source and preservation indicator. Within the concretion
bodies, high HI values were found in association with more negative δ13Ccarb (Figure
2-6). Highly 13C-depleted carbonate of the bodies was attributed to an enhanced SRB
activity. However, the high HI values in the concretion bodies support a SRB activity
restricted to the nuclei surfaces. SRB did not decompose the OM trapped in the
concretion body. The products of the degradation of OM by SRB (depleted HCO3-,
and H2S) diffused in all directions allowing for the formation of a Ca carbonate or a
non-crystalline Ca precursor (Allison, 1988b; Berner, 1968) and for OM preservation.
Concomitantly, lower HI values of the rims (Figure 2-6, Table 2-3) would indicate a
higher degradation of OM. This contrast emphasises the paradox of concretion
formation: OM decay initiates concretion growth. However, in parallel, the OM is
exceptionally well preserved within the concretions. The explanation offered for this
bias is that microbes consume a labile and easily hydrolysable fraction of OM upon
anaerobic eogenesis. The lipidic fraction is preferentially preserved and subsequently
protected from further degradation by encapsulation in tight carbonate cements. This
implies that concretions and the OM preserved therein might hold the key for accessing
the oldest bio-lipids and giving new insights on early life.

Conclusions
The present study shows how a combination of various geological and
geochemical proxies could complement each other and give stronger arguments for
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the identification of microbial communities involved as well as the ability of carbonate
concretions record palaeoenvironments. In detail, our results highlighted that:
•

Concretion formation must have occurred within the upper metres of the
sedimentary accumulation.

•

SRB played a crucial role in concretion formation. The very low δ13Ccarb
suggest that methanotrophs could also participate in the concretion growth
processes. However, no biomarker evidence of an active methane cycle
was found. That finding suggests that not all methanogens/methanotrophs
produce the biomarkers commonly associated with organisms involved in
methane cycling.

•

The concretion body did not show evidence of substantial degradation of
OM, which supports an SRB activity mainly localised around the
concretion nucleus while FeR bacteria may have been more abundant in
the pyritic rim.

•

Bulk molecular parameters such as HI can be used to address the
preservation of OM in carbonate concretion and gain a better understanding
of the concretion growth processes.

•

Organic geochemical analyses of carbonate concretions can provide
valuable insights into the palaeoenvironment at the time of deposition due
to the preservation of the host sediment signal.
As the present study investigated two concretions and similar signatures were

detected for most proxies, conditions of formation are likely to be similar for all
pyritiferous calcite concretions on a basin-scale, and possibly for similar concretions
of different ages. Finally, the common occurrence of carbonate concretions in the
geological record, their significance as palaeoenvironmental recorder and their ability
to preserve OM make them object of high interest for the investigation of early life.
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Abstract
Carbonate concretions are known to contain well-preserved fossils and soft
tissue. Recently, biomolecules (e.g. cholesterol) and molecular fossils (biomarkers)
were also discovered in a 380 million-year-old concretion revealing their importance
in exceptional preservation. Here, we used a range of techniques (XRF mapping,
electron microscopy imaging, biomarkers and compound specific isotopes analyses)
to report the presence of red blood cell-like structures, collagen and cholesterol in an
ichthyosaur bone encapsulated in a carbonate concretion from the Early Jurassic
(~182.7 Ma). The red blood cell-like structures are 4 to 5 times smaller than those
identified in modern birds and reptiles. This could result from an evolutionary
adaptation to the prolonged low oxygen atmospheric levels during the 70 Ma when
ichthyosaur thrived. The cholesterol and collagen detected here are the second oldest
occurrence in fossils. The δ13C of the ichthyosaur bone cholesterol indicates that it
largely derives from a higher level in the food chain and confirms a fish and
cephalopod diet. The combined findings above demonstrate that carbonate concretions
create isolated environments that allow exceptional preservation of fragile tissues and
biomolecules and open up a hitherto underexploited archive of palaeobiological
information across geological ages providing further insight into preservational
pathways and evolution of life.
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Introduction
Dinosaur fossils, even with the most beautifully preserved anatomy, generally
lack soft tissues such as fibrous or cellular remains as well as biomolecules or
molecular fossils. However, over the last three decades several studies have shown
that fragile tissues and molecules can be preserved over surprisingly long periods of
time (tens of millions of years) 1–8.
Heme-derived porphyrins were detected in a blood engorged mosquito from
the Middle Eocene (Greenwalt et al., 2013). More recently, red blood cell (RBC)-like
structures, along with amino acids associated with collagen-like fibres, were also
found in 75 million-year-old dinosaur bones (Bertazzo et al., 2015). The latter finding
was remarkable considering the fact that the bone fragments were not particularly well
preserved, which is in agreement with models suggesting that preservation of
biomolecules and soft tissues in the fossil record is more common than previously
thought (Bertazzo et al., 2015; Briggs, 2003; Briggs and Kear, 1993; Schweitzer et al.,
2014). Collagen fibres were also reported in-situ in a 195 million-year-old dinosaur
(Lee et al., 2017).
Here, we investigated an ichthyosaur vertebra bone of Lower Toarcian age
(~ 182.7 Ma), which has been exceptionally well-preserved through encapsulation in
a carbonate concretion (Figure 3-1). The sample was collected from the renowned
Posidonia Shale Konservat Fossil Lagerstätte in SW-Germany. Ichthyosaurs thrived
in the Mesozoic era; they evolved following the largest mass extinction event of our
planet (near to the Permian/Triassic boundary event, ca. 252 Ma; Motani, 2005) and
became extinct at the end-Cenomanian (93.9 Ma; Fischer et al., 2016).
Generally, Jurassic shallow-water ichthyosaur falls have low preservation
potential for tissues and biomolecules due to the presence of a specialised consortia of
degraders (Danise et al., 2014). However, in the Lower Toarcian, when the H.
falciferum zone was deposited, the preservational environment in epicontinental seas
was excellent due to water column stratification and strong euxinic conditions in the
bottom waters (Berner et al., 2013; Schwark and Frimmel, 2004). Under these euxinic
conditions, organic matter-rich mudstones (black shales) deposited and the diagenetic
formation of carbonate concretions was common (Marshall and Pirrie, 2013). Such
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carbonate

concretions

often

contain

morphological

fossils

of

striking

preservation(Martill, 1988, 1990) or in some exceptional cases even intact
biomolecules (Melendez et al., 2013a, 2013b).
The aim of this study was to investigate the potential of carbonate concretions
to preserve microscopic soft tissue (i.e. collagen and RBC-like structures) and
biomolecules (e.g. cholesterol) from a vertebra bone of the ichthyosaur
Stenopterygius. A combined approach using in-situ imaging techniques and molecular
investigations was employed to emphasise the capacity of carbonate concretions in
preserving soft tissue and biomolecules. Here, we report the oldest RBC-like structures
(> 100 Myr older than in a previous report by Bertazzo et al., 2015), the second oldest
occurrences of collagen fibres and ancient cholesterol. Furthermore, important insights
about the palaeoenvironment and evolutionary adaptation of this extinct genus are
discussed.

Results and discussion
Geological settings and sampling
The investigated sample was recovered from the Toarcian Posidonia Shale
Formation at the HOLCIM Cement quarry of Dotternhausen (SW-Germany). The
concretion was collected shortly after blasting within the quarry and stored in the dark
at room temperature before transverse slices were cut in its centre, shortly before
analyses.
Following the global Toarcian transgression, the black shale host sediment
was deposited in the SW-German sub-basin, on the epicontinental Western Tethyan
Shelf (Röhl et al., 2001; Schmid-Röhl et al., 2002; Ziegler, 2005). The sub-basin
experienced high algal productivity coupled with restrictions in water circulation
leading to stratification of the water column and development of anoxic to euxinic
bottom waters, which favoured the deposition of organic matter-rich black shales
(Röhl et al., 2001; Schmid-Röhl et al., 2002; Schwark and Frimmel, 2004).
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Encapsulation of an ichthyosaur vertebra in a concretion
A range of imaging techniques was applied to a polished transverse section
of the encapsulated vertebra, a selection of three-dimensional samples from the
vertebra cortical and trabecular bones were taken. Both cortical and trabecular bones
displayed a homogenous structure. Early mineralisation of concretions around the
decaying organic matter may occur within weeks or months (Yoshida et al., 2015).
During this early encapsulation, the formation of a tight carbonate cement prevented
the bone from further microbial degradation (Figure 3-1A) and inhibited exchange of
fluids with the surrounding environment. The concretion body, enclosing the vertebra,
also contains abundant coccoids and foraminifera that are recrystallised in sparry
calcite, as well as small (~ 10 µm) dispersed euhedral crystals of pyrite within a
microspar carbonate matrix. The outer rim of the concretion is rich in pyrite. No
septaria were observed within the concretion, which further supports the absence of
post depositional exchange with the diagenetic environment. Therefore, early post
mortem encapsulation led to excellent preservation of the bone tissue in the concretion.
Bone structure and elemental mapping
Microbeam XRF mapping of phosphorus (P), only located in the bone
fragments within the concretion (Figure 3-1B), distinguished the cortical (i.e.
compact) bone from the trabecular (i.e. spongy) bone. The high primary porosity (e.g.
up to 65 %) of vertebra bones has been reported previously in ichthyosaurs
(Lopuchowycz and Massare, 2002). We calculated a porosity of the same range
(estimated at ~ 60 %) in the trabecular bone (Figure 3-1B), where pores have been
predominantly cemented by calcite (Figure 3-1C). Elemental mapping (Ba, S)
(Figure 3-2) and optical imaging (Figure 3-1D) revealed a bone compartment
cemented with trace element-enriched barite (BaSO4), a feature often observed in
bones deposited under anoxic conditions where trace elements may be mobilised from
a black shale (Leduc, 2012).
Examination of the internal bone structure of the ichthyosaur, using
backscattered electron imaging, revealed remarkable morphological preservation of
fossilised 250 µm-diameter secondary osteons (Haversian system), known to be
involved in mature bone remodelling and renewal. Within the osteons, a number of
osteocytes and lamellae are visible (Figure 3-1E). Osteocytes play a predominant role
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in the synthesis of collagen and regulate osteoblast function as well as
biomineralisation of bones (e.g. Sanchez et al., 2014)).

Figure 3-1. Morphology, mineralogy and chemical composition of ichthyosaur bones within a carbonate
concretion. A) Photographic image and schematic drawing (with named features) of a polished section of the
bone containing concretion. The vertebra served as a nucleus which triggered the microbial degradation
processes leading to the concretion. The rim contains a high amount of pyrite (observed by XRD, optical
microscopy and SEM) in contrast to the concretion body. B) Microbeam XRF elemental mapping of phosphorus
(magenta) showing that phosphorus is only present in the bones. C) and D) Optical imaging on a thin section
using cross polarised light microscopy showing the minerals filling the porosity of the bone C) equant calcite
spar (CaCO3) and D) barite (BaSO4). Barite was identified by its mineral properties (clear colour and 90°
cleavages) and high birefringence as well as by elemental distribution using microbeam XRF (Figure 3-2). E)
Backscattered electron photomicrograph and simplified sketch of a Haversian system, including Haversian
canal, osteocytes and lamellae
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Figure 3-2. Microbeam XRF elemental mapping of a polished section of the concretion. A) Calcium (Ca)
distribution map, showing high abundance of Ca in the concretion and bone porosity (related to calcite) and in
the bone (related to apatite). Locally, Ca is virtually absent from the porosity suggesting the presence of another
mineral. B) Barium (Ba) distribution map. Ba signal is strong only located in the porosity of the bone, where Ca
is absent, which emphasises a different crystalline phase filling the porosity of the bone. C) Sulfur (S)
distribution. The distribution of S correlates with Ba suggesting that the mineral phase is barite (BaSO4). D)
Iron (Fe) elemental distribution. Fe is widespread within the concretion but does not match the S distribution
suggesting it is incorporated within the calcite. (E) to (H) distribution of various redox sensitive elements such
as E) Chromium (Cr), F) Vanadium (V), G) Manganese (Mn), and H) Nickel (Ni) clearly demonstrating the
presence of different redox micro-environments within the bone porosity itself during the early stages of
concretion precipitation.
.
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Red blood cells and collagen fibres in an ichthyosaur
Three-dimensional samples studied by SEM analyses were taken from an area
within the trabecular and cortical bones where the porosity was filled by calcite. SEM
imaging of fossilised soft tissue in the trabecular bone (Figure 3-3) revealed
intertwined elongated fibres (average width of 160 ± 1 nm; n = 88). These show
curved geometries and bundled groupings (Figure 3-3A-C), which in size and
alignment resemble modern crocodile collagen fibres (Figure A3- 1) and fossil fibrous
structures previously identified as collagen in Late Cretaceous dinosaurs (Bertazzo et
al., 2015; Schweitzer et al., 2007b). In close proximity to these collagen fibres, clusters
of concave disks with an average size of 1.95 ± 0.21 µm (n = 75), closely resembling
RBC-like structures reported from dinosaurs (Bertazzo et al., 2015), were observed
(Figure 3-3D-E). However, the RBC-like structures in both cases are 4 to 5 times
smaller than those identified in modern birds and reptiles.
Furthermore, both structures resembling fossil RBCs and collagen fibres
differ from their modern analogues by displaying a granular superficial texture (Figure
3-3). This irregular texture is likely due to the formation of ultrafine fluorapatite
crystals (~ 100 nm; Ca5(PO4)3F) (Figure 3-4 & Figure 3-5). Microcrystalline
fluorapatite is well-known to preserve soft-bodied fossils with the highest and most
exceptional degree of detail and resolution (Briggs, 2003; Martill, 1989; Martill,
1990). In this closed anoxic system, fluorapatite most likely derived from the tissue of
the decaying organism and/or from dissolution of bone hydroxyapatite (Briggs, 2003;
Briggs and Kear, 1993). Fossilised RBC-like structures displayed enhanced carbon
preservation (Figure 3-4) compared to the recrystallised bone (Figure 3-4), suggesting
that besides the formation of a fluorapatite sheath, remnants of original biomolecules
may still be present in the fossil RBC-like structures. The fluorapatite crystals formed
a crust over the fragile organic structures, isolating and protecting them from the
surrounding environment. By contrast, collagen-like fibres show a less intense carbon
peak in their EDS signal (Figure 3-5), only slightly higher than the signal in the bone
background, which suggests that the fossil collagen underwent a more extensive
replacement by fluorapatite.
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Two different explanations are proposed to account for the small size of these
RBC-like structures, (i) post mortem alteration and/or (ii) evolutionary adaptation to
environmental conditions.

Figure 3-3. Secondary electron photomicrographs of the trabecular bone following the removal of sparry calcite
by light acetic acid treatment revealing exceptionally well-preserved soft tissues. A) to C) represent collagen
fibres (Bertazzo et al., 2015) with increasing magnification. The highest magnification image C) shows the
presence of fluorapatite crystals (~100 nm width) on the collagen fibrils identified by energy dispersive
spectroscopy (EDS; Figure 3-5). D) to F) represent RBCs with increasing magnification. The surface of these
structures display a granular texture identified by EDS as fluorapatite (Figure 3-4)

Post mortem alteration
We propose that morphological changes of the RBC-like structures are related
to the early formation of a relatively thin fluorapatite crust surrounding the cells shortly
after death of the ichthyosaur. The three dimensional bowl-like shape of the RBC-like
structures suggests they represent stomatocytes which could result from post-mortem
modifications (e.g. reduced blood pH (Donaldson and Lamont, 2013)). Post mortem
osmotic shrinkage is considered insufficient to explain the small cell size since a
shrinkage of 80 % would have created significant space between the RBC-like
structures. On the contrary, the RBC-like structures observed are closely distributed as
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clusters, often packed and in contact with each other (Figure 3-3D-F), arguing against
substantial osmotic shrinkage.
Evolutionary adaptation to environmental conditions
Ichthyosaurs evolved during an episode typified by low atmospheric oxygen
levels, lasting over 70 million years from the Permian/Triassic boundary to the Lower
Jurassic (Berner et al., 2007). We suggest that under the prolonged low oxygen levels
in the atmosphere (Berner, 2004, 2006; Poulsen et al., 2015), small RBCs could have
been favoured because the surface to volume ratio provides a more efficient oxygen
transport and diffusion. The “bowl-like” shape of the cells resembling RBCs (i.e.
stomatocytes) has been widely reported in disease-related studies of mammalian
species with anucleated RBCs (Reagan et al., 2008; Stewart, 2003). However, the
study of blood in reptiles is limited, which makes the interpretation of reptilian
hematologic data challenging (Claver and Quaglia, 2009; Nardini et al., 2013).
We hypothesise that the fossil occurrence of small RBC-like structures in
ichthyosaurs could be consistent with an oxygen-depleted marine palaeoenvironment
and evolutionary adaptation. This adaptation is supported by the occurrence of RBClike structures of similar size in terrestrial dinosaurs (Bertazzo et al., 2015). Although
oxygen concentrations reached today’s levels during the Late Cretaceous (Tappert et
al., 2013), most of dinosaurs’ evolution took place during prolonged periods of low
oxygen levels and they lived under the same atmospheric conditions as the
ichthyosaurs. With respect to adaption, we emphasize that Stenopterygius is
considered to have been one of the fastest marine predators of its time (Motani, 2002),
its cruising speed equivalent to that of modern day dolphin and with a similar
morphology (Bernard et al., 2010). The clustering of RBC-like structures in this
Stenopterygius is consistent with a high degree of RBC aggregation reported in
modern higher athletic species (Popel et al., 1994). In order to sustain the metabolism
required for high-speed pursuit predators, the muscular tissue must have been highly
effective and have been supported by a complex blood circulation system, adapted to
low-oxygen environment, to provide sufficient oxygen to the lungs of the breathing
ichthyosaurs. Given that the bone studied is a medullary bone (i.e. vertebra), it would
yield sufficient bone marrow (see below) to synthesise RBCs. Based on their small
size, the fossilised RBC-like structures indicate a fast and efficient oxygen diffusion
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into the cells, allowing for high pursuit speed and thus providing competitive
advantage over slower moving prey.

Figure 3-4. SEM images of RBCs with analysis locations of associated EDS spectra. Analyses 1 to 4 correspond
to RBCs, and show a strong enrichment in C with a C-peak intensity 3 to 6 times greater than measured in
analyses 5 and 6, performed on the bone background. Fluorapatite does not contain C in its structure and
consequently the C signal present in analyses 5 and 6 is related to the C coating of the sample (signal of 300600 cps/eV). These background bone analyses are reproducible on different areas of the bone. Therefore the
high C peak of the RBCs is autochthonous. Not all RBCs display a strong C increase; however, the C signal of
the bone is always low corresponding to the initial C coating of the sample. Gold (Au) corresponds to the sample
coating.
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Figure 3-5. Scanning electron microphotographs of collagen fibre structures with analysis locations for
associated EDS spectra. A) and B) SEM images with the location of four EDS spectra measured. C) to F) EDS
spectra corresponding to the different points analysed. Gold (Au) corresponds to the sample coating.

Cholesterol in an ichthyosaur
Besides fossilised RBC-like structures, the ichthyosaur bone would have
contained adipocytes, which have not been preserved morphologically. Their presence
within the ichthyosaur bone and the preservation of biological material over
~ 182.7 Ma is documented by elevated concentrations of the intact biomolecule
cholesterol (565 µg/g TOC, Figure 3- 6 & Table A3-1). It was previously reported
that free cholesterol is relatively abundant in the bone marrow (Aigueperse et al.,
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1978) supporting the high amount of neutrally extracted free bone cholesterol in our
sample. The bone cholesterol differed significantly in its isotopic carbon composition
(– 28.9 ‰ VPDB) compared to ethylcholesterol (– 34.6 ‰ VPDB; Figure 3- 6). The
isotopic discrepancy between these two sterols supports different origin(s). The

13

C

enrichment of the cholesterol by 4.5 ‰ VPDB indicates that it largely derives from a
higher level in the food chain and corroborates a fish and cephalopod diet of the
ichthyosaur (Druckenmiller et al., 2014; Fröbisch et al., 2013). The

13

C isotopic

composition of the ethylcholesterol is consistent with a source from phytoplankton in
the ancient water column. Recently, soft tissue of a crustacean inside a Devonian
concretion from the Gogo Formation (Canning Basin, Western Australia) was reported
to contain an entire diagenetic continuum of organic molecules with the remarkable
co-occurrence of biomolecules and geomolecules, from sterols to triaromatic steroids
(including sterenes and diasterenes) (Melendez et al., 2013a). The exceptional
preservation of these compounds was attributed to rapid encapsulation by microbiallymediated and eogenetic processes. In our study, steroid end-products of diagenesis
were also identified in association with the vertebra (Figure 3- 6C). However, the
absence of sterenes and diasterenes suggests the formation of the concretion within the
sediments (corroborated by the preservation of slightly disturbed sedimentary
bedding) and not in the water column (Melendez et al., 2013a, 2013b). The Posidonia
Shale Formation and the Gogo Formation concretions were both formed under similar
euxinic (H2S-rich) conditions and are well known Fossil Lagerstätten.
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Figure 3- 6. Steroid distribution and compound specific δ13C values. A) Sterol distribution within the bone and
concretion, showing high concentrations of cholesterol (565 µg/g TOC) and ethylcholesterol (523 µg/g TOC)
and negligible concentrations in the concretion body and rim. B) δ13C values (‰ VPDB) of sterols associated
with the bone (cholesterol: –28.9 ± 0.4 ‰ VPDB; ethylcholesterol: – 34.6± 0.4 ‰ VPDB. from the concretion.
The error bars are contained within the symbol. C) Relative proportion of compound classes within the fossil,
dominated by sterols and steranes representing the end-members of the diagenetic sequence.

Tight encapsulation of a Jurassic ichthyosaur bone in a diagenetically formed
carbonate concretion allowed for the fossilisation of structures showing great
resemblance to modern day bone collagen and RBCs with a high level of detail. It also
led to the preservation of cholesterol, largely derived from the vertebra bone, over a
period of ~ 182.7 million years. These observations highlight the development of a
closed environment within carbonate concretions. In such cases, carbonate concretions
preserve morphological (structural and cellular) and biomolecules as well as molecular
fossils with an excellent level of detail, without significant diagenetic alteration. This
outstandingly well-preserved primary biomaterial suggests that carbonate concretions
could play a major role in the investigation of the palaeobiology of extinct species and
in understanding the evolution of life. Based on the small size of the RBCs and their
associated high oxygen diffusion capacity, we hypothesise that ichthyosaur must have
followed a high-energy life style as a pursuit predator. This would distinguish its
hunting strategy from that of an ambush predator life style as assumed for plesiosaurs.
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Material and methods
Sample preparation
Three 1 cm-slices were cut from the central area of the lens shaped concretion,
perpendicular to horizontal bedding. One slice was polished for microbeam X-Ray
Fluorescence (XRF) (Bruker M4 TORNADOTM) elemental mapping. A thin section
of the vertebra was prepared from the second slice. From the third slice, three samples
were taken from i) vertebra, ii) concretion body presenting sedimentary bedding and
iii) concretion rim for organic geochemical and compound specific isotope analyses
(CSIA). Each sample was cleaned in an ultrasonic bath using a mixture of
dichloromethane: methanol (DCM: MeOH) at 9:1 (v/v) (3 x 20 min) to remove any
surface contaminants. Fossil bone samples were crushed and mm-sized pieces of bone
were collected and treated with 1 M acetic acid solution prior to SEM imaging. The
remainder of the samples was pulverized using a Rocklabs benchtop ring mill (BTRM)
in a pre-annealed zircon mill. Pre-annealed quartz sand was pulverised and analysed
as a procedural blank for organic geochemical techniques. Mineralogy was determined
using aliquots of pulverised samples for X-ray diffraction (XRD).
A modern crocodile leg sample was obtained from Mahogany Creek
Distributors (Perth, Australia). The bones were cut and isolated from the flesh. A
sample was then left to dry in the oven for 24 h (50°C, below the denaturation
threshold of native hydrated collagen fibrils (Bozec and Odlyha, 2011)) and treated
with concentrated H2O2 (48 h). The oxidised flesh and bone marrow were removed
using tweezers and the bone was left to dry at room temperature.
Mineralogy
XRD analyses on powdered samples were performed using a Bruker-AXS D8
Advance Diffractometer with CuKα radiation and a LynxEye position sensitive
detector. The data were collected from 7.5 to 90° 2ϴ, with a nominal step size of
0.015° and a collection time of 0.7 seconds per step. Crystalline phases were identified
using the Search/Match algorithm, DIFFRAC.EVA 3.1 (Bruker-AXS) to search the
Powder Diffraction File.
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Imaging methods
Porosity estimation
The estimation of the trabecular porosity of the ichthyosaur vertebra has been
determined through digital point counting on a recursive grid to two times 200 points
and stabilisation of the point count distribution plot. The overall trabecular porosity
evaluated was estimated at 59.5 %.
Microbeam XRF mapping
A Bruker M4 TORNADO™ Micro-XRF equipped with a rhodium target Xray tube operating at 50 kV and 500 nA and an XFlash® silicon drift X-ray detector
was used for elemental mapping of the polished slice of the Toarcian concretion
samples. Maps were created using a 25 µm spot size on a 25 µm raster with dwell time
of 5 ms per pixel.
Scanning Electron Microscopy
Both modern crocodile and fossil ichthyosaur bone samples were coated
using a Quorum Q150T ES coating unit. A carbon layer of approximately 25 nm was
applied and as samples were charging, an additional thin coating of gold (3-5 nm) was
applied.
The bone samples were examined using a Tescan Mira-3 Field Emission
Scanning Electron Microscope (FESEM). The instrument was operated with an
accelerating voltage 5 kV and a beam current of approximately 200 pA. The images
acquired were collected with using an Everhart-Thornley Secondary Electron (SE)
detector.
Lipid biomarker analyses.
Toarcian samples were subject to Soxhlet extraction with a mixture of DCM:
MeOH (9:1, 72 hrs). Activated copper turnings were added to remove elemental sulfur.
An aliquot of each total lipid extract was adsorbed onto activated silica gel (160 °C,
> 24 hrs). Each aliquot was then separated using column chromatography with a small
column containing activated silica gel (5 cm x 0.5 cm i.d.) into five fractions. i) The
aliphatic hydrocarbon fraction was eluted using 2 mL of n-hexane; ii) the aromatic
hydrocarbon fraction was eluted with 2 mL n-hexane: DCM (4:1); iii) the ketone and
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fatty acid methyl esters fraction was eluted with 2 mL DCM; iv) the alcohol fraction
was eluted with 2 mL DCM: ethyl acetate (4:1) and v) the polar fraction was eluted
using DCM: MeOH (7:3).
Alcohols were derivatised using bis(trimethylsilyl)-trifluoroacetamide
(BSTFA) and anhydrous pyridine (for 100 µg, 60 µL BSTFA, 40 µL pyridine) heated
at 70 °C for 30 min and dried under a nitrogen purge. The fractions were dissolved in
n-hexane and analysed using gas chromatography-mass spectrometry (GC-MS). Semi
quantitative analyses of the aliphatic hydrocarbon and aromatic fractions were
performed after spiking the fractions with a known amound of internal standard. On
the alcohol fraction, semi quantitative analyses were carried out using external
calibration with a derivatised cholesterol standard. Procedural blanks were performed
throughout.
GC-MS analyses were performed using a Hewlett Packard 6890 gas
chromatograph (GC) interfaced with a Hewlett Packard 5973 mass selective detector.
The GC was equipped with a split/splitless injector and a DB-5 capillary column
(60 m x 0.25 mm i.d. coated with a 0.25 µm film thickness). The initial oven
temperature (50 ˚C) was increased at a rate of 6 ˚C/min until reaching the final
temperature (320 ˚C), initial and final hold times were 1 minute and 24 minutes,
respectively. Ultra-high purity helium was used as a carrier gas at a constant flow
(1.1 mL/min). The MS detector was operated at 70 eV (full scan) from 35 - 650 Da.
CSIA was performed on a Thermo Finnigan Delta V mass spectrometer
coupled to an Isolink GC. A pure cholesterol standard (underivatised and derivatised)
was analysed in order to calculate the δ13C of the additional methyl-groups from
BSTFA (Jones et al., 1991). Samples were run as triplicates and the δ13C values of the
parent compounds were corrected for the isotopic composition from the methyl-groups
of the BSTFA. A CO2 reference gas standard with a known δ13C value was introduced
during CSIA to determine the δ13C values of the sterols. The δ13C are reported in per
mil (‰) relative to the international Vienna Peedee Belemnite standard (VPDB).
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Appendix 3
Table A3-1. Shows the total organic and inorganic carbon contents of the samples studied and the proportion
of CaCO3 inferred from weight loss after acid treatment and from the total inorganic carbon (TIC) contents,
assuming TIC is present as calcite only. The minor shift in values between the two methods is attributed to the
higher uncertainty of the weight loss measurement; however, values strongly suggest TIC is contained in the
calcite.

Bone
Concretion
body
Concretion rim

TOC (%)

TIC (%)

CaCO3 (wt.%)
(by weight loss)

0.23

7.1

55.6

CaCO3 (wt.%)
(measured based
on TIC)
59.1

1.13

10.5

90.4

87.5

2.01

7.9

68.2

65.8
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Figure A3- 1. SEM images of collagen fibres in a modern crocodile bone. Abundant flexible fibres that show
darker banding, characteristic of collagen, were observed. These images display strong morphological
similarities (shape and size) with the collagen-like fibres identified in the fossil ichthyosaur bone (Figure 3-3).
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Abstract
The identification of 2-methyl-3-ethyl-maleimide (MEM) and its

13

C

signature, coupled with the identification of 2-methyl-3-iso-butyl-maleimide (MIBM)
in a carbonate concretion support the existence of photic zone euxinia in the ancient
water column at the time of formation of the concretion. Regular isoprenoids (pristane
and phytane) were

13

C-depleted, however both showed δ13C values within a similar

range, supporting a common origin from oxygenic phototrophs (e.g. algae and
cyanobacteria). The co-occurrence of

13

C-depleted pristane and phytane with

relatively 13C-enriched MEM corroborate the occurrence of a stratified water column
at the time of concretion formation.
The nucleus of the concretion, a vertebra bone that was encapsulated in the
carbonate matrix, show the presence of MEM, whereas MIBM not detected. The low
relative abundance of MEM in the vertebra bone did not allow for δ13C analyses.
However, the occurrence of the oldest fossilised red blood cells in this vertebra
associated with the absence of MIBM suggest a possible origin from heme for the
MEM. To confirm or invalidate this hypothesis, further investigation on greater
amount of sample is required. Although impregnation of maleimides into the
concretion matrix from the surrounding sediment cannot be entirely ruled out, the
formation of maleimides during weathering and/or storage of the sample is highly
unlikely.

Introduction
Maleimides (1H-pyrrole-2,5-diones) are oxidation products of tetrapyrrole
pigments (e.g. intact chlorophylls, bacteriochlorophylls, chlorins and porphyrins) and
have been reported in marine and lacustrine sediments, sedimentary rocks and crude
oils (e.g. Grice et al., 1997, 1996; Naeher et al., 2013; Quirke et al., 1980). The most
common and abundant maleimide is 2-methyl-3-ethyl-maleimide (methyl ethyl
maleimide: MEM), which can originate from all tetrapyrrole pigments (e.g. Grice et
al., 1996; Naeher et al., 2013) including heme (Ellsworth, 1970). However, the main
source of MEM is usually chlorophyll a (and its derivatives), which is present in most
oxygenic photosynthetic organisms. MEM and its stable isotopic signature can be a
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useful indicator for establishing its source organism (e.g. chlorophyll a of algae and
cyanobacteria and/or bacteriochlorophylls c, d, e of Chlorobiaceae) and the
depositional environment for recent (Naeher et al., 2013) and ancient sediments (Grice
et al., 1996, 1997). In contrast, it has been shown (based on structural and isotopic
grounds) that 2-methyl-3-iso-butyl-maleimide (methyl iso-butyl maleimide: MIBM)
is ultimately derived from bacteriochlorophylls c, d, e of Chlorobiaceae (Grice et al.,
1996). Therefore. MIBM is considered a strong proxy for photic zone euxinia.
Carbonate concretions are known for their exceptional preservation of
morphological fossils (e.g. Marshall and Pirrie, 2013), and more recently examples of
exceptional lipid and OM preservation have been reported (Melendez et al., 2013a,
2013b; Plet et al., 2016). In this study, we investigate the distribution of two
maleimides (MEM and MIBM) as well as the carbon isotopic composition of MEM
and regular isoprenoids within a freshly sampled carbonate concretion from the Lower
Toarcian (182.7 Ma) and containing fossil bones. The overall aim is to identify the
potential source(s) of the maleimides detected in the bone and the carbonate matrix.

Materials and methods
Study site and sample preparation.
The concretion studied was sampled from the Lower Toarcian Posidonia
Shale Formation outcrop of the HOLCIM cement quarry of Dotternhausen (SWGermany), a detailed description of the sampling site is reported in Plet et al. (2016).
The concretion was taken soon after blasting preventing major weathering. However,
it was ex-situ released from its surrounding sediment and its exact stratigraphic
position was lost. The concretion was sliced vertically shortly before organic
geochemical analyses and revealed the presence of fossil bones (Figure 4-1A),
including a vertebra, that were attributed to an ichthyosaur (M. Jaeger, pers. comm.).
Local preservation of sedimentary bedding was observed within the
concretion. The vertebra was encapsulated within a calcite matrix (Figure 4-1A)
surrounded by a pyrite-rich rim (Plet et al., 2016 and references therein). Samples were
taken along a vertical transect including the vertebra (Figure 4-1B). Each sample (ca.
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3 cm3) was cleaned and prepared following the same procedure reported in Plet et al.
(2016).
Maleimide analysis
The detailed procedure used for maleimide purification is reported in Naeher
et al. (2013). In short, polar fractions were purified by thin layer chromatography
(TLC) using DCM: ethyl acetate (EtOAc) (4:1, v:v), along with a reference compound
(H,H maleimide; Sigma Aldrich) used as a retention standard. The band between
retention factor (Rf) 0.6 and 0.9 (containing the maleimides) was recovered by elution
with EtOAc over a small silica gel column.
Derivatisation with N-(tert-butyldimethylsilyl)-N-methyl trifluoroacetamide
(MTBSTFA) in pyridine was performed to obtain tert-butyldimethylsilyl (TBDMS)
derivatives of maleimides (e.g. Grice et al., 1996; Naeher et al., 2013). TBDMS
derivatives of maleimides in n-hexane were analysed by gas chromatography-mass
spectrometry (GC-MS) using an Agilent HP 6890 GC system equipped with an Agilent
DB-5MS column [60 m x 0.25 mm i.d. x 0.25 μm f.t.] coupled to an Agilent 5973
Mass Selective Detector operated at 70 eV. The temperature program for both
instruments was 40 °C (1 min isothermal), 40 °C to 100 °C at 10 °C min-1, 100 °C to
320 °C at 4 °C min-1, isothermal at 320 °C for 30 min. Helium was used as carrier gas
(1.2 mL min-1). Quantification of MEM was performed via co-injection of phthalimide
(as TBDMS derivative) of a known concentration and comparing the peak area of m/z
196, 224 and 204, base peaks for MEM, MIBM and phthalimide, respectively. The
maleimides were identified based on their mass spectra, retention times and elution
order based on the comparison with other published work (e.g. Grice et al., 1996;
Naeher et al., 2016).
Carbon compound specific isotope analyses (C-CSIA) of maleimides
C-CSIA were performed on a Thermo Scientific Trace GC Ultra, interfaced
to a Thermo Scientific Delta V Advantage mass spectrometer via a GC isolink and a
Conflow IV. The combustion interface (ceramic tube lined with NiO and filled with
NiO and CuO) was maintained at 1000 °C for analyses. The GC column used was a
60 m x 0.25 mm i.d. WCOT fused silica capillary column coated with a 0.25 µm film
(DB-5MS), helium was used as carrier gas at a constant flow rate of 1.1 mL/min, and
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samples were injected at 280 °C. The oven temperature was programmed from 40 °C
to 325 °C at a rate of 3 °C/min with initial and final hold times of 1 and 30 minutes,
respectively.
In order to determine the δ13C values of the MEM corrected for derivatisation,
a pure phthalimide standard was measured both underivatised and as TBDMS
derivative. The δ13C value for TBDMS group was calculated using Equation 4-1
according to Jones et al. (1991). The δ13C values for MEM (analysed as TBDMS
derivatives) were measured and then corrected for the TBDMS group using Equation
4-2.

Equation 4-1: Calculation of the δ13C for a derivatisation group.

Equation 4-2: Correction of the δ13C value of a compound for a group added by derivatisation.

where “nderivatised standard” is the number of carbon atoms in the phthalimide as TBDMS
derivative (=14 carbon atoms), “nstandard” is the number of carbon atoms in nonderivatised phthalimide (=8 carbon atoms), “nderivatised compound” is the number of carbon
atom in MEM as TBDMS derivative (=13 carbon atoms), “ncompound” is the number of
carbon atoms in underivatised MEM (=7 carbon atoms) and “nderiv” is the number of
carbon atoms added by derivatisation, here a TBDMS group (=6 carbon atoms).
All δ13C values are reported in per mil (‰) relative to the Vienna Pee Dee
Belemnite (VPDB) international standard. Each sample was run in triplicate and the
standard deviation for all δ13C of samples reported here is below 0.4 ‰.

119

Chapter 4
Scanning Electron Microscopy (SEM)
Samples were coated using a Quorum Q150T ES coating unit. A carbon layer
of approximately 25 nm was applied and where charging was still an issue an
additional thin, approximately 3-5 nm, coating of gold was applied. The samples were
examined using a Tescan Mira-3 Field Emission Scanning Electron Microscope
(FESEM). The instrument was operated with an accelerating voltage 5 kV and a beam
current of approximately 200 pA. The image was collected with using an EverhartThornley Secondary Electron (SE) detector.

Results and discussion
Source of maleimides and isoprenoids in a concretion
The sources of maleimides in the concretion and bone studied herein probably
arise from different natural precursors (i.e. chlorophylls vs. bacteriochlorophylls vs.
heme). As maleimides can form by i) primary natural oxidation processes or ii) during
sample storage (Grosjean et al., 2004), their distributions should mainly be governed
by degradation process. However, the concentrations of maleimides could also be
affected by iii) geochromatography, i.e. the different rate of migration of compounds
and biomarkers within a mineral matrix, upon which more polar molecules such as
maleimides are retained more strongly on mineral surfaces (e.g. Larter et al., 2000; Li
et al., 1995, 1994). Each of these possibilities are discussed below together with
limited δ13C analyses of MEM, pristane (Pr) and phytane (Ph).
All isolated maleimide fractions were dominated by MEM (Figure 4-2,
Table 4-1). For two samples (CV4 and CV5), δ13C values were measured for both
MEM, Pr and Ph. In these samples, δ13C values for MEM were similar (CV4 = –
25.3 ‰ and CV5 = –25.9 ‰). The δ13C values for the regular isoprenoids Pr and Ph
were also comparable to each other. Pr showed δ13C values of –34.7 ‰ and –34.4 ‰
for CV4 and CV5, respectively and δ13C of Ph was measured at –34 ‰ and –34.2 ‰
for CV4 and CV5, respectively (Table 4-1).

120

Chapter 4

Figure 4-1. A) Slice of the concretion investigated showing the presence of an encapsulated vertebra bone and
locally some slightly disturbed sedimentary bedding. B) Illustration of the vertical transect sampled with sample
names. C) SEM imaging of the oldest fossilised red blood cells in association with the vertebra bone.

The similar low δ13C values measured for Pr and Ph support a common origin
for the regular isoprenoids in these samples ascribed largely to the phytol side of
chlorophyll a (Bogacheva and Galimov, 1979; Galimov, 1977). Nonetheless,
bacteriochlorophylls a and b of purple sulfur bacteria (Chromatiaceae), or tocopherol
for Pr, cannot be fully excluded (Madigan et al., 1989).

Figure 4-2: Distribution of MEM along a vertical transect through the concretion and the bone nucleus.

For example, Bogacheva and Galimov (1979) and Galimov (1977) showed
that the phytol of side chain of both chlorophylls a and b from extant plants is about
4 ‰ more

13

C-depleted relative to their tetrapyrrole nucleus, which is due to their

separate biosynthetic pathways. In this study, the δ13C value of MEM is more than 8‰
121

Chapter 4
13

C-enriched compared to that of Ph, and significantly greater (ca. 4 ‰) than expected

for a common chlorophyll a origin (i.e. phytoplankton using a C3 pathway for
photosynthesis; Grice et al., 1996). The 13C-enrichment of MEM is attributed to the
contribution of Chlorobiaceae (Quandt et al., 1977) that is known to use the reverse
tricarboxylic acid cycle (or reverse Krebs cycle) (Grice et al., 1996).
The overall 13C-enriched MEM supports a mixed source from chlorophyll a
derived from algae and/or cyanobacteria, chlorophyll b from green algae and
bacteriochlorophylls c, d, and e from Chlorobiaceae. Based on the relative abundances
and the δ13C values measured for MEM, it is unlikely that heme is a source of MEM
in the concretion matrix.
Table 4-1. Characteristics of the samples analysed. When possible maleimide ratios and carbon isotopic values
are reported. n.d. = not detected or too low to obtain a reliable value.

TOC
MEM
MIBM
MIBM/MEM
δ13CPr
δ13CPh
δ13CMEM
(wt. (ng/gTOC) (ng/gTOC)
(‰VPDB) (‰VPDB) (‰VPDB)
%)
1.15x10-3
CV1 2.01
427
3.5
n.d.
n.d.
n.d.
-3
CV2 1.39
163
1.8
1.512x10
n.d.
n.d.
n.d.
CV3 0.8
89
nd
n.d.
n.d.
n.d.
n.d.
Bone 0.23
38
nd
n.d.
n.d.
n.d.
n.d.
-3
CV4 1.13
396
3
16.02x10
–34.7
–34.2
–25.3
CV5 1.47
344
3
0.959x10-3
–34.4
–34
–25.9

MIBM is also detected (at low abundances) in all the matrix samples,
concordant with a contribution of bacteriochlorophylls c, d, e source from
Chlorobiaceae (MIBM/MEM ratios range between 0.959x10-3 and 16.02x10-3 ; Table
4-1). Considering the formation of the carbonate concretion within the sediments, as
indicated by the presence of sedimentary bedding, maleimides and regular isoprenoids
are likely derived from primary producers in the ancient water column. The presence
of MIBM also corroborates the existence of a stratified water column (Röhl et al.,
2001; Schwark and Frimmel, 2004) and supports the existence of photic zone euxinia
in the water column at the time of sedimentary accumulation.
Maleimides can also be oxidative artefacts formed during storage or
weathering (Grice et al., 1996; Grosjean et al., 2004). However, this concretion was
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collected fresh, which prevented major weathering and was analysed by organic
geochemical methods shortly after the sample was sub-divided. Therefore, we exclude
that the maleimides identified in this concretion are artefacts formed during storage or
weathering.
Due to the formation of the concretion within an organic-rich black shale, the
presence of maleimides in the concretion may potentially result in part from migration.
Lipids, including maleimides, could impregnate the carbonate matrix by diffusion
from the surrounding sediment and maleimides could migrate. Although, due to the
exposed pyrrole functionality of maleimide, they would migrate at a lower rate than
less polar hydrocarbons, leading to geochromatographic effects (Krooss et al., 1991;
Larter et al., 2000; Li et al., 1995, 1994). In this study, however, the carbonate matrix
is well cemented presenting minor porosity and lacking septaria and cracks, which
strongly supports that the vertebrae is isolated from potential environmental and
diagenetic contaminants (Chapter 3). Furthermore, other compounds were found in
the vertebra bone, such as cholesterol that has a δ13C value largely consistent with the
ichthyosaur’s diet (Chapter 3). Because of the above facts, the impregnation of polar
compounds by geochromatography seems highly unlikely.
Significance of MEM in a vertebra fossil
As mentioned above, MEM in the concretion is predominantly derived from
chlorophyll a of phytoplankton with some contributions from and bacteriochlorophylls
c, d, e of Chlorobiaceae. It is however possible that the lower relative abundance of
MEM in the bone could be derived from heme as proposed by Ellsworth (1970) and
also suggested by Boreham et al. (1989) who studied stable carbon isotopic
composition of C32 etioporphyrin.
MIBM was not detected in the bone, which could indicate that MEM present
in the bone is largely derived from heme rather than from the water column.
Unfortunately, we were not able to measure the δ13C of MEM in the bone due to low
concentrations (Table 4-1). Further δ13C analyses would need to be performed on a
significantly larger sample to confirm the hypothesis of a heme origin. Interestingly,
this ichthyosaur vertebra has revealed the presence of the oldest fossilised red blood
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cells (see Chapter 3) and Figure 4-1C, which indirectly points to the possibility that
MEM inside the bone could be derived from heme.

Conclusions and future work
The MEM present in the concretion matrix is largely derived from
tetrapyrroles present in the water column and their δ13C values indicate a mixed origin
from algae and cyanobacteria, but also from Chlorobiaceae, which is supported by the
presence of MIBM in the samples. This reveals the presence of photic zone euxinia in
the ancient water column at the time of organic matter accumulation in the sediment.
A secondary origin from weathering and storage for the maleimides has been ruled
out. Moreover an impregnation from the surrounding sediments also seem highly
unlikely.
In theory, the MEM present in the vertebra could also be the result of
geochromatography. However, the presence of the oldest red blood cells identified in
the sample and the low relative abundance of MEM strongly suggest that, in the
vertebra bone, MEM could be derived from heme. Further analyses are to be
performed on greater amounts of vertebra to measure the δ13C of MEM and possibly
investigate more biomarkers such as porphyrins, in particular C32 Fe-etioporphyrin
that is believed to be derived from heme.
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Abstract
Modern microbial mats from Shark Bay are commonly regarded as robust
analogues for Precambrian stromatolites. These microbial mats are complex
ecosystems that exhibit intense biogeochemical recycling. In this study, a multi-proxy
approach (including lipids, compound specific carbon isotope analysis and
petrography) is used to characterise microbial communities in three different types of
mats (tufted, pustular and smooth) along the shallowest section of a tidal flat gradient.
Cyanobacterial lipids were present in all three mats; yet, the cyanobacterial
variability was only revealed by imaging techniques (filamentous cyanobacteria
dominant in the tufted and smooth mats vs. coccoid cyanobacteria in the pustular mat).
Petrographical (Scanning Electron Microscopy) investigations also revealed abundant
ooids in the tufted mat, which decreased in size and abundance in the pustular and
smooth mats. Biomarkers specific to sulfate reducing bacteria were detected in all
mats. The diatom-specific C25:1 highly branched isoprenoid alkene was most abundant
in the smooth mat. However, it revealed that the smooth mat only contained rare
diatoms of small size (~10 µm) whereas the pustular mat contained abundant and large
diatoms (~50 µm). The C25:1 HBI alkene marker is only produced by four diatom
genera, which were most likely dominant in the smooth mat. Additionally, the smooth
mat contained a greater input of aquatic macrophytes (Paq=0.38) compared to the
shallower mats, which is corroborated by the presence of 13C-enriched seagrass lipids.
In all the mats, a major eukaryotic input was revealed via imaging techniques
and supported by a high sterol content. This eukaryotic component can impact the
cohesive structure of the mats, the lithification processes and the lipid distribution,
potentially leading to a challenging comparison with Precambrian microbialites that
were not affected by eukaryotic activity. This study reemphasizes the complexity of
microbial ecosystems and therefore, highlights the benefit of multi-proxy approaches
to characterise these biological systems.
.
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Introduction
Stromatolites are biological laminated structures that have been detected in
the rock record up to 3.5 Ga and are recognised as the earliest evidence of life on Earth
(Hoffman, 2000). Although stromatolites are widespread in the geological record,
nowadays the distribution of microbial ecosystems building stromatolites is limited
(Reid, 2011). Amongst these locations, Shark Bay, Western Australia is host to a
diversity of microbial mats and stromatolite-forming microbial communities. These
microbial ecosystems are regarded as robust analogues of ancient stromatolites and
can potentially provide an exceptional insight into ancient biogeochemical cycling and
the evolution of life (Riding, 2000).
The littoral zone of the Shark Bay tidal flats is host to five different types of
microbial mats. This classification is based on the distinctive morphology of each
microbial mat type (Jahnert and Collins, 2012; 2013), and further supported by the
complex internal microfabrics (e.g. laminated, sub-laminar, scalloped, irregular or
clotted; Logan, 1974; Reid et al., 2003), characteristic of the different mat types. The
precipitation of carbonates within these mats depends on the fragile balance between
the processes increasing the alkalinity (e.g. cyanobacterial photosynthesis, anoxygenic
phototrophy and sulfate reduction) and those leading to a decrease in alkalinity (e.g.
aerobic heterotrophy, sulfide oxidation and fermentation; Visscher and Stolz, 2005;
Dupraz et al., 2009). The lithification also depends on the trapping and binding of
carbonate by ExoPolymeric Substances (EPS), largely produced by cyanobacteria
(Stal, 2000; Richert et al., 2005) and sulfate reducing bacteria (SRB) (Bosak and
Newman, 2005; Braissant et al., 2007).
DNA analyses (e.g. genomic DNA, 16S rDNA; rRNA) performed on the
Hamelin Pool microbial mats have revealed that complex micro-ecosystems and high
biological diversity are found within a single microbial mat type, including great
bacterial diversity as well as numerous archaea and eukaryotes (Burns et al., 2004;
Papineau et al., 2005; Allen et al., 2009; Edgcomb et al., 2014). Although DNA carries
the most information on a phylogenetic and taxonomic level, it does not survive over
geological timescales (Briggs and Summons, 2014), and therefore cannot be used for
comparison with ancient stromatolites. In contrast, lipids are biomolecules that have
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greater preservation potential and therefore are more easily preserved over geological
timescales (even as free sterols; Melendez et al., 2013). Lipids, combined with their
stable isotopic composition, are often specific for a microbial group (sometimes
species) thus can give some valuable insights into microbial ecosystems. Lipids of
microbial mat communities have been previously characterised from a variety of
localities and environmental settings (Bühring et al., 2009; Jahnke et al., 2004; Pagès
et al., 2014b, 2015).
The characterisation of parameters that have a good preservation potential
over time (e.g. biomineralisation, textures preserved in the microfabrics, and biolipids)
to study modern microbial mats is therefore of great interest to establish comparison
with ancient stromatolites. In the present study, we investigate three shallow microbial
mat types from Carbla Beach, located on the eastern part of Hamelin Pool (Figure 51) and characterised by an abrupt depth gradient compared to other Hamelin Pool
localities (Jahnert and Collins, 2012). Carbla Beach is also characterised by a high
abundance of ooids (Summons et al., 2013). Although biosignatures from the Carbla
Beach ooids have been investigated in detail (Summons et al., 2013), lipids and
isotopic signatures from the nearby microbial mats have not been reported to date. The
aim of this study is to provide a combined characterisation of the microfabrics, the
lipid distribution and their compound-specific carbon isotopic signatures within three
microbial mat types found along the shallowest section of the littoral gradient: (i)
supratidal tufted mat, (ii) intertidal pustular mat and (iii) shallow subtidal smooth mat.

Materials and methods
Study site
Shark Bay is located in Western Australia, 800 km north of Perth (Figure 51). Hamelin Pool, the eastern embayment of Shark Bay, is a semi-enclosed shallow
marine system with a semi-arid climate. These environmental conditions favour high
evaporation rates leading to hypersaline marine conditions (56-70 psu, Logan and
Cebulski (1970)).
Samples of microbialites were collected near Carbla Station (Figure 5-1)
during a field excursion to Shark Bay in June 2011. At that time, the highest salinity
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measured at this sampling site reached 90 psu, which is in the upper range of
hypersaline environments. In contrast, the measured pH of the seawater was within
average marine values and ranged between 8.3 and 8.4.

Figure 5-1. Google Earth image of Shark Bay showing the location of Hamelin Pool. The yellow star represents
the Carbla sampling site in Shark Bay, Western Australia.

Carbla Beach is characterised by a steep littoral gradient and microbial mats
with striking morphological differences at a macroscopic level, which allow for clear
identification of the different types of microbial mats (Figure 5-2). Three shallow
microbial mats from supratidal, intertidal and shallow subtidal environments (tufted
mat, pustular mat and smooth mat, respectively) were sampled. Details on the
assemblages and macroscopic features of these mats are reported elsewhere (Jahnert
and Collins, 2011; 2012).
The tufted mat was sampled at a water depth of 10 cm. It shows an
accumulation of grains at its surface that are attributed to prevailing winds and tides.
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The pustular mat sample was collected at a depth of 40 cm and is characterised by an
irregular clotted fabric covered by a brown-coloured mucilage. The laminated smooth
mat was sampled at 70 cm water depth and is characterised by a flat and smooth
surface (Figure 5-2).
Tufted, pustular and smooth mats (Figure 5-2) were sampled with a stainless
steel spatula, transferred into pre-annealed glass jars (450 °C for 5 hr) and were
immediately frozen at – 18 °C on site. Samples were then freeze-dried before analyses.

Figure 5-2. Characterisation of the Carbla Beach area and mats sampled (modified from Jahnert and Collins,
2012). A) Map with sampling location (google earth), B) proportion of the four lipid fractions investigated in
the three mat types. C) Macroscopic morphology of the three mat types and D) Facies model of the Carbla beach
microbial mats.
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δ13C of Carbonates
Carbonate samples were analysed for δ18O and δ13C using a GasBench II
coupled with a Delta XL Mass Spectrometre (Thermo-Fisher, Scientific), reaction at
50C over 24 hours.
Imaging techniques
Aliquots of the three dried mats were used for thin section preparation. Thin
sections were studied using standard optical microscopy. Scanning electron
microscopy (SEM) images using secondary electrons were obtained during the
investigation of Au-coated (3-5 nm) three-dimensional pieces of mats. Analyses were
performed using a Zeiss Ultra-Plus FEG-SEM coupled with a Bruker X-Flash energy
dispersive X-ray spectroscopy (EDS) detector for elemental analyses. An accelerating
voltage of 20kV in high current mode was used.
Clasts, cements and micrite estimation.
The relative abundance of components was determined quantitatively through
point counting. Point counting was continued to a minimum of 200 points and until
percentages of components had reached equilibrium (c.f. Madden et al., 2017).
Lipid analyses
Extraction
Aliquots of the three mat types (8-10 g) were crushed and ground manually
using pestle and mortar. Lipid biomarkers were extracted with a mixture 9:1 (v/v)
dichloromethane: methanol (DCM: MeOH) for 1 hr (20 mins, x 3) in an ultrasonic
bath. The total lipid extracts (TLEs) were reduced to 3 mL under a purge of nitrogen
at room temperature (25 °C). The TLEs were filtered through pre-extracted (DCM:
MeOH, 9:1) cotton wool to remove particles and filtered through annealed anhydrous
magnesium sulfate (MgSO4) powder to remove any residual water from the samples.
Activated copper turnings were added to each TLE and stirred (72 hr) to remove
elemental sulfur.
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Column chromatography
An aliquot of each TLE was adsorbed onto activated silica (160 °C, 8 hr) and
placed onto the top of a small silica column (ca. 5 cm, Pasteur pipette). Five fractions
were obtained as follows. (1) Aliphatic hydrocarbons were eluted using n-hexane (2
mL), followed by (2) aromatic hydrocarbons in 4:1 hexane: DCM (2 mL), then (3) free
fatty acid methyl esters (FAME) and ketones in DCM (2 mL), (4) alcohols in 4:1
DCM: ethyl acetate (2 mL) and (5) the polar fraction in 7:3 DCM: MeOH (2 mL).
Excess solvent from each fraction was removed by a nitrogen purge before analyses.
Derivatisation
Alcohols and polar fractions were derivatised using bis(trimethylsilyl)trifluoroacetamide (BSTFA) and anhydrous pyridine (150 µL and 100µL, respectively
per 0.25 mg of sample) and heated (70 °C for 1 hr). Once cooled, the alcohol and polar
fractions were dried under a nitrogen purge and dissolved in n-hexane. They were
analysed using gas chromatography mass spectrometry (GC-MS) and gas
chromatography – isotope ratio mass spectrometry (GC-irMS) for compound specific
isotope analyses (CSIA).
GC-MS analyses
Samples were analysed using a Hewlett Packard (HP) 6890 GC interfaced to
a HP 5973 mass selective detector (MSD). The fractions were dissolved in n-hexane
and introduced by a split/splitless injector operated in a pulsed splitless mode. The GC
was fitted with a 60 m x 0.25 mm i.d. WCOT fused silica capillary column coated with
a 0.25 µm film DB-5MS). The initial temperature of the oven (40 °C) was held for
1 min and heated at a rate of 3 °C/min up to 325 °C (isothermal for 30 min). Ultrahigh purity helium was used as the carrier gas and maintained at a constant flow of
1.1 mL/min. The mass scan range acquired was 50 Da to 600 Da.
Compound identification and semi-quantitative analyses were performed on
the separated fractions and derivatised aliquots. Each fraction was spiked with a known
amount of internal standard (squalane) and analysed by GC-MS.
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CSIA
CSIA was performed on the aliphatic and free FAME fractions as well as on
derivatised alcohol and polar fractions using a Thermo Delta V Advantage isotope
ratio mass spectrometer (irMS) coupled to a Thermo Trace GC Ultra via a GC Isolink
and Conflo IV. GC conditions were the same as (GC-MS section). GC column outflow
passed through the GC Isolink combustion reactor (copper oxide / nickel oxide, 1000
°C) to combust hydrocarbons to CO2. δ13C values were determined by integrating the
ion currents of masses 44, 45 and 46 using Thermo Isodat software, and calibrated to
the international Vienna Peedee Belemnite (VPDB) scale by comparison with a
mixture of n-alkane standards of known isotopic composition. Samples were run in
duplicate, and standards were run in duplicate every third sample to confirm
consistency of the measurements. A pure cholesterol standard (underivatised and
derivatised) was analysed in order to calculate the δ13C of the additional methyl-groups
from BSTFA (Jones et al., 1991). All values reported in this study have a maximum
standard deviation of 0.4 ‰ VPDB from at least two analyses.

Results
Carbonate isotopes and microfabrics: optical microscopy and SEM
The Shark Bay microbialites have microfabrics that can vary significantly,
depending on the water depth, salinity and corresponding microbial ecosystem
involved in the mat formation (Reid et al., 2003; Jahnert and Collins, 2012; 2013). The
carbonate fractions of all three mats shows enriched δ18Ocarb and δ13Ccarb values.
δ18Ocarb values are comprised between +3.07‰ and +3.50‰, whereas δ13Ccarb vary
between +4.67‰ and +5.36‰. A qualitative description of the internal fabrics of the
three mat types investigated here is presented below.
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Figure 5-3. Photographs of the characteristic internal microfabrics observed in the three microbial mats: A &
B = Tufted mat, The tufted mat shows a high degree of porosity and (A) contains planktonic remains (pk) as
well as <100 micron euhedral dolomite crystals (dol) and superficial micritic ooids at various stages of
preservation plus (B) abundant filamentous cyanobacteria (Fb). (C and D) The pustular mat shows abundant
dolomite crystals and smaller concentric ooids. Abundant planktonic remains and clotted micrite patches (mic)
are also present. (E and F) The smooth mat shows the lowest porosity of the three mat types and contains less
dolomite crystals. It also contains the smallest ooids (E). Micrite patches are significantly more abundant and
larger than in the other two mat types.

Tufted mat
Figure 5-3A-B shows clotted to slightly dense micritic material accounts for
39% of the sample. This mat also shows high porosity (36%) dominated by three main
types: interparticular, growth-framework and vuggy porosity Imperforate larger
benthic foraminifera with a high degree of preservation and robust forms (low length
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to width ratios) are common and present their original mineralogy. In addition,
fragmented bivalves account for 9% of the sample. Miliolid foraminifera are rare
(<2%) and are well preserved. Bivalve fragments often display intense micritisation
and show pervasive thick rims (up to <100 µm). Superficial micritic ooids are present
(5%) at sizes up to 500 µm. A fine (100-250 µm) quartz content is additionally present
(3%). Calcite cements account for <6% of the sample. Cements include (1) fine
(40 µm) micritic to granular calcite infilling primary porosity within the micritic
matrix and (2) rarer fine (40-50 µm) acicular calcite infilling original intraparticular
porosity of bioclasts.
SEM observations of mat aliquots revealed a greater abundance of ooids
(~ 200 µm diameter) than observed on thin section and confirmed a low degree of
cementation (Figure 5-4A-C). The outer layer of the ooids appears smooth and
homogenous, however abundant EPS is observed around the ooids and aids in binding
them together (Figure 5-4). Small euhedral crystals, identified mostly as dolomite
(Ca,Mg(CO3)2) and halite (NaCl), were observed in association with the ooids (Figure
5-4A-C). Most of the halite crystals are covered by EPS, corroborating their authigenic
origin from the highly evaporitic environment in supratidal settings of Carbla Beach,
rather than from precipitation during sample preparation. Very few detrital grains were
detected.
Pustular mat
The pustular mat sample (Figure 5-3C-D) is dominated by dense to slightly
clotted micrite (38%) and growth-framework as well as interparticular porosity (31%).
Superficial ooids and concentric to composite ooids are the dominant allochem (9%)
together with common bioclasts (8%). Ooids have both pelitic and mature quartz grain
nuclei and demonstrate reworking into ‘grapestone’ style composite ooids. Bioclasts
include: (i) fragmented bivalves (<500 µm) that have been replaced by granular-blocky
(anhedral to euhedral mosaic; terminology of Flügel, 2010) to fibrous calcite and (ii)
heterostegina and peneropolis forms of larger benthic foraminifera. Locally, bioclasts
show micro-perforations typical of endolithic microborers. Bioclasts do not typically
show micritic rims. Microdolomite rhombs (50-80 µm) are common (6%) together
with clean micritic to granular (~100 µm) calcite (7%). Additionally, authigenic
evaporate crystals are also seen (<2%). The presence of ‘ghost fabrics’ and relict
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structures in the larger bivalve fragments indicates that the cement (granular mosaic to
fibrous calcite) is of neomorphic, and likely early marine, origin. The clean, inclusion
free miciritc cement, is indicative of primary cement rather than neomorphism of the
clay rich clotted micritic fabric.
SEM imaging also shows that ooids are extensively coated by partially
mineralised EPS (Figure 5-4D-F). Numerous diatoms of relatively large size (up to
50 µm), characteristic of this mat, were revealed. The highly diverse morphology of
the diatoms suggests that numerous diatom species are present, most of them deposited
onto or trapped within the EPS. Carbonate spherules (<1 µm) are also present and,
when associated with the micritic texture of the mat (Figure 5-4D-F), represent the
biologically-induced mineralisation surrounding coccoid cyanobacteria (Jahnert and
Collins, 2012; 2013).
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Figure 5-4. SEM images of the three microbial mats A – C= Tufted mat, D – F = Pustular mat and G – I =
Smooth mat. The tufted mat is characterised by abundant ooids either showing a smooth surface or surrounded
by EPS. The presence of halite (NaCl) crystals encrusted by EPS suggests that the highly evaporitic environment
does not prevent the formation of EPS. The pustular mat displays a granular type texture at a microscopic scale,
covered by EPS. Abundant diatoms of various morphologies are observed in this mat type. The smooth mat
displays a more compact structure almost entirely coated by EPS. Few diatoms, which are smaller compared to
the pustular mat, are observed.

Smooth mat
A clotted to slightly diffuse micritic fabric (53%) dominates the sample
(Figure 5-3E-F), which also shows a lower interparticular and growth porosity (27%)
than the two shallower mats. The dark brown colour in plane-polarised light (PPL) is
suggestive of a high organic or clay fraction. The presence of terrigenous material is
supported by a common (9%), fine sub-rounded to rounded quartz fraction (150250 µm). Carbonate allochems include common finely comminuted (100-300 µm)
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molluscan fragments (likely bivalves) and relatively well preserved larger benthic
foraminifera (peneropolis, heterostegina and miliolid forms) and account for ~2% of
the sample. Additionally, micritic surficial ooids are present (3%).
Early alteration of bioclasts is present as thin (20 µm) constructive micritic
envelopes (micritic rims) but also as bivalve shells that have typically been replaced
by neomorphic calcite. Larger benthic foraminifera typically show less pervasive
micritic rims. Inclusion free, (clean) micritic calcite is present as a cementing phase
but in low abundance (<5%). Rare (<1%) microdolomite rhombs (50-70 µm) are found
within the clotted micritic matrix that rarely show erosional surfaces. SEM confirms a
more intense micritisation (Figure 5-4G-I) and EDS analyses of the EPS highlight a
mineralogy dominated by calcium carbonate. Few diatoms of reduced size were
observed (15 µm, Figure 5-4G-I), however no variation in their morphologies was
identifiable.
Aliphatic hydrocarbons
Aliphatic hydrocarbons were the least abundant lipids of the three mats
(Figure 5-2). They were analysed to assess the contributions of bacterial communities,
higher plant/aquatic plants, and other eukaryotic inputs (Figure 5-5). All three mats
contain n-alkanes ranging from n-C15 to n-C34 maximising at n-C17 or C17:1 alkene. In
the tufted mat type, n-C17 alkane is largely dominant (8.63 µg/gsed) whereas the
pustular mat is characterised by comparable abundance of n-C17 and C17:1 alkene
(~3.6 µg/gsed), and the smooth mat shows a greater contribution of C17:1 alkene
(6.73 µg/gsed). All mats also show an odd-over-even carbon preference in the long
chain n-alkanes (C23 to C34). Phytene isomers are more abundant than phytane in both
the tufted mat (4.74 µg/gsed vs. 0.93 µg/gsed, respectively) and smooth mat
(4.21 µg/gsed vs. 0.45 µg/gsed, respectively). However, in the pustular mat only
phytane is present (0.37 µg/gsed). The C25:1 highly branched isoprenoid (C25:1 HBI) is
present in trace amounts in the pustular mat (0.40 µg/gsed), abundant in the smooth
mat (2.81 µg/gsed) and absent in the tufted mat.
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Figure 5-5. Total ion chromatograms from GC-MS analyses of the aliphatic hydrocarbon fractions from the
three mats.

All mats show the presence of C30-hop-22(29)-ene with the lowest abundance
in the tufted mat (0.21 µg/gsed) and a maximum of 0.52 µg/gsed in the smooth mat.
The abundance of this compound therefore increases with depth. Both the pustular and
smooth mats contain C29-stera-3,5-diene (0.18 and 2.45 µg/gsed, respectively). The
smooth mat shows a greater abundance of C30-hop-22(29)-ene and C29-stera-3,5-diene
and minor contribution of a C31-ββ-hopane and cholest-2-ene. Overall, the smooth mat
differs in hydrocarbon distributions compared to the two shallower mat types.
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Figure 5-6. The δ13C values of the aliphatic hydrocarbon fractions of the three mats.

The carbon isotopic compositions of the aliphatic hydrocarbon fraction from
each mat type are shown in Figure 5-6. The δ13C values of the short chain n-alkanes
(n-C16 – n-C20) show major isotopic discrepancies between mat types with isotopically
heavier n-C16, n-C17 and n-C18 alkanes (with values up to –13.2 ‰) in the tufted mat.
However, the δ13C value of C17:1 alkene is similar for the three mats (~– 21.2 ± 0.4 ‰).
The δ13C values of the long chain n-alkanes (C23-C32) for both the pustular
and smooth mats are similar (except for the n-C29 alkane) and show that higher
molecular weight n-alkanes are more

13

C-depleted than medium chain n-alkanes. In

the pustular mat, the n-C29 alkane is 13C-depleted by ca. 3 ‰ compared to the smooth
mat.
The C30 hop-22(29)-ene shows a more 13C-enriched signal in the pustular mat
than in the smooth mat (by up to ca. 3 ‰). In the smooth mat, the C25:1 HBI and
C29 stera-3,5-diene have δ13C values of –12.6 ‰, and –12.1 ‰, respectively. The
cholest-2-ene, detected in the smooth mat only, shows a δ13C value of –20.8 ‰.
Free Fatty acid methyl esters (FAMEs)
The free FAMEs distribution and carbon isotope compositions are presented
in Figure 5-7. The free FAMEs fraction shows low relative abundance compared to
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more polar compounds (Figure 5-2) with absolute concentrations of 11.9 µg/gsed in
the smooth mat, 7.9 µg/gsed in the pustular mat and only 4.7 µg/gsed in the tufted mat.
The tufted mat is characterised by a small diversity of compounds and low
concentrations of free FAMEs. The most abundant compounds in the tufted mat (i-C15,
n-C16:1, n-C16, n-C18) show similar concentrations with a maximum of 580 ng/gsed for
n-C16:1.The pustular mat is dominated by n-C16 (2710 ng/gsed) and n-C18
(508 ng/gsed) and their unsaturated homologues. The smooth mat free FAMEs
distribution shows more diversity, although two compounds are clearly dominant; nC16 (1815 ng/gsed) and compound II (1840 ng/gsed).
All three mat types contain short chain saturated FAMEs ranging from n-C14:0
to n-C18:0; unsaturated homologues and traces of 10-methyl-C16:0 are also present. The
medium/long chain saturated FAMEs from n-C22 to n-C28; which display an evenover-odd predominance, are more abundant in the smooth mat and pustular mat types,
with total concentrations of 141.4 ng/gsed and 663.9 ng/gsed, respectively. Lipids
characteristic of sulfate reducing bacteria (e.g. iC15, aiC15, iC17:1ω9, iC17, aiC17 and
10MeC16, Londry et al., 2004; Taylor and Parkes, 1983, 1985) are present in the three
mat types. These markers are most abundant in the tufted mat where their total
concentration reaches 1191 ng/gsed. Their abundances decrease with depth with
concentrations of 524 ng/gsed in the pustular mat and 432 ng/gsed in the smooth mat.
A series of lipids, tentatively identified based on mass spectra comparison
with the NIST library and retention times, as n-alkyl-n-decanoates (I, II, III, V, VI,
VII, mass spectra in Figure A5-1) is dominant in the smooth mat. In this mat, the total
abundance of these compounds is 6557 ng/gsed. Although the whole series is not
present in the other mats, the tufted mat also contains compounds IV, V, VI, VII and
compound VI is detected in the pustular mat.
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Figure 5-7. Chart representing the lipid distribution (in ng/gsed) and their δ13C values in the free FAMEs
fraction, the alcohols, sterols, cyclic terpenoids fraction and the FFA fraction. Compounds I, II, III, IV, V, VI,
VII have their mass spectra included in Figure A5-1.
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CSIA of individual FAMEs revealed a depletion in

13

C in the deeper mats.

The saturated n-C16 becomes more 13C-depleted, with δ13C values of –16.9 ‰ in the
tufted mat, –21.8 ‰ in the pustular mat and –24.0 ‰ in the smooth mat. A similar 13Cdepletion with depth is also observed for the other compounds, with the smooth mat
being systematically more

13

C-depleted than the shallower tufted and pustular mats

(Figure 5-7).
The short to medium chain FAMEs in the pustular and smooth mats have
average δ13C values of –20.7 ‰ and –22.2 ‰, respectively. The n-alkyl-n-decanoates
V and VI display a similar trend of depletion with increasing water depth. In the tufted,
mat n-alkyl-n-decanoates V and VI display values of –17.0 ‰ and –17.2 ‰,
respectively; whereas they are more depleted in the smooth mat (–20.3 ‰ and –
22.9 ‰, respectively). In contrast, n-alkyl-n-decanoate VII displays depleted δ13C
values for the tufted (–38.6 ‰) and the smooth (–39.0 ‰) mats.
Sterols, fatty alcohols and cyclic terpenoids
The fraction containing sterols, fatty alcohols and cyclic terpenoids was the
second most abundant after the polar fraction in all three mats (Figure 5-2). However,
only part of it is GC-amenable allowing for absolute concentrations estimations of
65.7 µg/gsed in the tufted mat, 85.7 µg/gsed in the pustular mat and a maximum of
72.5 µg/gsed in the smooth mat (Figure 5-7). The three mats show a variety of
compounds from straight chain and methylated fatty alcohols to steroids and
pentacyclic terpenoids.
Straight short chain fatty alcohols from C14 to C18 are present in the three
mats. In the tufted and smooth mats, C16 reaches ~2200 ng/gsed; however, it is less
concentrated in the pustular mat (1123 ng/gsed). Straight medium and long chain fatty
alcohols (C20 to C30) are observed in all three mats and present strong even-over-odd
predominance. Phytol is present in the three mats with concentrations varying between
925 ng/gsed (tufted mat) and 1384 ng/gsed (pustular mat). The C27 and C29 sterols are
dominant in each mat, particularly in the pustular mat where the cholesterol,
stigmasterol and β-sitosterol reach their maximum concentrations (20867 ng/gsed,
14634 ng/gsed and 15755 ng/gsed, respectively). In contrast, pentacyclic terpenoids
(diplopterol, tetrahymanol, bishomohopanol) show similar concentrations in the tufted
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and smooth mats but were not detected in the pustular mat where only diplopterol was
identified.
Cholesterol, β-sitosterol and phytol show an overall enrichment in 13C with
values between –15.3 ‰ and –16.7 ‰ (Figure 5-7). Stigmasterol is also 13C-enriched
in the tufted mat with a δ13C value of –17.6 ‰ in the tufted mat and is more

13

C-

depleted in the pustular and smooth mats (–22.7 ‰ and –23.1 ‰, respectively). The
δ13C values of medium and long chain n-alcohols were measured in the pustular and
smooth mats, where they range between –20.5 ‰ and –22.9 ‰.
Free Fatty acids (FFA) and diols
In all three mat types, the polar fraction is the most abundant (Figure 5-2)
and is composed of straight chain fatty acids, diols, and branched short-chain FFA.
The fractions are dominated by C16 which varies between a maximum of
68800 ng/gsed in the tufted mat and a minimum of 37130 ng/gsed in the smooth mat.
All mat types contain i-C15 and ai-C15, whereas i-C17 is only present in trace amounts
in the tufted mat. Although the short-chain compounds from C14 to C18 are dominant
in all three mat types, compounds between C12 and C14, as well as straight-chain
compounds from C20 to C26 and straight chain C16, C18 and C19 diols are present in the
pustular and smooth mat types only (Figure 5-7).
The δ13C value of the saturated C16 FFA ranges between –15.5 ‰ in the tufted
mat and –21.3 ‰ in the pustular mat. In the smooth mat, the saturated C16 FFA has an
intermediate δ13C value of –18.5 ‰. In the pustular mat, δ13C values of C14 and
unsaturated C16 and C18 FFA vary between –18.4 ‰ and –22 ‰. In the smooth mat, iC15 and n-C19 diol have δ13C values of –19.7 ‰ and –13.5 ‰, respectively.

Discussion
Both imaging techniques and lipid biomarker distributions have previously
proven to be useful in characterising microbial communities in modern mats from
Shark Bay (Reid et al., 2003; Jahnert and Collins, 2011; 2012; 2013; Pagès et al.,
2015). In the present study, a multiproxy approach combining lipid biomarker
analyses, microfabrics and stable isotope analyses, was used to characterise the
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environment of formation as well as dominant microbial groups present in each mat
type.
Mat type and environment of formation
The positive δ18O values of carbonates are characteristic of highly evaporitic
enclosed systems; the enriched δ13C values reflect extensive microbial activity
consistent with previous reports (e.g. Jahnert and Collins, 2012).
Microfabric characterisation of the tufted mat has shown the co-occurrence
of both bioclasts showing original mineralogy with others displaying intense
micritisation of the margins. The presence of robust foraminifera forms is
commensurate with the supratidal nature of this mat (e.g. Perry, 1999; Perry and
Hepburn, 2008; Madden et al., 2013). Granular calcite cements are not exclusively
inclusion free and therefore may indicate some neomorphic replacement of micritic
matrix and early marine diagenesis.
In the pustular mat, the early alteration of bioclasts by endolithic microborers
was observed with optical microscopy, although it is localised and overall uncommon.
Together with coarse fragmented bivalves and abundant concentric, superficial and
composite ooids indicates higher energies. The reworking of bioclasts and abundant
diatoms observed in this mat is consistent with intertidal settings.
The clotted micritic fabric characteristic of the smooth mat indicates shallow
marine settings and is common for low energy environments. The generation of
constructive micritic envelopes and cortoids is consistent with endolithic microborers
being most active in a moderate to low energy shallow-photic environment. Some of
these envelopes may be representative of biofilm calcification (e.g. Perry, 1999).
Generally, bioclasts with non-pervasive rims are compatible with nutrient reduced
conditions although a transport from higher energy environments (and therefore
reduced micritisation) cannot be excluded.
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Comparison: microfabrics and biomarkers
Cyanobacteria
Cyanobacteria were observed in all three mat types (Figure 5-3). Imaging
techniques applied on the three mats provided information about the type of
cyanobacteria present. The tufted and smooth mats show a predominance of
filamentous cyanobacteria, in agreement with previous studies (e.g. Bauld, 1984;
Jahnert and Collins, 2012; Logan, 1974). In contrast the pustular mat shows abundant
mineralised coccoids, typical of encrusted coccoid cyanobacteria, as previously
reported at other localities in Shark Bay (Jahnert and Collins, 2012).
The type of cement present in each mat can also serve as indicator of
cyanobacteria. For example, in the tufted mat, the presence of acicular calcite could be
related to cyanobacterial precipitates or cement nucleation on bacterial cells (Guo and
Riding, 1992). Similarly, the smooth mat displays a clotted micritic fabric, which is
typical for EPS calcification and is commonly associated with filamentous
cyanobacteria (Guo and Riding, 1992).
Lipids also reflect a large contribution of cyanobacteria. Hydrocarbon
fractions of all three mat types are generally dominated by n-C17 alkane and n-C17:1
alkene. These hydrocarbons were previously reported as the main hydrocarbons
extracted from cultured filamentous cyanobacteria (Paoletti et al., 1976), as well as
microbial mats from hot springs, freshwater and hypersaline environments (Fourçans
et al., 2004; Grimalt et al., 1991, 1992; Robinson and Eglinton, 1990; Rontani and
Volkman, 2005; Thiel et al., 1997). In Hamelin Pool microbial mats, n-C17 and n-C17:1
alkene hydrocarbons were largely attributed to cyanobacteria (Allen et al., 2010; Pagès
et al., 2015), although some degree of contribution from eukaryotic algae is also
possible(Paoletti et al., 1976). In our study, all three mats show similar δ13C values for
n-C17:1 (–21.3 ‰ on average), consistent with a common source. In contrast, n-C17
shows large isotopic differences in δ13C values between the three mats studied, likely
reflecting a varying input from cyanobacteria and eukaryotic algae between the
different mat types.
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Diatoms
Diatoms are present in both the pustular and smooth mat types. SEM imaging
shows abundant diatoms (~50 µm) deposited onto (or trapped in) the EPS within the
pustular mat. Most of these diatoms present a symmetrical biraphid morphology
(Spaulding et al., 2010). By contrast, SEM observations of the smooth mat revealed
diatoms that are relatively less abundant and of a smaller size (<10 µm).
In contrast, the C25:1 HBI, a diatom-specific marker (Grossi et al., 2004;
Summons et al., 1993; Volkman et al., 1998), shows the opposite trend: low in the
pustular mat and approximately five times more abundant in the smooth mat type.
Previous studies suggest that environmental conditions (e.g. salinity) can interfere with
the biosynthesis of C25 HBI alkenes in diatoms (Wraige et al., 1997). However, the
occurrence of authigenic evaporitic minerals (e.g. calcite, dolomite, and halite) in both
pustular and smooth mat suggests similar salinities for both mat types. An alternative
explanation comes from the work of Sinninghe Damsté et al. (2004), which
highlighted that only four diatom genera are capable of HBI alkene synthesis
(Navicula, Haslea, Pleurosigna and Rhizosolenia). Based on the latter study, our data
suggests that diatoms present in the smooth mat most likely belong to one of these four
genera, therefore producing abundant C25:1 HBI, whereas the diatoms observed in the
pustular mat belong to another genera not able to synthesise C25 HBI alkenes.
In the smooth mat, this diatom marker is 13C-enriched (–12.6 ‰). Such 13Cenriched signatures are common for diatom markers from a range of environments
such as lagoonal (McKirdy et al., 2010), hypersaline (Summons et al., 1993) and
estuarine (Canuel et al., 1997) settings. This characteristic 13C signature is generally
explained by the tendency of diatoms to grow in blooms, which leads to a localised
depletion of CO2, and therefore decreases the discrimination against

13

C during

photosynthesis (Freeman et al., 1994; McKirdy et al., 2010), although the capacity of
some diatoms to assimilate HCO3- can also explain such an enrichment in

13

C

(Freeman et al., 1994). Diatoms are able to synthesise some sterols (e.g. cholesta-5,22dien-3β-ol, 24 methylcholesta-5,22-dien-3β-ol, β-sitosterol); however these sterols are
non-specific and can also derive from micro-algae and/or higher plants (Volkman,
2003). Our 13C data suggest that most sterols present in the mats have a mixed origin.
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Sulfate-reducing bacteria
Markers of SRB were also detected in all mats. The 10-methylhexadecanoic
acid has been detected from cultures of Desulfobacula, Desulfotignum and
Desulfobacter (Taylor and Parkes, 1983; Kuever et al., 2001). This fatty acid is present
in all three mat types, although in a greater abundance in the tufted mat. These results
contrast with the mats from Nilemah, Shark Bay where the 10-methylhexadecanoic
acid was most abundant in the deepest microbial mat (Pagès et al., 2014a).
Other SRB markers such as iso- and anteiso-15:0 and 17:0, previously
identified in Desulfobulbus and Desulfobacter sp, were measured in the three mat
types. However, iso- and anteiso-15:0 were present in both in the free FAME and FFA
fractions whereas 10-methylhexadecanoic acid methyl ester as well as iso-17:0 and
anteiso-17:0 were abundant in the free FAME but only present as traces in the FFA
fraction of the tufted mat.
Higher plants
Shark Bay contains one of the largest seagrass meadows reported worldwide
(Walker et al., 1988). C29 steradiene, also reported in ooids from Carbla Beach
(Summons et al., 2013), was previously identified in the rhizomes of seagrass from
mangrove environments (Florida, USA, Killops and Frewin, 1994). C29 steradiene is
abundant in the smooth mat and is also detected at a lower relative abundance in the
pustular mat. This suggests a greater input from submerged aquatic macrophytes into
the deepest microbial mat. In the smooth mat, both C29 steradiene (–12.1 ‰) and βsitosterol (–16.6 ‰) have heavy δ13C values. It has been recently suggested that
seagrasses have an intermediate C3-C4 pathway where the C4 metabolism could be
induced by local environmental conditions (McKirdy et al., 2010; Touchette and
Burkholder, 2000; Tulipani et al., 2014). Here, the high salinity could be triggering a
switch to C4 metabolism in seagrasses. The 13C-enriched composition of C29 steradiene
supports a C4 metabolic pathway, although some epiphytic contribution is not
excluded (Belicka et al., 2012). However, β-sitosterol is more depleted by 4.5 ‰
suggesting a contribution from another source.
In general, higher plant inputs can often be characterised by long chain nalkanes with an odd-over-even predominance (OEP) and a depleted
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(between –31 ‰ and –39 ‰ for C3 plants) and a wide range of 13C (between –19 ‰
and –34 ‰) for some species of macrophytes (Collister et al., 1994; Canuel et al.,
1997). In Carbla Beach, long-chain n-alkanes with an odd-over-even carbon
predominance are present in the three mat types. The long-chain n-alkanes (C24-C33)
in the pustular and smooth mat types were on average more depleted than n-C17
(Figure 5-6) while abundances of long-chain n-alkanes in the tufted mat were too low
for CSIA. The presence of 13C-depleted long-chain n-alkanes in the mats is consistent
with an origin from terrestrial plant and/or submerged macrophytes. The use of Paq, a
molecular proxy based on relative abundances of long-chain n-alkanes (Equation 51), provides an estimation of the input from aquatic macrophytes relative to the input
from emergent and terrestrial plants to the total biomass. It has been successfully
applied to sediments from lakes (Ficken et al., 2000), lagoons, estuaries (Xu et al.,
2006; McKirdy et al., 2010) and has also previously been applied to Shark Bay mats
(Pagès et al., 2014a). Paq is calculated as follows:

𝑃𝑃𝑃𝑃𝑃𝑃 =

𝐶𝐶23 + 𝐶𝐶25

𝐶𝐶23 + 𝐶𝐶25 + 𝐶𝐶27 + 𝐶𝐶29

Equation 5-1. Paq formula, proxy for aquaticmacrophytes/terrestrial input.

Values ranging between 0.1 and 0.4 are characteristic of a mixture of inputs
from terrestrial plants and aquatic macrophytes while values between 0.4 and 1,
represent a greater contribution from submerged macrophytes (Ficken et al., 2000). In
the present study, Paq of 0.32 (pustular mat) and 0.37 (smooth mat) indicate a mixed
contribution for both mat types with a slightly greater contribution from aquatic
macrophytes to the deeper smooth mat, which is concordant with an increase of
macrophyte contribution with depth reported by Pages et al (2014a) (Pagès et al.,
2014a). In addition, the increase in relative abundance of both C29 sterols in the smooth
mat also indicates a higher vascular plant contribution compared to the other mats
investigated.
Other organisms
Observation of thin sections for the three mats clearly highlights the presence
of a great variety of eukaryotic organisms such as benthic foraminifera (e.g.
heterostegina, peneropolis, miliolids) and bioclasts (fragments of bivalve shell, likely
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the endemic bivalve Fragum erugatum), which is concordant with previous DNA work
on Carbla Beach microbial mats (Edgcomb et al., 2014). In addition, tetrahymanol,
found in the tufted and smooth mats, is largely derived from heterotrophic ciliates (e.g.
Grice et al., 1998b; Harvey and McManus, 1991; Sinninghe Damsté et al., 1995).
However, no ciliates were observed microscopically, highlighting the need for
complementary lipid biomarker studies.
The δ13C values of compounds I, II, and III were measured in the smooth
mat only and ranged between –24 ‰ and –15 ‰. The exclusive presence of these nalkyl n-decanoates in the smooth mat type may indicate that it harbours some
microorganisms that are not as abundant in the other mats. Microbial mats are known
to contain high sulfur cycling microbial activity, which could be a potential source for
these compounds.
The role of microbial communities in carbonate precipitation
Carbonate precipitation in microbial mats strongly depends on alkalinity
production, which represents a fine balance between the processes favouring a rise in
alkalinity (e.g. cyanobacterial photosynthesis, anoxygenic phototrophy and sulfate
reduction) and those decreasing the alkalinity (e.g. aerobic heterotrophy, sulfide
oxidation and fermentation) (Visscher and Stolz, 2005; Dupraz et al., 2009). SRB
activity (Equation 5-2) leads to an increase in HCO3- concentration, promoting an
increase in alkalinity (Abd-el Malek and Rizk, 1963) through the following reaction:

−
−
−
SO2−
4 + 2(CH2 O) + OH → HS + 2HCO3 + H2 O

Equation 5-2. Equation for sulfate reduction.

HCO3- can further react with Ca2+ ions to precipitate carbonate minerals in
microbial mats (Baumgartner et al., 2006; Dupraz and Visscher, 2005; Visscher et al.,
2000). In Bahamian stromatolites, specific zones characterised by enhanced sulfate
reduction (Visscher et al., 2000) and highest SRB abundance (Baumgartner et al.,
2006) were shown to correlate with areas of maximum CaCO3 precipitation.
Therefore, sulfate reduction is regarded as a major contributor to carbonate
precipitation in microbial mats. However, a rise in alkalinity is not the only factor
necessary for the precipitation of CaCO3. The presence of a nucleation site is also
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required. In microbial mats, EPS plays the role of nucleation site, allowing for CaCO3
mineral precipitation (Dupraz et al., 2004; Dupraz and Visscher, 2005; Reid et al.,
2000). Cyanobacteria are the most common producers of EPS in microbial mats
(Richert et al., 2005; Stal, 2000), but SRB are also known to be involved in EPS
production (Bosak and Newman, 2005; Braissant et al., 2007).
A recent study on microbial mats from Hamelin Pool by Suosaari et al.
(2016) suggested that the micrite, which forms the framework and cement, presents
strong similarities with microstructures identified in Precambrian stromatolites.
Thus, could potentially provide a window into Precambrian environments. Suosaari
et al., (2016) also revealed that lithified, well laminated buildups in Hamelin Pool
usually derive from coccoid cyanobacterial mats whereas mats dominated by
filamentous cyanobacteria result in poorly lithified sheets. In the present study, the
smooth mat contains the highest proportion of micrite (~53%) versus ~38% for the
pustular mat and ~39% for the tufted mat. This observation was also supported by
SEM imaging that highlighted the more cohesive nature of the smooth mat
compared to the two shallower mat types investigated here.
Suosaari et al. (2016) have suggested that the lithification of modern Shark
Bay microbial differs depending on the location of the mats. In seaward mats,
lithification potential was related to the dominant cyanobacterial type in the mat.
They showed that mats dominated by coccoid cyanobacteria are more prone to
lithification than mats where filamentous cyanobacteria were dominant. However,
in shoreward mats, such a distinction is not apparent (Suosaari et al., 2016). Our
data from intertidal settings, comparable to Suosaari et al. (2016) “shoreward” mats,
shows that the smooth mat type investigated here is the most lithified (micrite 53%)
of the three mats investigated here. Pustular and tufted mats both show a comparable
and lower degree of lithification (micrite ~38.5%). Both tufted and smooth mats are
dominated by filamentous cyanobacterial communities whereas the pustular mat is
dominated by coccoid cyanobacteria; This indicates that, within tidal settings, the
type of cyanobacteria dominating the mat does not exclusively determine the
lithification potential and that additional parameters should therefore be considered
when investigating the processes involved in biologically-induced and influenced
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lithification in modern mats. This comparison further demonstrates the complexity
of these microbial systems.
Shark bay mats as analogues of Precambrian mats?
Modern microbial mats found in Shark Bay are regarded as potential
analogues of Precambrian stromatolites (e.g. Walter, 1994). Therefore, the
characterisation of microbial communities and isotopic signatures in modern mats
from Shark Bay is believed to provide further insight into Precambrian ecosystems.
Suosaari et al. (2016) suggested that well-laminated buildups in Hamelin Pool derive
from coccoid cyanobacterial mats and that Entophysalis, which is common in most
lithifying mats of Hamelin Pool, is related to the Eoentophysalis sp. which has been
reported in early and middle Proterozoic stromatolite assemblages. In addition,
internal fabrics of Neoproterozoic stromatolites from the Pilbara have shown strong
similarities with clotted peloidal textures of the micrite detected in Hamelin
microbial mats, suggesting that these modern mats indeed offer a window into
Precambrian environments (Suosaari et al., 2016).
Nonetheless, the present study highlights slight variations in terms of
microbial communities, isotopic signatures and microfabrics that could potentially
be related to the different water depths at which the microbial mats are thriving. The
lipid distribution and CSIA show that SRB and seagrass contribution vary with
depth. Moreover, the combination of lipid and imaging techniques suggests that
diatom genera vary in the different mats. In addition, a previous study by Jahnke et
al. (2004) on two microbial mats from similar environments (e.g. similar temperature,
pH, δ13CDIC) presented differences in δ13biomass values (6.4‰ discrepancy), that were
associated with the different macroscopic structures of the mats, highlighting the need
for multi-proxy studies including isotopic signatures and microfabric characterisation.
Then again, despite the many resemblances highlighted above, a key
difference between the modern microbial mats from Hamelin Pool and the
Precambrian stromatolites is the high abundance of eukaryotes (foraminifers, bivalve
shells, diatoms), also highlighted by the evidence of eukaryotic activity (e.g.
microboring) and eukaryotic lipids (e.g. C25 HBI and steroids) in the modern mats.
These results are in accordance with the previous study by Edgcomb et al. (2014) that
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revealed a high eukaryotic diversity in Shark Bay mats including stramenopiles
(diatoms; 10-30%), Alveolata (ciliates and dinoflagellates; 10-50%) and unclassified
eukaryotes (5-45%).
This eukaryotic activity (e.g. bioturbation) is likely to play a role in the
formation of clotted structures observed in several modern microbial mat types.
Moreover, eukaryotes can actively consume the EPS, which would affect the cohesive
structure of the mats and the mat lithification processes (Edgcomb et al., 2014).
Therefore, eukaryotic organisms present in the modern Carbla mats most probably
impact their microstructure, potentially causing difficulties in the comparison with
Precambrian mats that were not affected by eukaryotic activity.

Conclusions
The present comparison of microfossils, bioclast remains and the micritic
content of the mats with lipid distribution and their stable carbon isotopic signatures
highlighted the importance of combined investigations to characterise modern
microbial mats. Our main results are described as follows:
•

This complimentary study allowed a more detailed characterisation of mat
communities. While cyanobacteria, for instance, were detected by both
imaging techniques and lipid analyses, the presence of specific diatoms,
ciliates or higher plant input was revealed by lipid analyses only.

•

The contribution of aquatic macrophytes increases with rising water depth
suggesting a greater contribution from the seagrass meadows to the deepest
mat, whereas SRB markers are most abundant in the shallowest tufted mat.

•

In tidal settings, the dominant type of cyanobacteria of each mat type does
not appear to be the main controlling factor for lithification potential.

•

All mats investigated show a major eukaryotic input, revealed by imaging
techniques as well as lipid analyses. These eukaryotes have impacted the
microstructure, lipid composition and stable isotopic signatures of modern
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mats, potentially complicating the comparison between modern mats and
Precambrian mats.
This study highlights the benefit of using a multiproxy approach when
investigating such complex modern ecosystems. Cross-disciplinary studies can
therefore allow for a more holistic understanding of the processes involved in the
lithification of microbial mats and formation of stromatolites. In addition, as numerous
factors (e.g. environmental conditions, carbon uptake physiologies, presence of
bioturbators) can affect isotopic signatures and microfabrics, the investigation of
recent and fossil stromatolites need to be regarded with caution and should be
complemented by biological, sedimentological and geochemical data.
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Appendix 5

Figure A5-1. Mass spectra of the compounds tentatively identified as n-alkyl-n-decanoates.
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Conclusions and Outlook

This PhD project explored and introduced the use of complementary
techniques (combined organic, inorganic and stable isotope geochemistry with
imaging tools) to investigate induced carbonate biomineralisations. These techniques
were applied to concretions associated with the Toarcian Oceanic Anoxic Event and
to modern stromatolites from a hypersaline tidal environment (Shark Bay, Western
Australia). The three main outcomes from the thesis are described under the subheadings below i) Preservation of complex palaeoenvironmental signals in carbonate
concretions, ii) Exceptional organic matter (OM) and soft tissue preservation in
carbonate concretions and, iii) Integrated investigation of tidal microbialites at Carbla
Beach, Hamelin Pool, Shark Bay.
Carbonate concretions are microbialites widely present in sedimentary rocks
(i.e. OM-rich shales and sandstones) covering all geological ages. However, analogues
are rare in modern environments, which limits the use of readily degradable
biomarkers (e.g. DNA) to assess the natural environment of formation and the
microbial communities involved in the formation of carbonate concretions. In earlier
studies, the processes and environments of concretion formation have been modelled
based on morphological and inorganic geochemical proxies. However, an increasing
interest in carbonate concretions has recently developed due to the research potential
they hold for finding evidence of early life.
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Another type of microbialites, the stromatolites, are also widespread in
sedimentary rocks, particularly in Archean and Proterozoic marine sediments, whereas
their modern microbial mats homologues only occur in a few localities, often under
hypersaline marine conditions (e.g. Shark Bay (WA), Bahamas (US)). Over time,
modern and ancient stromatolites have been widely studied because of their potential
as reservoir rocks for petroleum. This led to detailed characterisation of stromatolite
morphologies, structures and microfabrics. However, the rising interest for early life
over the past two decades, has generated a whole new interest for microbial ecosystems
and the role they play(ed) in elemental cycling.
In this PhD project, various parameters (such as microscopy techniques,
elemental distribution, lipid biomarkers and stable isotopes) have been applied to two
distinct microbialite types (carbonate concretions and microbial mats) formed under
contrasting settings and age.

Preservation of complex palaeoenvironmental signals in carbonate
concretions
The role of microbial ecosystems in the formation of carbonate concretions is
well-established, primarily based on inorganic, structural and mineralogical data (e.g.
stable isotopes of carbonate, and texture, different phases of crystal growth, and the
common occurrence of pyrite). Similarly, the depth at which concretions form within
sediments has been previously addressed based on concretion morphology. However,
little was known about OM composition and preservation within carbonate
concretions. The data obtained based on mineralogy, texture as well as inorganic
geochemical parameters (i.e.: elemental distribution, δ13C values of carbonates)
clearly records concretion growth signals (Chapter 2). Combined, these proxies
support the major role played by sulfate reducing bacteria (SRB) in calcium carbonate
concretion formation, as well as the likely role of iron reducing bacteria (FeR) in the
development of an outer pyrite-rich rim. Furthermore, elemental analyses have
suggested the existence of a redox front shortly before the pyritic rim that supports a
change in microenvironmental conditions and/or microbial communities.
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In contrast, lipid biomarker distributions reflect the sedimentary signal of the
environment within which the concretion formed. In Chapter 2, aliphatic hydrocarbon
distributions (within all sub-samples of the concretion) showed to be identical to the
biomarkers found in the surrounding shale. However, the corresponding stable carbon
isotopes were more negative in the concretion, which was attributed to the enhanced
SRB activity. Other biomarkers, such as aryl isoprenoids (Chapter 2) and maleimides
(Chapter 4), also provide information about the palaeoenvironmental conditions in
the ancient water column.
Due to their greater cementation, concretions are often found ex-situ, with
their host rock being weathered or eroded away. Up until recently only a few
biomarker and biolipid studies have been found to be useful to characterise
palaeoenvironmental

conditions.

For

example,

biomarkers

derived

from

Chlorobiaceae demonstrate photic zone euxinia was prevalent in a Devonian water
column playing a pivotal role in soft tissue preservation.

Exceptional organic matter and soft tissue preservation in carbonate
concretions
Not only do carbonate concretions record both concretion growth and
palaeoenvironmental signals, they are also well-known for their capacity to preserve
beautiful morphological fossils. Although not all carbonate concretions contain a
fossil, when a fossil is encapsulated it often shows a high degree of detail. These
exceptionally-preserved fossils serve as nuclei for anaerobic OM degradation, often
by SRB. This SRB activity is localised at the surface of the nuclei (Chapter 2). Thus,
bulk OM parameters, such as the hydrogen indices (HI) that can reflect the state of
preservation of the OM, were surprisingly high within the concretion body compared
to the rim. These elevated HI values indicate that the OM is well-preserved in the body
of the concretion whereas it is subjected to enhanced degradation within the pyritic
rim.
Studies involving molecular geochemistry, stable isotopes and microstructure
of concretions’ nuclei are rare due to the destructive nature of the techniques involved.
In Chapter 3 of this thesis, an ichthyosaur vertebra encapsulated in a carbonate
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concretion was subjected to lipid biomarker and elemental distribution as well as
imaging. It was established that the oldest remains of red blood cells, collagen fibres
encrusted in fluorapatite were identified, pushing back the occurrence of red blood
cells and collagen by 108 Ma. The very small size of the red blood cells were attributed
to the low oxygen levels in the oceans and atmosphere when the ichthyosaur lived.
The oldest original biolipids were previously reported in a Devonian
concretion. In this PhD thesis (Chapter 3), the second oldest sterols (and a number of
diagenetic products) were identified in the ichthyosaur vertebra. In particular abundant
cholesterol and its stable carbon isotopic composition, is attributed to the ichthyosaur’s
diet (with minor planktonic contribution) from the ancient water column.
This research opens up an underexploited area of palaeobiological
information across geological ages. It is possible for example that highly labile
molecules such as proteins, or DNA fragments much older than presently known might
be extracted from concretions containing fossils.

Integrated investigation of tidal microbialites at Carbla Beach,
Hamelin Pool, Shark Bay
Modern microbial mat ecosystems are often investigated using DNA
assessments. They have revealed a great complexity and diversity within modern
microbial mat ecosystems. However, this approach cannot be used to investigate
microbial communities in ancient mat types (e.g. Precambrian and Phanerozoic) as
DNA is readily degraded. Integrated techniques, similar to the ones employed in
Chapter 3, were applied to modern microbial mats from Shark Bay (Chapter 5). They
highlighted the efficiency of using complementary approach (microfabrics
characterisation with lipid biomarker and stable isotopic analyses) to characterise
modern microbial mats.
Three different types of mats (tufted, pustular and smooth) along a tidal flat
gradient were investigated. All mats were dominated by cyanobacteria and imaging
techniques revealed the preferential occurrence of filamentous cyanobacteria for the
tufted and smooth mats; and coccoid cyanobacteria for the pustular mat. Imaging and
biomarker analyses of diatoms showed contrasting results, where diatoms were
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abundant and diverse in the pustular mat the C25:1 HBI (attributed to diatom) was low.
In contrast, the smooth mat showed high relative abundance of C25:1 HBI but only few
diatoms of other species. Major eukaryotic input was highlighted in all mats, which
could potentially make the comparison of Shark Bay microbial mats with Precambrian
mats challenging.
Chapter 5 allowed a detailed appraisal of the microbial mat ecosystems and
environments based on long lasting markers. Furthermore, these observations were in
agreement with previous DNA studies of the microbial mats from the same location,
confirming the strength of a complementary approach. Such a comparison with
previous DNA studies is only possible for modern or recent microbialites; whereas the
combined study of lipid biomarkers and stable isotopes with imaging techniques can
also be employed on more ancient microbialites, as demonstrated in Chapters 2-4.

Future perspectives
The exceptionally preserved biomolecules and soft tissues present in the
ichthyosaur bone presented in Chapter 3, strongly suggest that proteins and DNA
(although partly degraded) could be preserved as well in that sample. This
microbiological approach is likely to be the next step in the investigation of such an
exceptional sample and is currently underway.
Chapter 4 of this thesis demonstrated the need of further geochemical
analyses in the investigation of the source for 2-methyl-3-ethyl-maleimide (MEM) in
the vertebra of the ichthyosaur. Future work will include the extraction of lipid
biomarkers from a larger quantity of bone to try to obtain stable carbon isotopic
measurement for the MEM. Furthermore investigation of the iron porphyrin content
would also aid to determine if the MEM from the vertebra has a heme origin.
Furthermore, the development of biomarker and stable isotopes work on
carbonate concretions would be very useful to better understand past environments.
The overall establishment of a systematic application of combined organic, inorganic
and imaging techniques on a much larger set of induced biomineralisations, from
different ages, types and environments of formation would be very useful in
determining more thoroughly the limits of such an approach (e.g. time limits, sample
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sizes). This type of multiproxy investigation is likely to retain key information for the
understanding of the evolution of life over extended periods of geological time, and
the first microbial ecosystems on Earth.
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