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Archaeal Cgo tetrgprotic acids (TPAs, otherwise known as ‘ARN’ acids or high
molecular weight naphthenic acids) have been reported in a few heavy immature crude oils
(Baugh et al., 2005) and a tentative structure has been reported for one Cg, acid based on
analysis of mixtures (Lutnaes et al., 2006). We now report the isolation and identification of
a series of individual Archaead Cgyg, TPAS, correction of the previous Cgy structure,
guantitative analysis of the concentrations and distributions of the acids in a wide variety of
crude oils and determination of the *C isotopic signatures of the TPAs. The resulting
information is important for oil exploration and for resolution of some oil production
problems where deposition of metal salts of the acids causes pipeline blockages and corrosion
difficulties.

TPAs were isolated from crude oils of North Sea and West African oilfields by ion
exchange and other methods and converted to methyl esters as reported previously (Lutnaes et
al., 2006). Examination of the methyl esters by high temperature gas chromatography
(HTGC) and High Performance Liquid Chromatography (HPLC) using an evaporative light
scattering detector (ELSD), revealed the distributions of resolved 4-8 ring acids for the first
time and electrospray ionisation mass spectrometry (ESI-MS) also revealed the presence of
previously unreported Cg; and Cg acids. Milligram quantities of several of the individual
TPAs were isolated by HPLC and the structures (e.g. Figure 1) elucidated by nuclear
magnetic resonance (NMR) spectroscopy. In some cases high field (900 MHz) spectroscopy
was needed in order to differentiate between regioisomers. A previous tentatively assigned
structure was found to be dlightly in error but al of the acids contained a unique cross-linked
bridge. This feature was previously only tentatively assigned in the tetraether membrane
lipids of certain hyperthermophilic Archaea (Lutnaes et al., 2006).

Use of weighed amounts of the individual isolated acids allowed calibration of the
HPLC-ELSD response and hence the concentrations of each TPA in the crude oils to be
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determined and measured. The distributions of 4-8 ring acids differed in the various ails,
possibly reflecting the growth temperatures of the bacteria from which the acids are assumed
to have originated. The Bc isotopic signatures of some of the acids were consistent with such
a hypothesis. It is possible that an index of palaeotemperature similar to that proposed for
bacterial tetraethers, can now be constructed and examples are given. This will have
important implications for exploration geochemistry, whilst the detailed knowledge of the
TPA structures will be useful for guiding the production of chemicals to act as inhibitors of
TPA salt deposition in pipelines.
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Figure 1. Structures of the regioisomers of some of the Cgq 6 ring Archaeal tetra protic acids
(TPAS) as methyl esters assigned by NMR spectroscopy after isolation by HPLC. Structure 5
comprises the most abundant TPA in the oils studied to date (cf Lutnaes et al., 2006).

REFERENCES

Baugh, T.D., Grande, K.V., Mediaas, H., Vindstad, J.E. (2005) SPE 93011, SPE International
Oilfield Scde Symposium. Aberdeen, U .K.

Lutnaes, B.F., Brandal, &., Sjéblom, J. and Krane, J. (2006) Organic & Biomolecular
Chemistry, 4, 616-620



02

OIL-SOURCE ROCK CORRELATIONS —-HOW DO WE MEASURE SUCCESS?
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A rigorous, defensible and causal oil-source rock correlation definitively ties an individual
source rock sample to an individual crude oil using genetically-based, internally consistent
parameter matches. Given the importance of these correlations as risk reduction tools in
exploration of both frontier and mature sedimentary basins, it is surprising how few rigorous
oil-rock correlations can be found in the open literature (Waples and Curiale, 1999), and how
many published correlations are indefensible. Indeed, although petroleum geochemists can
cite several “accepted” oil-source rock pairs, the invoked chemically and geologically
consistent correlative relationship is subjective to an extent that would be unacceptable in
other areas of organic geochemistry. My objectives here are to outline the reasons for the
inherent subjectivity of oil-source correlations, and to recommend conceptual and practical
approaches for improving them as an approach toward reducing exploration risk.

An oil-source rock correlation is a causal relationship established between the two
components which is consistent with all known chemical, geochemical and geological
information -- a definition originally established implicitly by Hunt et al. (1954). Specifically:
(@) the relationship must be causal -- the oil must arise (at least in part), from the specified
source rock; (b) chemical data used in the correlation must be comparable — the elemental,
molecular and isotopic data derived from the source rock must be of the same type as that
derived from the oil; and (c) al available geologica data must be supportive -- clear
geological evidence must exist which allows the proposed source rock to have sourced the oil.
The presence of all three pointsis required before declaring a correlation to be successful.

The three points of this definition will be satisfied if we address one anaytical and three
geological aspects of the problem. Natural extraction of crude oil from its source rock — i.e.,
“expulsion” — differs mechanically and temporally from laboratory extraction, leading to a
correlation problem referred to here as “extraction differences’, and representing the single
greatest analytical uncertainty in correlation efforts. Geologically, three aspects confound oil-
source correlations: occurrence of multiple source units; lateral and vertical variation in
source unit(s) organic matter; and lateral and vertical variation in reservoir unit(s) organic
matter. Since the semina work on multiple source units by Seifert et al. (1979), numerous

authors have demonstrated the pervasive occurrence of multiple source input, and new
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examples will be presented here. Lateral and vertical source variability has also been
demonstrated extensively, with cm-scale variations shown to be commonplace. Lateral and
tempora changes in conduit and reservoir organic matter, accompanied by compositional
differences due to migration-induced phase changes, are extensive in many petroleum systems.
Several examples of these natural geological variations will be presented, including multiple
sourcing in Alaska and China, intra-source unit organic differences in Brazil, Thailand and
West Africa (e.g., §Com ranges > 10 0/00), and migration-induced compositional differences
in the USA and elsewhere (e.g., substantial differences in molecular ratios previousy thought
to be source-defined). Emphasisis placed on the difficulty, and importance, of identifying the
original source signature from the composition of the crude ail, in the face of post-source
compositional changes caused by these multiple geological influences.

Five recommendations are forwarded as part of a unified approach to deal with oil-source
rock correlation concerns, and examples of applying these actions are presented. (1) Select
representative samples using statistically defensible methods. (2) Establish the inherent
compositional variability — laterally and temporally — in each prospective source unit. (3)
Assess the extent of migration-induced changes in oil composition. (4) Support each
correlation with migration histories derived from 4d models. (5) Iterate correlation results
with new data gathered from ongoing exploration efforts. These recommendations are
designed (a) to allow correlation success to be measured more objectively, (b) to establish
risking parameters for direct use in basin assessment, and (c) to provide baseline criteria for

use in reviewing oil-source rock correlations prior to publication.
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Mid-ocean spreading and accompanying hydrothermal activities result in huge areas
with exposure of minerals rich in reduced chemical species — basaltic and peridotidic rocks as
well as metal sulphide precipitates — to the oxygenated sea water. These metal sulphides
harbour microorganisms able to grow chemolithoautotrophically on reduced iron and sulphur
compounds (e.g. Edwards et al., 2005).

Studies of the biomarker interior and their carbon isotope signatures of a massive
sulphide sampled from an inactive area at the western flank of the Turtle Pits hydrothermal
field (Mid-Atlantic Ridge, 5°S) revealed a unique biomarker distribution. The microbial fauna
is dominated by bacteria with alipid composition mainly comprising of hydroxylated and iso-
branched fatty acids but especially non-isoprenoidal dialkyl glycerol diethers partially with
macrocyclic cores (including methyl branched hydrocarbons with 30 to 35 carbon atoms; Fig.
1). Structural homologues with yet unknown source were recently also found in hydrothermal
sinter deposits from New Zealand (Pancost et al., 2006). Similar to the bacteria lipids the
archaea in the sulphide predominantly consist of macrocyclic ether lipids including acommon
C40 isoprenoid and an uncommon compound with an additional methyl group (Fig. 1) for
which structural homologues are only reported from a methanogenic archaeum (Galliker,
1990) and a Pleistocene sulphur deposit (Burhan et al ., 2002). Compound specific analyses of
the stable isotope signatures revealed §*C values for the majority of bacterial and archaeal
lipid components of about 0%. (versus VPDB), indicative of chemolithoautotrophs using
carbon fixation pathways with only negligible isotopic fractionations. However, methanogens
are aso entrapped in the sulphide, demonstrated by 3C-depleted isoprenoidal lipids with a
§°C of about -50%o (characteristic for CO,-reducing archaea synthesising lipids via the acetyl
CoA-pathway).

Our work shows that sulphides deposited at a hydrothermal field represent suitable
environments  for  uncommon microbiological communities  with  mostly
chemolithoautotrophic organisms. Future studies have to reved if the widely distributed e-
proteobacteria — known to be key-playing in sulphide bioleaching — are the source of the
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unique glycerol diether composition, especially since recent genomic studies reveaed that the
e-protecbacteria are phylogenetically closer related to the deeply branching, ether-lipid
containing Aquificales than to other proteobacterial lineages (Sheridan et al., 2003) .
Nevertheless, massive sulphides at the Mid-Atlantic Ridge contain microbial
communities not known from any other milieu on Earth and thus possibly represent a window

into ancient microbial communities and thus into the early evolution of life.
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Figure 1. Examples of lipid biomarker series and their ether cleavage products present in a
massive sul phide — tentatively identified from their mass spectra.
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The record of steranes in Precambrian rocks has become a crucia line of evidence for
the early evolution of life on Earth, as it has been argued that these are diagnostic biomarkers
for eukaryotic organisms. The oldest reliable morphological evidence for eukaryotes occursin
the form of spheroidal acritarchs from the 1.8-1.9 Ga Chuanlinggou Formation in China
(Knoll & Walter, 1992). In contrast, traces of side-chain akylated steranes have been reported
in hydrocarbons extracted from shales as old as 2.7 Ga from the Pilbara Craton (Brocks et al.,
1999). Unfortunately, controversy clouds reports of such sterane extracts based on (1)
arguments for and against syngeneity of the steranes with the rocks, and (2) the interpretation
that the steranes were derived from eukaryotes. It is generally accepted that the 1.4 Ga
Velkerri Formation contains unequivoca steranes (Summons et al., 1988), but older rocks
such asthe 1.64 Ga Barney Creek Formation may not (Brocks et al., 2005). The geochemistry
of oil-bearing fluid inclusions trapped in Precambrian rocks can help confirm the existence of
ancient steranes. Textural relationships are used to constrain the relative timing of oil
entrapment, and where this can be clearly demonstrated to have occurred during Precambrian
diagenesis then the oil inclusions provide a unique repository of biogeochemical information
on the early evolution of life on Earth. Hydrocarbons in oil inclusons may survive
greenschist metamorphism (Dutkiewicz et al., 1998) at temperatures of ca. 300°C, whereas
free hydrocarbons in fine-grained rocks would have cracked to graphite and methane. Qil
inclusions are completely encased in a mineral host which protects them from possible
biodegradation and over-printing by later generations of Phanerozoic oil. Thus oil in
inclusionsis generally pristine, unaltered, and less susceptible to anthropogenic contamination
that isdifficult to eliminate from rock extracts.

Oil inclusions in ca. 2.45 Ga uraniferous fluvial metaconglomerate of the Matinenda
Formation at Elliot Lake, Canada were trapped in quartz and feldspar during diagenesis and
early metamorphism of the host rock, probably before ca. 2.2 Ga (Dutkiewicz et al., 2006).
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They contain an abundance of diverse steranes from C,g to C3y. The 2.1 Ga FA Formation
sandstone of the Franceville Basin in Gabon that hosts the Oklo natural fission reactors also
contains abundant oil inclusions, inside which syngenetic biomarkers including steranes are
preserved (Fig. 1). Comparison with outside rinse and system blanks shows that only some
C,; steranes are non-indigenous to the Matinenda and Oklo oil inclusions (Fig. 1). Extensive
series of Cae, C2s, Co9 and Cgzo Steranes and diasteranes are absent from the blanks of both
samples. This oil incluson evidence supports the presence of steranes in other
Palaeoproterozoic successions. If these diverse steranes come from eukaryotes, which is
likely given the narrow range of steranes derived from prokaryotes (Summons et al., 2006),
this means that our strain of life not only survived the Neoproterozoic “Snowball Earth”

events but also their Palaeoproterozoic equivalents.
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Figure 1. Partial m/z 217 mass chromatograms of the 2.1 Ga Oklo fluid inclusion oil and
blanks, showing C,;-Cyg steranes and diasteranes. The relative responses of the system and
final outside-rinse blanks are scaled relative to the Fl oil using the internal standard (squalane).
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Urdaneta Oeste is a Shell operated field situated on the southwestern edge of Lake
Maracaibo, Venezuela. The field has been in operation for a long period, with in-place
volumes of ~13 Bln bblsof oil and ~2.2 TCF of gas. The hydrocarbons are accumulated in
four main reservoirs, namely: Icotea, Misoa, Cogollo and the Rio Negro. The shallowest
reservoirs (Icotea Fm. & Misoa Fm.) have been subject to varying degrees of biodegradation,
however, there is little evidence to suggest that the deeper reservoirs (Rio Negro Fm. &
Cogollo Grp.) have been atered. Production is complicated by the high asphaltene
concentrations in these deeper reservoirs. Stankiewicz et a. (2001) documented the
asphaltene issues in the Cogollo reservoir., and a preliminary review of how the solids
deposition related to geochemical processes.

The objective of thisinvestigation has been to evaluate the controls on fluid property
variation within the Rio Negro reservoir. An Integrated Charge Evaluation (ICE) project,
comprising both a detailed geochemical study of available reservoir fluid samples, and a sub-
regiona basin model focused on the field as a whole, has been bought together to deconvolve
the charge history of this reservoir. Reservoir communication / compartmentalization, and
how that relates to the charge process has also been addressed. The approaches used are
examples of techniques commonly applied at Shell in exploration and field appraisal.

The Rio Negro reservoir is a relatively thin (20 — 60°), distal aluvia fan sequence,
comprising sands with thin shay intercalations. The top sea for this reservoir are
carbonaceous shales and clays of the Apon Fm., deposited under marine/lagoonal conditions.
Porosities and permeabilities are variable but generaly low (6 - 15% and 10 — 3000 mD
respectively) resulting in relatively low rates of production. In terms of bulk fluid properties:
oil gravities range from 27° to 32° with gas oil ratios (GOR) of the order of ~300 to 400.
Asphaltene contents range from 7.8 to 13%. However, the variance of bulk properties is not
systematically distributed across the reservoir. Due to the low GOR and relative
undersaturation of the Rio Negro, gas lift is employed to assist with fluid recovery. This

places some constraints on the geochemical evaluation, as the process impacts composition of
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the light ends (e.g. C7s) and restricts gas analysis to limited data obtained from downhole
MDT samples.

The source of hydrocarbons is conventionally attributed to the La Luna Fm. Typical
source rock properties for the La Lunain the Maracaibo area are listed in Table 1, and these
are the values used in the basin model. In addition the Aptian/Albian age Machiques Mbr. of
the Apon Fm. has also been identified as an additional potential source rock in the vicinity
(Perez-Infante, 1996). This source has also been included in the model, using the properties
inTable1. A 3-D basin model was run using Shell’s proprietary ‘ Cauldron’ software.

Sour ce Rock Average TOC (%) Average HlI Thickness (m)
LalLuna 10 553 65
Machiques 7 500 12

Table 1. Average source rock properties used in the basin model

Detailed geochemical analysis has been performed on fluid samples from 12 wells
across the Rio Negro reservoir. The data acquired include complete basic oil characterization,
as well as detailed molecular analysis on several different hydrocarbon fractions (i.e. gasoline
fraction, adamantanes, whole oil GC, mid-range aromatics, saturate and aromatic GC-MS).
CSIA has also been performed on selected species.

The results of the ICE study show that fluid properties in the Rio Negro are controlled
by a complex charge history, with oils of varying maturity accumulating in the reservoir via
separate charge entry points. The main phase of charge has been from the Miocene and
continues to the present day. Faulting within the reservoir has helped preserve the observed
variability resulting from the charge history by impairing fluid homogenization, and

presenting clear evidence for compartmentalization.
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The most pronounced mass extinction in the Phanerozoic occurred near the Permian-
Triassic (P/Tr) boundary (ca. 252 My ago) (Berner, 2002; Benton & Twitchett, 2003)
resulting in loss of up to 95% of marine- and 75% of terrestrial species (Erwin, 1994).
Volcanism, methane release from the melting of gas hydrates, bolide impact, global anoxia,
oceanic overturn of stagnant deep ocean waters, and outcropping of hydrogen sulphide
(Becker et al., 2004; Wignall, 2001; Krull & Retallack 2000; Wignall and Twitchett, 1996;
Knoll et al., 1996; Grice et a. 2005a) are mechanisms frequently invoked and strongly
debated. It has been suggested that the extinction is a “tangled web of causality” with several
mechanisms contributing to the biotic crisis (Erwin, 1994; Racki and Wignall, 2005).

In the present study we focus not only on the extinction horizon but also on the
prolonged recovery of the event. A multidisciplinary approach has been undertaken and
includes a molecular (biomarker), stable carbon and hydrogen isotopic approach along with
palynology, sedimentology, trace elements abundances and sulphur isotope studies of pyrite
across the Permian-Triassic boundary and extending into the Early Triassic. Several sediment
cores and samples spanning the boundary from a variety of palasogeographical locations
(Western Australia, East Greenland, Spitsbergen and Western Canada) are under investigation
to establish a global data set. For the first time, biomarker abundances paired with carbon and
hydrogen isotopes and sulphur isotopes of sulphides are being used to correlate events
(including changes in the redox conditions) surrounding the collapse of both the marine and
terrestrial ecosystems through this major crisis interval in an expanded section (40 m) from
East Greenland.

Previous palynological studies on the Schuchert Dal Section have highlighted key
changes in the terrestrial plant taxa through the latest Permian and earliest Triassic, displayed
in the distribution of spores and pollen (e.g. Looy et a. 2001). Throughout the same period of
time, significant changes are observed in the type and abundance of selected biomarkers.
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Aromatic compounds (e.g. dibenzothiophene, dibenzofuran and biphenyl) and biomarkers
derived from photosynthetic green sulphur bacteria are of particular interest. Recent data of
the Schuchert Dal Section from samples just before the extinction horizon are characterised
by high abundances of dibenzothiophene (DBT), dibenzofuran (DBF) and biphenyl (BP). We
suggest that lignin derived from the woody plants present during this period could be the
major source of these compounds. Just above the extinction interval, there is a dramatic
decrease in the abundance of these aromatic compounds which coincides with a sudden
change in §**S of sulphide minerals from -50%o to -25%o. due to variations in the redox state of
the ocean (Grice et al., 2005a). This trend is not unique to the Schuchert Dal Section as
similar trends have also been observed in the Hovea-3 P/Tr section from Western Australia
(Grice et d., 2005a). It is suggested that two processes are probably operating here, namely a
change in redox conditions and the extinction and/or sea level transgression which could
account for the absence of woody material. Further data from other sections (Spitsbergen,
Western Canada) will help establish whether these processes are represented globally.

At the same time we are carrying out stable carbon and hydrogen isotopes (D/H and
13C/lZC) studies of selected biomarkers by compound specific isotope analyses in order to
investigate appreciable changes in the biogeochemical cycling of carbon and hydrogen across
the P/ITr boundary. By comparing *C/*2C and D/H of plants and algae from the land and
marine realm, respectively, it is anticipated that the synchronous disturbance in oceanic and
atmospheric chemistry during the end-Permian mass extinction event and its protracted
recovery will be established. To support this data, D/H of kerogen (Schimmemann et al.,
2006) of selected P/Tr samples of various locations will be determined.
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Protein comprises the largest compartment of nitrogen in phytoplankton (e.g.
Lourenco et al., 1998) and thus provides a major source of carbon, but more importantly
nitrogen, in marine systems. Despite the rapid recycling of protein in the environment,
protei naceous remnants have been recognised in sediments and changes in molecular weight,
acidity and amino acid distribution have been related to diagenesis (e.g. Nguyen and Harvey,
2003; Nguyen et al., 2003). Littleis known, however, about the mechanisms by which intact
proteins are transformed and the conditions (if, indeed they exist) in which sufficient
sequence is preserved to identify the original protein sources and their routes to survival.

Incubations were performed in which an individual protein was followed through the
initial stages of microbial degradation and the structures of the resulting products
characterised. Cytochrome c, a protein with substantial sequence coverage achievable by
liquid chromatography-mass spectrometry (LC-MS) analysis, was selected as a model protein.
Estuarine waters amended with exudates of growing algae provided the microbial community
and a mixed carbon substrate. As chemical modification has been proposed as one route for
protein preservation, Cytochrome ¢ was also glycated (with D-Glucose) at multiple positions
and subjected to the same conditions. Total protein concentrations of innate and glycated
Cytochrome ¢ were monitored over time. After an initial lag both Cytochrome ¢ and its
glycated counterpart decreased in concentration (Figure 1), with the glycated Cytochrome ¢
removed significantly slower than the unmodified protein.

Protein samples were extracted by adsorption onto Nylon filters and subsequently
recovered. LC-MS analysis of extracts revealed the generation of peptides ranging from 11 to
20 amino acid residues in length during degradation and giving an overall sequence coverage
of 65%. Seven peptides were seen in both native and glycated protein incubations with two
additional peptides found in the glycated protein decay series. In both treatments al released
peptides persisted at detectable levels after total protein concentrations had reached baseline

levels.
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The cleavage sites and retention of specific regions of the protein did not correlate
with features in either the amino acid sequence or secondary structure (e.g. a-helices and -
sheets). Notably, portions of the protein that were retained were all in close proximity to, and
in one case covalently bound to the heme around which the protein is folded. It is suggested
that, following interruption of the protein chain through selected cleavages, heme provides a
focus for aggregation of nearby peptides, affording the aggregate increased protection against
enzymatic attack. The generation and persistence (abeit at very low levels) of these peptides
indicates that protein hydrolysis by natural microbial consortiais not an arbitrary process and
that sequence information sufficient to provide source and/or functiona information about a
protein can survive the initial stages of diagenesis. Furthermore, the proposed role played by
the porphyrin in the survival of Cytochrome c-specific peptides has an interesting parallel in
the geochemical record in the potential survival of identifiable photosystem proteins via

interaction with their chlorin ligands.
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Figure 1. Changesin total protein concentrations during bacterised and abiotic incubations of
Cytochrome ¢ and its glycated derivative.
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Sorption of organic molecules on clay surfaces in aguatic environment influence
organic sedimentation fluxes to bottom water and to sediment. It is well known that physical
and chemical interactions produce the flocculation of organo-mineral complexes. Floccul ation
decrease the transfer time across the water column and thus the risks of oxidation and/or
bacterial recycling in this environment. Other studies, based on analyses of organic matter in
sediments, revealed aso that direct contacts between clay surfaces and organic molecules
influence molecule availability to benthic fauna and bacteria. Many studies conclude that
mineral sorption can be considered as one of the preservation mechanisms, leading to
incorporation of metabolisable organic matter in sediments. The most part of these studies
based their conclusions on analyses of sediments but never fully considered sorption
processes resulting to organic matter preservation.

Many questions in this topic remain unresolved. Does sorption of organic molecules
on clay minerals can occur in the water column, i.e. before sedimentation? Which organic
molecules can be fixed on clays? What is the reactivity of these organo-mineral complexesin
deep water? Does interaction can be considered as an efficient process for organic molecules
protection, leading an efficient transport of organic matter from the dynamic water column to
sediments?

The aims of thiswork are first to test the possible in situ sorption of organic molecules
on clay mineras, in alacustrine environment, and secondly to test the stability of the organo-
clay complexes formed under these conditions. In this respect, the behaviour of natural
organic matter in presence of synthetic saponites (high- and low-charge Na-smectites) has
been studied in oxic and anoxic levels of an oligotrophic meromictic crater lake (Lac Pavin,
Massif Central, France). Clay samples were positioned in traps, closed by two membranes,
allowing only circulation of dissolved organic matter. Interactions were interrupted on the

spot, after 3, 10 and 21 days of immersion.
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Bulk chemical analyses showed the presence of organic carbon, associated with clays
after interaction with the water lake. Low-charge saponites present higher organic carbon
concentrations than high-charges, suggesting the non-prominence of cation bridge linkages
between organic molecules and clay surfaces. Molecular pyro-GC/MS investigations,
performed on clays, revealed the sorption of n- and iso- fatty acids, akanes and akenes, in
significant amounts (Figure 1). The molecular pyro-GC/MS anayses of organic extracts
carried out on waters emphasized the existence of selectivity during fixation, since the same
molecular fractions are present in waters and associated to clays, but in contrasted relative
proportions.

X-ray diffraction analyses, performed on the two saponites, proved the lack of
molecular intercalation in clay mineral structure. ESCA analyses showed a loss of sodium in
the interlayer space of the two saponites, and its probable substitution by divalent iron in
anoxic deep water. Failure of extractions by saponification and organic solvents, tested on
sorbed molecules, indicates the strong stability of the assemblages between clays and organic
molecules. This strong relationship could explain the organic matter preservation under

lacustrine water conditions.
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Figure 1. TIC chromatogram of py-GC/MS analyses with TMAH performed onlow charge
saponite before 10 days of interactionsin the anoxic level of the Pavin lake.
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The Peru margin offers a unique opportunity to study the composition of pre-burial
organic matter that accumulates at the sediment — water interface. Such studies provide the
baseline characteristics of organic matter that will be modified during diagenesis and ultimate
buria (Arthur et al. 1998). The upwelling of Peru is perennial, wind-driven, and presently
concentrated in the zones 7°-8°S, 11°-12°S and 14°-16°S. The upwelling system is dominated
by two currents: the equator-ward O,-rich Peru-Chile-current in the upper 200 m of the water
column, and the pole-ward flowing Peru Undercurrent underneath (Hill et al. 1998). The latter
transports oxygen-poor, nutrient rich water, which is brought to the euphotic zone by
upwelling. This results in high primary production, which leads to high sedimentation rates.
Remineralization of the large amount of sinking organic material results in an oxygen
minimum zone (OMZ) which is located at ~50-650 m water depth (Emeis er al 1991; Liickge
and Reinhardt 2000). High primary production, high sedimentation rates, shallow water
depth, and oxygen limitation in the water column and sediments favor the accumulation of
organic rich sediments (e.g. Thiede and Suess 1983). The sedimentary OM is predominantly
of marine origin, asinput from the dry coastal areais limited (Niggemann 2005).

Although the characteristics of organic matter on the Peru margin have been studied
previoudy (see intensive study by Arthur et al. 1998 and refs in there), there has been no
previous intensive characterization of surface sediments by use of multiple amino acid based
freshness and preservation indicators along several onshore — offshore transects across the
water column redox gradient. The investigated region off Peru reached from 9.5°S to 13.5°S
latitude and included both shelf and slope and sediments within and outside the OMZ. The
diagenetic indicators applied in the present study were the percentage of total organic carbon
present as amino acid carbon (%T A C) and the percentage of total nitrogen present as amino
acid nitrogen (%T aaN), which are particularly useful as diagenetic indicators; they are
sensitive to different stages of ateration and appear to be uncompromised by source
variations (Cowie and Hedges 1994). We gained further information on the degradation state
of organic matter from the relative abundance of non-protein amino acids, which generally

increases during diagenesis. The result of this is a decrease in the ratio between the protein
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precursor (e.g. aspartate) and the non-protein degradation product (e.g. 3-alanine; Cowie and
Hedges 1994). Applied together, %T AaC, %T 44N and the ratio between source protein amino
acid and its non-protein degradation product offer congruent information on the relative
diagenetic stage and reaction potential of natural organic material (Cowie and Hedges 1994,
Keil et al. 2000, Lomstein et a. 2006). In addition, the diagenetic status of the sediment was
evauated by use of the amino acid composition based degradation index (Dauwe and
Middelburg 1998). Finaly the reactivity of THAA was evaluated from estimated THAA-N
mineralization rates. Preservation of organic carbon, in the form of bacteria cell walls
(livetdead + remains) was inferred from the concentrations of D-aspartate, D-glutamic acid,
D-serine and D-danine. This method has been successfully applied to give indications on the
importance of bacteria in the preservation of organic carbon in coastal Chilean sediments
(Lomstein et al. 2006). Sampling was carried out during RV Sonne cruise 147 in June 2000.
Sediment cores from 20 stations were retrieved by multicorer from water depths between 50
and 1369 m.

All the applied diagenetic indicators showed consistent trends with water depth,
indicating that organic matter was increasingly decomposed when it reached the sediment
surface at greater water depth (i.e. residence time of organic matter in the water column had
been longer). At present we are still working on the D-amino acid data, which at the moment
do not allow us to conclude on the contribution of bacterialy derived amino acids to bulk
THAA and thus the importance of bacteriain the preservation of organic carbon. Results from
this work will be available in due time before the meeting and be incorporated in the
presentation.
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The inventory of lipid biomarkers of a number of ancient methane-seep deposits has
been studied over the last decade (for a review see Peckmann and Thiel, 2004). The
authigenic carbonates at seeps that form due to an increase in akalinity result from microbial
activity. The molecular fingerprints of the chemosynthesis-based microbial communities tend
to be extremely well-preserved in these seep carbonates. The key process is the anaerobic
oxidation of methane, which is performed by consortia of sulphate-reducing bacteria and
methanotrophic archaea. Typically, compounds preserved within modern and ancient seep
settings comprise 13C-depl eted archaeal isoprenoidal (e.g. PMI, archaeol) and bacterial n-alkyl
lipids (e.g. anteiso-Cy5 fatty acid). Besides the occurrence of **C-depleted isoprenoids and n-
alkyl-chains in seep settings, 13C-depl eted hopanoids have been reported from modern seeps.
They have been interpreted to be derived from aerobic methanotrophic bacteria (e.g. Elvert et
al., 2000), or from unknown anaerobic bacteria (Thiel et al., 2003). The potential of seep-
dwel ling anaerobic bacteria to synthesise hopanoids has now been confirmed by Blumenberg
et a. (2006), who cultured sulphate-reducing bacteria from a microbial mat from the Black
Sea and found abundant hopanoids.

Here, lipid biomarker data are presented from two ancient methane-seep limestones
embedded in Miocene strata in Italy and one in Late Cretaceous strata in Colorado, USA.
These examples provide strong evidence tha methane was not solely oxidized by an
anaerobic process. Structural and carbon isotope data reveal that aerobic methanotrophy is
more common at ancient methane-seeps than previously noticed. In one Miocene setting,
abundant 38-Me-17B(H),21B(H)-dihomohopanoic acid was found (5">C —100%o). Most likely,
3p-methylated hopanepolyols prevailing in aerobic methanotrophs (eg. Methylococcus
capsulatus; Summons et a., 1994), were the precursor lipids of this compound. Moreover,
more common hopanoids with very similar §°C vaues (eg. 17p(H),21B(H)-
pentakishomohopanoic acid methylester; —97%0) have been found in this location as well. A
series of isotopically depleted C-4-methylated steranes (lanostanes, —90 to —72%o) in another
Miocene seep deposit has been attributed to aerobic methanotrophs (Peckmann et al., 2004).
Lanosterol is the most likely precursor of C-4-methylated steranes. These compounds are

known to be produced by aerobic methanotrophs, some of which are outstanding among
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Bacteria in having the capacity to produce steroids (e.g. Summons et a., 1994). In a Late
Cretaceous seep-limestone a suite of conspicuous 8,14-secohexahydrobenzohopanes (-110 to
—107%0) has been described (Birgel et al., 2006). These hopanoids have been interpreted as
early degradational products of precursor lipids locally produced by seep-endemic aerobic
methanotrophs. This interpretation is supported by the presence of ‘regular’ hopanoids that
can be discriminated from the unusual 8,14-secohexahydrobenzohopanes by only moderately
low °C-values (—49 to —42%o).

Aerobic methanotrophy is more common at methane-seeps than previously recognised.
Our dataindicate that anaerobic and aerobic oxidation of methane at ancient seeps occurred in

the same setting, probably in close proximity to each other.
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Whereas processes and micro-organisms responsible for the consumption of methane
in gas-rich sediments on continental slopes and in the deep sea are well known, few studies
have investigated such processes in sedimentary settings characterised by low-methane
fluxes. To better understand the role of anaerobic oxidation of methane (AOM) as asink for
methane in such settings, and to investigate the microbia ecology of these environments, we
conducted geochemical studies on sediments from the Aarhus Bay in the South Eastern
Kattegat and the Arkona Basin in the Baltic Sea. For each site, we determined pore water
concentrations of methane, sulphate and sulphide and rates of AOM and sulphate reduction
(SR). We adso investigated the distributions of various lipid biomarkers and applied them as
proxies for AOM. To evaluate the impact of AOM on the mineralogy, we measured solid-
phase concentrations of redox-sensitive metals such as iron and manganese and investigated
the mineralogy using X-ray diffraction and scanning el ectron microscopy.

There exists in both the Aarhus Bay and the Arkona Basin a sulphate-methane
transition zone (SMTZ) that is characterised by maximum AOM rates and intense SR.
Biomarkersin the sediments are diverse and include compounds deriving from higher plants
(n-alkanes and n-alkanols), phytoplankton (e.g. long-chain alkenones and akyl diols) and
microbes (isoprenoidal and non-isoprenoida diethers, isoprenoidal hydrocarbons, hopanes
and fatty acids). Here, we place emphasis on the distributions of specific archaeal and
bacterial biomarkers, namely archaeol and the structurally similar Csz dialkylglycerol diethers
(DGDs; putative SRB biomarkers), sn-2- and sn-3- hydroxyarchaeol, 2,6,10,15,19-
pentamethylicosane (PMI), and branched C;5 and C,; fatty acids. The co-occurrence of
archaeol, sn-2- and sn-3- hydroxyarchaeol and PMI is characteristic of methane-rich
sedimentary basins and has been reported for numerous cold seep sites (Niemann et a., 2006;
Pancost et al., 2001b) and a variety of DGDs and structurally-related fatty acids are useful
biomarkers for SRB involved in AOM (Blumenberg et a., 2004; Pancost et a., 2001a).

In the Aarhus Bay sediments, the abundance of sn-2-hydroxyarchaeol and PMI varies
significantly with depth. At the SMTZ, the concentration of sn-2-hydroxyarchaeol increases
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dramatically from below detection limit to > 900 ng g and PMI abundances increase by
more than one order of magnitude to 50 ng g'l. Although archaeol is present throughout the
sedimentary column and no significant changes in concentration with depth occurs,
phospholipid-bound archaeol was detected only in sediments at and below the SMTZ. Thus,
the relatively recalcitrant archaeol is probably not a useful biomarker for active AOM, but its
phosphorylated (or glycolated) equivalent and the labile hydroxyarchaeol isomers likely are.
Bacterial Czs DGD abundances also vary significantly with depth, and an increase in
concentrations occurs in sediments from just above the SMTZ. In the Arkona Basin
sediments, a similar suite of biomarkers was present (with the exception that neither sn-2- nor
sn-3- hydroxyarchaeol were detected in any of the samples), and similar changes occur in the
abundances of specific archaeal and bacterial biomarkersin the vicinity of the SMTZ.
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Figure 1. Abundance profilesfor specific archaea and bacterial biomarkersin Aarhus Bay sediments.

These biomarker distributions suggest that microbial communities similar to those
found in cold seeps exist a the SMTZ of these low-methane flux settings. Furthermore, the
lower abundances of lipid biomarkers at the low-methane flux settings — up to more than one
order of magnitude lower — are indicative of smaller/less active communities mediating
AOM.
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Coastal cyanobacterial mats develop at the water-sediment interface in shallow
environments such as estuaries, lagoons or sheltered sandy beaches where they stabilize the
sediment. Evidence supporting the biodegradation capacity of these consortia for the
elimination of crude oil residues is still limited. In addition to biodegradation, coastal spilled
oil undergoes several physico-chemical alteration processes such as evaporation, water-
washing or photo-oxidation.

These aspects are important for designing adequate remediation strategies of coastal
oil spills such as that in the Arabian Gulf after the 1991 war. Intensive cyanobacterial growth
on the oil top was observed soon after the spill (Sorkhoh et al., 1992). Crude oil was toxic for
the cyanobacterial grazers but not for these photosynthetic organisms. This process was
proposed to be afirst step towards natural bioremediation (Radwan et al., 1999) but partial oil
elimination was also attributed to the combined effects of physico-chemica weathering and
microbia degradation (Sauer et al., 1998). Other reports indicated that cyanobacterial building
mats in the Saudi coast led to preservation of oil residues (Barth et al., 2003).

The present work is addressed at gaining insight into the potential of microbial mats for
crude oil degradation as compared to the physico-chemical processes. For this purpose
analysis of samples collected in the Saudi Arabian Gulf coast after the 1991 oil spill in
selected areas containing or devoid of microbia mats and development of microcosm
experiments for exposure of microbial mats to oil pollution (Fig. 1).

The preliminary results arising from these experiments have shown that water
weathering leads to more effective and rapid elimination of hydrocarbons amenable to
washing and oxidation than microbial mat metabolism. Mat degradation occurs at a much
lower rate than the weathering processes resulting in an apparent effect of preservation of low
molecular weight aliphatic and aromatic hydrocarbons. This is not the case, however, for
hydrocarbons containing nitrogen atoms (Garcia de Oteyza et al., 2006).

Microbial mats are also able to enhance elimination, at least in part, of long carbon
chain hydrocarbons such as the Cx4-Cso n-alkanes that are not very much affected by water
weathering. Higher viscosity constitutes a limitation for the physico-chemical transformation

of the oils through water weathering but not for biodegradation from microbial mats.
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Experiment 1 Experiment 2 Experiment 3 Experiment 4 Experiment 5
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Figure 1. Experimental setups for the simulation of the oil degradation by microbial mats

under tidal regime. 1: Development of the microbial mat without oil pollution: EEEEH#E sand,
microbial mat, water. 2: Degradation of Casablanca oil (E==28) with microbial
mat. 3: Degradation of Maya oil (Illl) with microbial mat. 4: Transformation of Casablanca
oil without microbial mat. 5: Transformation of Maya oil without microbial mat.

In the context of marine coastal oil spills, the results suggest that whereas the
occurrence of microbial mats may delay the elimination of the most volatile crude oil fracions,
higher degree of transformation of the less volatile oil constituents should be expected when
these consortia of microorganisms are present.
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Polar membrane lipids, which include phospholipids, glycolipids and sphingolipids,
constitute the bulk of cell membranes in most organisms and are widely used as biomarkersin
microbia ecology and biogeochemistry. In particular, the presence of intact phospholipids,
measured either directly by HPLC/ESI-MS’ or indirectly as core lipids derived from phospho-
lipids, is viewed as indicative of living biomass (e.g., Sturt et al., 2004). Based upon the
observation that the bond between the phosphate-based headgroup and the glycerol backbone
is rapidly hydrolyzed upon cell death (Harvey et al., 1986), intact phospholipids are used to
trace the presence of living microbial cellsin alargevariety of natural settings.

We applied this biomass proxy in an attempt to determine the in situ presence of living
anaerobic ammonia oxidizing (‘anammox’) bacteria in marine sediments from the Swedish
Gullmar Fjord. The ladderane lipids that make up the membranes of anammox bacteria have
recently been identified as phospholipids, comprising either phosphocholine or phospho-
ethanolamine headgroups (Boumann et al., 2006). Using purified ladderane lipid standards,
we quantified the concentrations of Coo-[3]-ladderane monoalkyl-glyceride (core lipid) and of
Cyo-[3]-ladderane monoal kyl-phosphocholine (intact phospholipid) in a number of Gullmar
Fjord sediment cores, by HPLC/ESI-MS? (Fig. 1). As expected, there are marked differences
between the two lipid depth profiles. The amounts of intact phospholipid are consistently
lower and more variable than the amounts of core lipid, implying that the total ladderane core
lipid pool in the sediment is made up of ladderanes derived from both living and dead
anammox bacteria. However, neither lipid profile correlatesvery well with anammox bacterial
16S rDNA copy numbers in the same sediments, as determined by quantitative real-time
polymerase chain reaction (Q-PCR) (Fig. 1). In particular, the discrepancy between the
amounts of intact phospholipid and the Q-PCR measurements is noteworthy, since 16S rDNA
is considered a relatively good indicator for living cells. This discrepancy implies that there
may be a fossil component to the total intact phospholipid and/or 16S rDNA pool as well.
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While fossil DNA has indeed been found in some sedimentary records (e.g., Coolen and
Overmann, 1998), the possihility of fossil phospholipids has, as yet, not been considered.

To address this possibility, we are using cultures of the marine diatom Chaetoceros
calcitrans as a model system to study the phospholipid composition of both living and dead
microbia cells. Degradation of the cell membranes is examined under avariety of conditions,
such as oxic versus anoxic, and in the presence or absence of bacteria. The phospholipid data
will be compared with Chaetoceros cell counts and quantitative 16S rDNA measurements.
Thus, it is expected that these results will provide us with new insights into the various factors
influencing the process and rate of phospholipid degradation and will elucidate the question if
intact phospholipids can indeed be used as reliable tracers for living microbial cells.
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Figure 1. Depth profiles of (left) anammox bacterial 16S rDNA copy numbers, (centre)
Cyo-[3]-ladderane monoal kyl -phosphocholine and (right) Cx-[3]-ladderane monoalkyl -
glyceride in sediment cores from the Gullmar Fjord.
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We measured archaeal lipids from globally distributed samples of freshwater, marine,
and hypersaline suspended particulate matter. Cluster analysis of relative lipid distributions
identified four environmentally distinct groups, including: 1) marine epipelagic waters, 2)
marine mesopelagic/upwelling waters, 3) freshwater/estuarine waters, and 4) hypersaline
waters. There is a distinct near-absence of ring-containing glycerol dialkyl glycerol tetraethers
(GDGTs) at high salinity. Different archaeal communities populate marine (mesophilic
Crenarchaeota and Euryarchaeota), and hypersaline environments (halophilic Euryarchaeota)
and community shifts must regulate differences in lipid patterns between marine and
hypersaline waters. We propose that community changes within meosphilic marine Archaea
also regulate the lipid patterns distinguishing epipelagic and mesopel agic/upwelling zones.
Changes in the relative amounts of crenarchaeol and caldarchaeol and low relative
abundances of ringed structures in surface waters differentiate lipids from the epipelagic and
mesopel agic/upwelling waters. Patterns of lipids in mesopelagic (and upwelling) waters are
similar to those expected of the nitrifying Group | Crenarchaeota, with predominance of
crenarchaeol and abundant cyclic GDGTs; non-metric multidimensional analysis (NMDS)
shows this pattern is associated with high nitrate concentrations (likely tracking nitrite). In
contrast, limited culture evidence indicates marine Group |l Euryarchaeota produce mainly
caldarchaeol and some, but not all, of the ringed GDGTs and we suggest that these organisms
contribute significantly to lipids in epipelagic marine waters.

Calculated TEXgs temperatures from particles in sediment traps in the northeastern
Pacific and Arabian Sea are well-correlated to annual sea surface temperature, indicating that
the TEXgg signal reaching sediments is derived primarily from the surface waters (Wuchter et
al. 2006). However, Calculated TEXgs temperatures in mesopelagic samples (reported here
and in Wuchter et al. 2004) are aways much warmer than measured in situ temperatures.
Furthermore, the residua temperature (calculated TEXgg temperature-in situ temperature)
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correlates with nitrate concentrations (Figure 1). Our cluster analysis, ordination, TEXgg
results all suggest observed values of TEXgs are subject to changes in archaeal ecology as
influenced by nutrient fluctuations or other perturbations which in turn can affect both surface
water GDGT production and GDGT preservation and transport such as zooplankton grazing.
Therefore, in ancient applications, reported extreme temperatures shifts (e.g. Zachos et al.
2006; Dumitrescu et a. 2006) may indicate the TEXgs lipids are not recording temperature
alone, but equally interesting changes in nutrient concentrations, oceanographic conditions,

and ecology.
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Figure 1. Temperature residuals (Calculated TEXgs temperatures— in situ temperature) from
this study and from Wuchter et al. (2005) plotted against nitrate. Sites include the Arabian Sea,
the Equatorial Pacific, and the Bermuda Time Series site and the Bermuda-Atlantic Time
Seriessite.
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