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SECULAR CHANGE IN THE STABLE SULFUR ISOTOPE COMPOSITION OF
CRUDE OILSRELATIVE TO MARINE SULFATES AND SULFIDES
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Secular changes in the stable sulfur isotope composition of seawater sulfate have been
commonly inferred from that of evaporite minerals and from sulfate in carbonate shell
matrices. The stable sulfur isotope compositions of marine sulfides follow a similar secular
trend to that of sulfate, although substantially depleted in s owing to fractionation via
bacterial sulfate reduction. Few if any studies of secular changes in the stable isotope
composition of organic matter have been attempted. Thisisin part because of the complexity
of diagenetic pathways for the incorporation of sulfur into organic matter subsequent to
biosynthesis (e.g. Werne et al., 2003). However, given the range for the stable sulfur isotope
composition of seawater sulfate (and resulting sulfide) during the Phanerozoic (~25 to 30%o),
it is hypothesized that the magnitude of this isotopic variability will be generaly reflected by
marine organic matter, irrespective of diagenesis. Our approach is based on an initial
observation by Thode (1981) that oils sourced from Ordovician age rocks were enriched in %S
relative to Mississippian age oils, which in turn were enriched in S relative to Pennsylvanian
age ails, a trend that is consistent with that reported for seawater sulfate for these time
intervals. Smulation studies by Amrani et al. (2006) also support previous observations that
crude oils generally reflect the stable sulfur isotope composition of their source materials and
that the effects of thermal maturation on the stable sulfur isotope composition of oils are much
less than for kerogens.

The stable sulfur isotope compositions of fifteen nondegraded crude oils (containing 1-
3% sulfur) ranging in source rock age from Neoproterozoic to Neogene were determined. For
seven of the ails, the stable sulfur isotope compositions of their respective aromatic, NSO and
asphaltene fractions were also determined. Except for the siliceous Monterey, the source
rocks for the oils were all marine carbonates/marls of low to moderate maturity.

The secular changes for the stable sulfur isotope compositions of the oils tracked the
sulfate curve (Fig. 1) having 5**S values intermediate to those of sulfate and sulfide. The
secular trend exhibited by the stable carbon isotopes of the oils is also shown. The stable
sulfur isotope values for the aromatic, NSO and asphaltene fractions of the oils were within 1-
2%0 of the whole oil values. Oils formed from source rock depositional environments
exhibiting photic zone euxinia (PZE) based on the presence of abundant aryl isoprenoids,
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biomarkers for green sulfur bacteria (Summons and Powell, 1987), were more depleted in 3
than oils of similar ages from phytoplankton/bacterial dominated sources. Based on these
initial findings, the stable sulfur isotope composition of crude oils may provide the first
independent method to check the secular sulfur isotope curves presently based on marine

sulfate and sulfide minerals.
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Figure 1. Stableisotope curvesfor sulfates (S; after Strauss, 1999) and crude oils (C,S).
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THE IMPACT OF ELEVATED CO, ON SOIL CARBON DYNAMICSIN A
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Atmospheric carbon dioxide (CO,) levels arerising and are expected to double present
levels (~370 ppm) by the end of this century. This may significantly impact the environment,
potentially altering plant growth, nutrient cycles and soil carbon dynamics. Much research has
investigated the impact of elevated CO, on plant vegetation and above ground ecologies, but
consequences for below ground biomass has received less attention.

The Austrdian free-air CO. enrichment (OzFACE) facility established near
Townsville (N. QId, Australia) in the year 2000 and decommissioned in late 2006 provided a
unique opportunity to study the effects of elevated CO, on the root growth, microbial
community and organic carbon pool dynamics of a savannah soil, with tropical wet summers
and dry winters (rainfall = 1143 mm/annum). The open woodland vegetation has an under
storey of perennial grasses consisting primarily of the C4 grasses Themeda triandra,
Chyrsopogon fallax and Eriachne obtusa (Stokes et al., 2005). Separate plots were
maintained at CO> concentrations of 370 ppm (i.e., ambient levels), 460 ppm and 550 ppm
throughout the experiment. The common land practices of fertilisation via annual nutrient
supplementation and grazing viaregular clipping were also separately investigated at all CO»
concentrations. Soil cores were taken to a depth of 10 cm and separated into the three depth
intervals of 0-2 cm; 2-5 cm and 5-10 cm. These were then each separated into the following
particle size fractions: a >53 um particulate organic carbon (POC) fraction, representing the
active pool and a <563um passive pool. The POC fraction was further subdivided into a larger
>200 um fraction and a comparably finer 200-53 um fraction, with the former representing
the most labile pool of the active fraction. Surface soil and larger sized fractions, respectively,
are expected to be most susceptible to changes in carbon input (Krull and Bray, 2005).

The 5*3C of the larger >200 um POC fractions had 5*C values in the range -16 to -23
%0. The 0-2 cm depth data versus CO, concentration are shown in Figure 1. Corresponding
values at 460 ppm were less than at ambient CO, concentrations for each treatment regime
(i.e, control, fertilized and clipped) reflecting uptake of the industrially sourced carbon (§*°C
of -25 %o compared to -8 %o of ambient air). The 5°C values at 550 ppm were typicaly aso

less than ambient values but significantly higher than 460 ppm values.
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Figure 1. 8*C datafor mobile >200 um, 0-2 cm depth fractions versus CO2
concentration for (a) control; (b) fertilised and (c) clipped soils.

The root biomasses, which generally increased with CO, concentration, showed a similar
trend with the mass of some fractions less at 550 ppm than at 460 ppm. The $*3C and root
biomass data suggest the effective removal of the new (predominantly B¢ depleted) carbon at
550 ppm via increased microbial mineralization. A previous study of tallgrass prarie soils
exposed to elevated CO, showed at least 55% of new carbon was mineralized (Williams et al.,
2004). Previous research has aso shown that an increased input of root exudates and dead
root matter, possibly stimulated by increased CO, levels, can increase microbialy activated
CO, respiration and carbon mineralization. The §°C values might also be influenced by an
increased contribution of **C enriched carbon inputs such as additional C4 grasses stimul ated
by enhanced CO- concentrations, clipping or fertilization, although this is not supported by
the lack of appreciable TOC variation with CO, concentration or treatment.

Previous predictions have suggested at least 7-10 years of enhanced CO»
concentrations would be needed to have any significant change on carbon pools (Smith.,
2004). Co-incident increases of carbon inputs and mineralisation in the >200 um labile POC
pool fraction may contribute to no net change. The §*°C analysis of the slow 53-200 pm and
passive <53 um fractions of the soils is presently underway. The sequestration of carbon in
the more recalcitrant organic pools of the soil would have significant implications for global
carbon cycles. Much further research is needed to fully understand the effects of CO,
concentration on below (as well as above) ground carbon dynamics with important variables
such as soil type, vegetation, climate and nutrient levels requiring particular attention.
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The characterization of inventories of intact polar membrane lipids (IPLs) of
prokaryotes is typically motivated by biomedical research objectives and thus focuses on
pathogens or compounds of potential pharmaceutical interest. Our interest isto develop these
universal cell compounds further into chemotaxonomic tools for studies in microbia ecology
in geologically relevant environments. In recent years, we have been assembling systematic
information on the inventories of IPLs in prokaryotes of environmenta relevance. To date,
we have studied the composition of intact membrane lipids in ~100 prokaryotes (30 archaea,
70 bacteria) that were isolated from both continental and marine environments, including
extreme habitats. The prokaryotes cover most major branches of the phylogenetic tree of life,
enabling us to examine the data set in terms of evolutionary relationships of lipid composition
between maor phyla. At this point, we have exclusively focused on the determination of
structural properties that are analyzable by HPL C-electrospray ionization-ion trap multistage-
MS (cf. Sturt et al., 2004). Magjor distinctive features examined encompass the structures and
distribution of polar headgroups, bond types between akyl chains and glycerol, and the
number of carbon atoms and degree of unsaturation in akyl chains. Archaeal membrane
lipids are dominated by mono- and diglycosidic archaeol and/or glycerol diakyl glycerol
tetraether. Phospholipids were observed in less than 50% of our archaea cultures with
phosphatidylethanolamine (PE) being the most common phosphorus-bearing headgroup.
Among al prokaryotes, phosphatidylglycerol (PG; ~55% of studied species), PE (~50%),
diphosphatidylglycerol (DPG, ~40%), and monoglycosyl derivatives (~40%) are most
commonly expressed. The latter headgroup is particularly common among the archaea and

the cyanobacteria. In combination, the examined structural features lead to valuable chemical
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fingerprints that are taxonomically distinctive on the monospecific level. In environmental
communities, however, the situation is more complex and IPL signatures represent ecosystem
rather than species fingerprints. Our presentation will highlight the relationship between lipid
composition and 16S rRNA-based molecular phylogeny. Results from selected ecosystems
based on lipids are compared to those obtained from other techniques; strengths and

weaknesses will be examined.
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Polysulfides and ammonia are abundant in young depositional environments and play
an important role in the formation of macromolecular structures such as protokerogen and
humics. In this work we study the co-incorporation of polysulfides and ammoniainto simple
carbonyl model compounds. octanal and trans 2-octenal in order to study their effect on the
formation a cross linked macromolecule and suggested a feasible mechanism. The reactions
performed in aqueous solutions, ambient temperature and pH~6 to 9 to simulate formation of
S and N cross linked polymers in the natural environment. The complex S and N containing
polymer studied by N enrichment of the polymer coupled to 2D NMR (*H, BC, ®N)
techniques and chemical degradation (MeLi/Mel) of the S-S bonds with deuterium labeling
followed by GCM S analyses. In addition we apply high-level molecular modeling techniques,
Density Functional Theory at the DFT/B3LYP/6-31G** levels and water solvation effects, in
order to provide theoretica interpretations and important molecular-level insights on the
chemistry. The results shows that polysulfides out compete ammonia in the formation of
Michael adducts while ammonia has been shown to compete well at the carbonyl position.
The co incorporation of ammonia and polysulfides into carbonyls rapidly form N and S cross-
linked polymer. The effect of ammoniaand amines on the polymerization processes isvia two
means: (i) reaction with carbonyls through an imine functionality (Figure 1) and forming
oligomers and polymers and (ii) catalysis of the reaction of sulfur nucleophiles on the
carbonyl in the formation of gem-disulfide/dithiols, enhancing the rate of polymerization.
Similar effects are observed when other amines (e.g., glycine) are used instead of ammonia.
This catalytic effect achieved by incorporation of sulfur nucleophiles on the intermediate
imine, reduces the Gibbs free energy as compared with direct addition to the carbonyl. DFT
calculations of severa possible transition barriers suggests that this catalytic effect can be also
related to proton transfer assisted by the formation of six member rings with ammonia and
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gem hydroxyl-thiol, resulting in the elimination of water and formation of the very active
thioaldehyde. This mechanism is especially important under basic conditions that prevail in
most marine environments. These results show that ammonia and amine are intimately
involved with sulfur nucleophil es throughout the polymerization processes that occur at low
temperatures and are, thus, suggested to be key reactants in the diagenetic formation of
protokerogen and humics. This important role of nitrogen is enhances our understanding on

the mechanisms at the early preservation stages of organic substances in natural depositional

environments.
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Time of Flight - Secondary lon Mass Spectrometry (ToF-SIMYS) is a technique that
adlows to simultaneously analyse inorganic and organic molecules on solid surfaces
(Benninghoven et a., 1994, Belu et al., 2003). A most advantageous property of TOF-SIMS is
its ability to generate images displaying the intensities of any detected ion in a given area of
interest while achieving spatial resolution on a very small scale (sub-pum, e.g. Hagenhoff,
2000). To date, thisis not possible with any of the extract-based techniques routinely used in
biomarker studies, namely GC/MS and LC/MS (coupled gas chromatography/mass
spectrometry, coupled liquid chromatography/mass spectrometry). In organic ToF-SIMS
analyses, compound identification can be achieved through the precise mass determination of
the molecular species, ideally in combination with GC/MS and/or LC/M S data.

We used ToF-SIMS with a Bis" cluster primary ion source for the study of lipid
biomarkers in native microbial mats from methane seeps in the Black Sea (Michaelis et al.,
2002), and from the subsurface biosphere of the Aspd tunnel in Sweden (Pedersen, 1997). On
10pm-thick microscopic cryosections of a Black Sea microbia mat, for instance, we
simultaneously analysed archaeal isopranyl core lipids, together with their intact diglycoside
(gentiobiosyl-) derivatives Utilizing the imaging capability of ToF-SIMS, the spatial
distributions of these biomarkers were mapped at a latera resolution of < 5um in 500 x
500um? areas on sections. Different biomarker 'provenances within this area were
distinguished by individual patterns of the isopranyl glycerol diethers archaeol and
hydroxyarchaeol, glycerol dialkyl glycerol tetraethers (GDGT), and gentiobiosyl-GDGT (Fig.
1).

Because ToF-SIMS is guasi-non-destructive it was possible to examine the studied
areas 'post-measurement’ using conventional microscopy, which enabled to associate the
individual lipid patterns with particular morphological traits Hydroxyarchaeol was directly

associated with the precipitation of irregular, methane-derived CaCOs crystallites, whereas
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GDGT-rich regions of the section revealed fluorescent, filamentous microorganisms showing
the morphology of known methanotrophic ANME-1 archaea.

ToF-SIMS molecular imaging, in conjunction with other techniques, reveals
interesting perspectives for a wide range of geological, ecological, biological, and medical
applications, which share the need to detect and localize organic and inorganic compounds at
high resolution. Potential geobiological applications include the elucidation of microbially
assisted minera precipitation, the analysis of organic compounds in unculturable

microorganisms, and the clear-cut assignment of biomarkersto their biological source.
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Figure 1. ToF-SIMSimages of archaeal lipid biomarkers (as sodium adducts [M+Na] ") on a
microscopic section of a methanotrophic microbial mat from the Black Sea, revealing the
lipid patterns of individual microbial colonies. Brightness corresponds to relative signal yield.
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Dinosterol  (4a,23,24-trimethyl-5a-cholest-22E-en-33-0l) is a well-known sterol
synthesized by dinoflagellates The presence of dinosterol and its diagenetic products,
dinosterane and triaromatic dinosteroids, in sediments is generally accepted as a marker for
dinoflagellate productivity (e.g. Boon et a., 1979), although a few other sources are known.
In addition to dinosterol, other sterols possessing side-chains methylated at positions C-23
and C-24 are assumed to be specific for dinoflagellates, even though 4-desmethyl-23,24-
dimethylsterols have been reported in a number of other organisms (e.g. Volkman et al.,
1980). Moldowan and Jacobson (2000) showed that their diagenetic products, triaromatic 4-
desmethyl -dinosteranes (23,24-dimethylcholestanes), can be useful as age-diagnostic
biomarkers as they amost exclusively occur in oils and marine source rocks from the
Triassic and younger. Still, there are only a few reports on 4-desmethyldinosterane (e.g.
Schouten et a. 1997).

We have analyzed >100 cultures of different diatom species and although dinosterol
was not found, we identified relatively abundant 23,24-dimethylsterols in twenty-one diatoms
belonging to six different orders, indicating that diatoms may be an important source for these
sterols and their diagenetic products. For unambiguous identification, we isolated 23,24-
dimethylcholest-22E-en-33-0l (4-desmethyldinosterol) from a 300L culture of Ditylum
brightwellii (gerol composition shown in Fig. 1) and determined its structure using NMR. An
aliquot of the purified 23,24-dimethylsterol was used to synthesize a 4-desmethyldinosterane.
The mass spectrum of 4-desmethyldinosterane is very similar to that of 24-ethylcholestane,
but 4-desmethyldinosterane has an enhanced m/z 98 ion fragment, caused by cleavage in the
methylated side chain.

Partial mass chromatograms of m/z 98 from desulpurized samples of the Miocene
Monterey Formation (Schouten et a., 1997) revealed four putative 4-desmethyl dinosterane
isomers, likely with varying C-5 and C-23 configurations In the desul phurized fractions from
the Miocene Monterey Formation, 23S,24R-dimethyl-5a-cholestane is the most dominant
isomer, followed by 23R,24R-dimethyl-5a0-cholestane; the latter co-elutes with 24-
ethylcholestane, something also observed for dinosterane and 24-ethyl-4-methylchol estane
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(Summons et a., 1987). This co-elution may cause an overestimation of 24-ethylcholestane
concentrations, as the presence of 23,24-dimethylcholestane is easily overlooked.

Moldowan and Jacobson (2000) have shown that dinosterane and triaromatic
dinosteroid concentrations quickly increased to maximum values in the Triassic, whereas the
concentration of triaromatic 4-desmethyldinosterane started to increase from the Triassic but
reached its maximum value only during the Cretaceous. This difference in sterane
concentration profiles may be caused by increasing 4-desmethyldinosterol contributions of
diatoms, which do not synthesize dinosterol, as diatoms evolved during this time. Thus, the
occurrence of 23,24-dimethylcholestanes in sediments should not automatically be related to

dinoflagellate i nput, but a diatomaceous origin should also be taken into consideration.
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Figure 1. FID chromatogram of the sterol fraction of Ditylum brightwellii
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The formation of 25-norhopanes by the microbial removal of the methyl group at C-10in
the hopanes nucleus during petroleum biodegradation is well documented in the literature
(Peters et al., 2005). On the other hand, the presence of 25-norhopanes in apparently non-
biodegraded or slightly biodegraded oils is also observed. Is the presence of 25-norhopanesin
this case suggesting an intense biodegradation event in the initial phases of reservoir filling?
Or is there a possible source component of 25-norhopanes which was present since petroleum
expulsion?

To investigate these hypotheses, quantitative analyses have been performed to evaluate the
presence and abundance of the series of 25-norhopanes ranging from Cyg to Cs4 in aset of oil
samples with an increasing level of biodegradation, as well as in related immature source
rocks from a Brazilian marginal basin.

The series of demethylated hopanes has been identified by MRM-GC-MS analyses in al
oil samples, regardliess of the aspect of the GC trace and the API gravity. Hence, even samples
in which the GC trace showed no or dlight biodegradation contained all the series of
demethylated compounds, although the series from Cso-Css is present in very low amounts (<
5ppm in the saturated fraction). Two hypotheses can be advanced for the generalized presence
of demethylated hopanes. On the one hand, it is possible that a certain background amount
was present in the origina oil since the onset of reservoir filling. In this case, the varying
abundance of 25-norhopanes could be interpreted as the result of their relative enrichment due
to different extents of biodegradation on a pristine oil aready containing demethylated
hopanes. On the other hand, reservoir filling can be envisaged as a continuous process in
which alternate discrete events of charging and biodegradation follow in close succession. In
the more intense biodegradation events, 25-norhopanes would be formed by demethylation of
their hopane precursors. The formation of demethylated hopanes would be related only to
bacterial activity on the hopanes compounds after the depletion of norma and branched
alkanes.

Quantitative results of 25-norhopanes in extracts of potential source rocks in an immature
stage demonstrate that in most extracts this compound series is present in very low

concentrations. Hence, one can admit that a background amount of demethylated hopanes is
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source-derived and inherited from the originally expelled oils, being present in oils submitted
to no or slight biodegradation. Thereafter, with increasing biodegradation, their concentrations
in the oil would relatively increase due to the greater susceptibility of other compounds to
bacterial attack. However, our results indicate that the concentrations of 25-norhopanes
increase by almost two orders of magnitude in the most biodegraded oils, and this increase
cannot be explained solely by the enrichment related to the estimated maximum oil mass loss
due to biodegradation, which is around 50-60% (Larter et al. 2005). Therefore, neoformation
of 25-norhopanes by demethylation of their hopane precursors must be invoked to explain the
increase of their concentrations in the studied oils. Our quantitative results established that
there is an inverse relation between the hopane precursor (Cso hopane) and its demethylated
product (Cog 25-norhopane) with increasing biodegradation. Furthermore, it is worth noticing
that the decrease of Csy hopane is not completely compensated by the formation of C,g 25-
norhopane, as also indicated by Bennett et al. (2005).

According to the new data obtained on Brazilian oils and their related source-rock extracts,
the presence of the 25-norhopane series in oils can be interpreted as the combined result of
processes previously considered under two independent hypotheses. The fact that apparently
non-biodegraded oils contain 25-norhopanes can be explained by a source component of these
compounds since petroleum expulsion. Therefore, the presence of these compounds in small
amounts (< 5 ppm) cannot serve as a definitive indication that a paleobiodegradation event
has occurred. From this point on, with the progress of biodegradation, source-derived 25-
norhopanes will be relatively enriched in the oils. Concomitantly, as saturates are severely
affected by biodegradation, neoformation of 25-norhopanes from their hopane precursors will
occur. Nevertheless, not all hopanes are transformed into 25-norhopanes, and the extent of
conversion of one into the other is quite variable. Hence, a unique scale relating extent of

biodegradation and amounts of 25-norhopanes seems not to exist.
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The Bronze Age city of Qatna located in modern Syria, is represented by an
impressive 1 kilometre square tell bounded by ramparts that rise to aheight of ca 10 to 15 m.
During recent excavations involving a consortium of German, Italian and Syrian
archaeol ogists a mgjor discovery was made by the German team of a subterranean tomb rock
cut into a limestone cliff-face. Situated beneath the Palace, the tomb is the first to have been
discovered in an unlooted state in the region in modern times. The tomb is thought to have
been in continuous use for 300-400 years for the burial of Royal dite individuals (Pfalzner,
2004). The contents of the tomb were found in situ, had never been buried nor come into
significant contact with groundwater and thus were in a remarkable state of preservation.
Almost 2000 finds were recorded including jewellery and various carved objects, basalt
statues, sarcophagi, human and anima bones, and ca. 200 pottery and stone vessds. In
addition, the floor of the tomb was covered by a layer of anthropogenic sediment deriving
from activity within the tomb during the period of use. Mgjor inputs to the sediments are
anticipated to be organic remains of decomposed tissues, embalming agents and treatments,
food offerings, plant materials, wood and resins. A unique opportunity therefore existed to
investigate the artefact assemblage and sediments for chemical indicators of human activities
associated with funerary practices undertaken during the period of use of the Qatna Royal
Tomb. Field campaigns in 2003, 2004 and 2005 resulted in samples being taken of all organic
materials and objects likely to contain organic residues. These materials have been submitted
to a range of elementa (organic and inorganic), spectroscopic (FTIR and NMR),
chromatographic and mass spectrometric (organic and stable isotopic) analyses. Our overall
aim was to determine the nature of the organic materias presents and, hence, deduce their
origins, biologically and geographically.

A vast body of chemical and biomolecular evidence has now been accumulated that is
providing some remarkable insights into the funerary activities associated with the use of the
tomb. For example, pyrolysis-GC/MS, FTIR and **C analyses of a range of resins artefacts,
including an exquisitely carved lion head and beads, indicated their material of manufacture
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to be the fossil coniferous resin (class laresinite; Anderson et al., 1992) Baltic amber, thereby
confirming the existence of long distance trade from Northern Europe to the Eastern
Mediterranean during the Bronze Age.

The soils of the tomb floor displayed variable colourations with eement mapping
[organic (C/H/N) and inorganic (ICP-AES)] revealing areas of ‘staining’ attributable to high

organic matter concentrations. Biomolecular analyses of the tomb floor sediments revedl
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Figure 1. Plan view of the Qatna Royal Tomb

showing the distributions of the major finds. The Plant remains likely derived from
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while the smaller irregular shapes include: bones, .
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the presence of purple dye within the sediments of the tomb. FTICRMS, HPLC and NMR
analyses confirmed the presence of various indigo derivatives that unambiguously
characterise this as being Tyrian or Roya Purple dye (Karapanagiotis et al., 2006).
Correlation of the occurrence of the dye in the sediments with funerary artefacts and human
bones indicates an origin from textilg(s) associated with the deceased.

Ovedl, the investigation demonstrates the utility of organic geochemical

methodol ogies to reconstruct hitherto unrecognised funerary practicesin a unique setting.
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