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Summary 

Summary 

Carbohydrates make up the largest part of the organic matter in the biosphere and are used by 
living organism for many different reasons. They serve, among others, as carbon and energy 
source as well as metabolic intermediates. Carbohydrates are generally thought to be 
remineralized during early diagenesis in the water column and in the sediment and thus not 
preserved in substantial amounts. However, earlier studies have suggested that preservation of 
carbohydrates through sulfurization could be possible and may be an important pathway for the 
preservation of sedimentary organic matter. In theory, preservation of carbohydrates through 
sulfurization would have a significant impact on total organic carbon (TOC) as well as the 
carbon isotopic composition of the TOC (8 13CTOc) records and could, for example, explain the 
large variations in both records observed in the Upper Jurassic Kimmeridge Clay Formation 
(KCF). However, it is still unclear to what extent carbohydrates can be preserved in sedimentary 
organic material and what the consequence of a substantial preservation of carbohydrates is for 
the chemical composition of the TOC. Its consequences for the 8l3CTOC record are also unclear 
since hardly anything is known about the variation in isotopic compositions of carbohydrates in 
natural systems. The primary goal of the work described in this thesis is to test the hypothesis 
that preservation of carbohydrates through sulfurization may be an important pathway for the 
preservation of organic matter and, if so, to determine what the consequences for the TOC and 
813CTOC record will be. 

The first part of this thesis (Chapters 2 to 4) focusses on the differences in carbon
isotopic composition between carbohydrates and lipids within single organisms. The second part 
of this thesis focusses on the mechanism of sulfurization of carbohydrates, the reactions involved 
and the products formed (Chapter 5). In the last part of this thesis information on the 
preservation of carbohydrates and its effect on the chemical as well as isotopic composition of 
the sedimentary organic matter is described (Chapters 6 and 7). 

Chapter 2 describes in detail the usability ofmethylboronic derivatization to measure the 
8l3C values of intact monosaccharides. It is shown that this derivatization method is rapid, does 
not involve isotopic fractionation during derivatization and gives more precise 813C values than 
other methods reported. This indicates that this method is a new improved method for the stable 
carbon isotopic analysis of intact monosaccharides. 

In Chapter 3 the determination of the stable carbon isotope composition of individual 
monosaccharides and lipids, as well as the bulk stable carbon isotope composition of total cell 
material from six different aquatic (Tetraedron minimum, Scendesmus communis, Pediastrum 
boryanum, Isochrysis galbana, Rhodomonas sp. and Phaeocystis sp.) and two terrestrial plants ( 
Sphagnum cllspidatum and Erica tetralix) is reported. It is shown that, with the exception of a 
Phaeocystis sp. bloom sample, monosaccharides are 0 to 9%0 enriched in l3C compared to total 
cell material and substantially enriched, I to 16%0, in l3C compared to lipids (fatty acids, phytol, 
sterols and alkenones) within single organisms. The depletion of l3C in n-alkyllipids relative to 
monosaccharides was larger than the depletion of l3C in isoprenoids lipids relative to 
monosaccharides. In addition, an isotopic enrichment was observed in the l3C content of Cs 
monosaccharides compared to glucose in some of the organisms studied, indicating isotopic 
heterogeneity within carbohydrates. The magnitude of the differences between the l3C values of 
carbohydrates and total cell material or lipids is of a far greater range than previously reported. 
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This suggests that if carbohydrates are preserved in sediments that this could have a substantial 
influence on the stable carbon isotopic composition of sedimentary organic carbon. 

Chapter 4 describes the analysis of two newly discovered glycolipids, docosanyl-3-0
methyl-a-rhamnopyranoside and docosanyl 3-0-methylxylopyranoside, identified in extracts of 
sediment samples of Ace Lake, an Antarctic meromictic lake, using nuclear magnetic resonance 
spectroscopy (NMR) techniques and gas chromatography/mass spectrometry (GC/MS). 
Glycolipid concentrations increased markedly with depth and since structurally related 
glycolipids occur in specialised cells of nitrogen-fixing cyanobacteria, a cyanobacterial origin is 
suggested for these sedimentary glycolipids. Comparison of the carbon isotopic composition of 
the different moieties (lipid and carbohydrate), using isotope-ratio-monitoring-GC/MS (IRM
GC/MS), indicates that the sugar moieties of these glycolipids are ca. 8-9%0 enriched relative to 
the alkyl chains, comparable to the differences reported in Chapter 3. 

Chapter 5 reports the results of sulfurization experiments of a number of different 
monosaccharides under laboratorium conditions at relatively low temperatures (50°C). The 
products formed after cleavage of polysulfide linkages were analyzed using GC and GC/MS 
after appropriate derivatization. Selected products were isolated by preparative capillary GC 
(PCGC) and their structures were identified by NMR. During these experiments all 
monosaccharides were completely converted into organic sulfur compounds (OSC) and 
monosaccharides with the carbonyl function replaced by sulfur formed a substantial part of the 
GC-amenable OSC. The structure of other OSC formed indicated that cleavage of C-C bonds 
and racemization also took place during these experiments. The yield of recoverable OSC after 
cleavage of polysulfide linkages was relatively low «5% of the starting monosaccharide), 
indicating that most of the sulfurization products were still non GC-amenable and thus linked 
otherwise, among others through monosulfide linkages. Flash pyrolysates of the sulfurized 
carbohydrate material contained in all cases relatively high amounts of short-chain alkylated (Co
C5) thiophenes, comparable to those obtained from S-rich kerogen. The structure of the 
monosaccharide used in the experiments had no effect on the alkylthiophene distribution. These 
results provide experimental evidence that sulfurization of monosaccharides at relatively low 
temperature can result in the fonnation of OSC, most likely starting with sulfurization of the 
carbonyl functionality. Preservation of carbohydrates through sulfurization may thus be an 
important pathway ofpreservation of organic matter in anoxic depositional environments. 

In Chapter 6 the detailed analyses of an S-rich unresolved complex mixture (UCM), 
which dominates the pyrolysates of the organic carbon-rich and oil-prone rocks of the KCF, is 
described. Structural characterization of this UCM by GC, PCGC, Ge/Ms, IRM-GCIMS, 
elemental analysis, NMR and fourier transform infra red spectroscopy as well as chemical 
degradation by desulfurization and ruthenium tetroxide treatment, revealed that this UCM 
probably consists of a large number of S-bound and O-bound, short chain, carbon skeletons. 
These skeletons most likely originate from carbohydrates incorporated into macromolecular 
organic matter through sulfurization during early diagenesis. Upon pyrolysis this 
macromolecular material is transferred into the oligomeric structures present in the UCM. S-rich 
UCM's have also been identified in a number of other kerogens suggesting that carbohydrate 
sulfurization could be an important mechanism for the preservation of sedimentary organic 
carbon. 

Chapter 7 describes the detailed organic geochemical analyses of a TOC cycle in the 
KCF comprising the extreme TOC-rich (34%) Blackstone Band using GC, GC/MS and IRM
GCIMS. Compared with the surrounding sections the TOC in the Blackstone Band section is 
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emiched by a factor of 6 and, concomitantly, the o13CTOC shows an emichment of approximately 
4%0. To correct for the dilution by inorganic matter, TOC values were normalized on the 
aluminium content. These results show that the enhanced TOC values are most likely caused by 
an increase in the accumulation rates of organic matter and not by a decrease in the accumulation 
rate of inorganic matter. A linear correlation is observed between the o13CTOC, and the amounts 
of short-chain alkylated thiophenes and the S-rich UCM found in the kerogen pyrolysates and the 
TOC/AI ratios for TOC/AI ratios >2. The alkylated thiophenes and S-rich UCM both likely 
originate from sulfurized carbohydrate carbon, indicating that the primary cause of the TOC 
maximum is the enhanced contribution of carbohydrate carbon to the organic matter. Since the 
results in Chapters 3 and 4 show that carbohydrates can be substantially enriched in I3C 
compared to lipids within single organisms, an enhanced contribution of carbohydrates also 
explains the enriched 013CTOC values observed. Estimations of primary production rates and 
preservation factors based on the barium and aluminium contents for the Blackstone Band and 
surrounding sections show that the primary production increased only by a factor 2 in the 
Blackstone Band, while the preservation factor of the carbohydrates increased by a factor 18. 
The enhanced preservation of carbohydrates is most likely caused by longer duration of photic 
zone euxinia as suggested by the large increase in the ratio of the summed amounts of derivatives 
of isorenieratenelAI. Enhanced contributions of carbohydrate carbon have also been observed in 
other KCF cycles indicating that the preservation of carbohydrates, rather than an increase 
primary production, exerts a primary control on the TOC cycles in the KCF and consequently 
influences the TOC and 013CTOC values. In addition, an enhanced preservation of carbohydrate 
carbon through sulfurization could play a more important role in the preservation of organic 
carbon than recognized up to now, especially in shallow euxinic shelf seas. 

The work described in this thesis shows that preservation of carbohydrates through 
sulfurization in sedimentary organic matter is a more important mechanism for the preservation 
of organic carbon than thought up till now. This enhanced contribution of normally labile 
organic carbon to sedimentary organic carbon can have substantial impacts on TOC records. In 
addition, the difference in Ol3e between carbohydrates and lipids within a single organism is 
much larger than previously realized and thus preservation of carbohydrates can cause 
substantial changes in 013CTOC records as well. 
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Samenvatting 

Koolhydraten vormen het grootste gedeelte van het organisch materiaal in de biosfeer en worden 
door levende organismen voor vele doeleinden gebruikt. In het algemeen wordt aangenomen dat 
gedurende vroege diagenese in de waterkolom en in het sediment koolhydraten tot 
koolstofdioxide omgezet worden en dus niet in het sedimentair organisch materiaal bewaard 
blijven. Recente studies suggereren echter dat preservatie van koolhydraten door verzwave1ing 
mogelijk is en dus een belangrijke route voor de preservatie van sedimentair organisch materiaal 
zou kunnen zijn. In theorie zal de preservatie van koolhydraten door verzwaveling een 
belangrijke invloed hebben op het gehalte aan organisch koolstof ("total organic carbon", TOC), 
alsmede op de koolstofisotoopsamensteIling van TOC (OI3Croc). Hiermee zouden bijvoorbeeld 
de grote variaties, die in TOC en ol3CTOC zijn waargenomen in de Kimmeridge Clay Formatie 
(KCF) uit het Boven-Jura, verklaard kunnen worden. Het is echter nog steeds niet duidelijk 
hoeveel koolhydraatmateriaal in het sedimentair organisch materiaal bewaard kan worden en wat 
de gevolgen van een aanzienlijke preservatie van koolhydraten voor de chemische samenstelling 
van het TOC zijn. Ook de gevolgen voor de ol3Croc zijn onduidelijk aangezien bijna niets 
bekend is over de variatie in isotoopsamenstelling van suikers in natuurlijke systemen. De 
voomaamste doelstelling van het werk beschreven in dit proefschrift: is derhalve om de 
hypothese dat preservatie van koolhydraten door verzwaveling mogelijk een belangrijke route 
voor de preservatie van koolhydraten kan zijn te onderzoeken en, wanneer dit het geval mocht 
zijn, te bepalen wat de gevolgen voor de TOC en Ol3Croc kunnen zijn. 

Het eerste gedeelte van dit proefschrift: (Hoofdstukken 2 tot 4) concentreert zich op de 
verschillen in koolstofisotoopsamenstelling tussen koolhydraten en lipiden in organismen. Het 
tweede gedeelte van dit proefschrift: behandelt het mechanisme van verzwaveling van 
koolhydraten, de reacties die daarbij plaats vinden en de producten die gevormd worden 
(Hoofdstuk 5). In het laatste gedeelte van dit proefschrift: wordt verdere informatie over de 
preservatie van koolhydraten en de effecten op de chemische en isotoopsamenstelling van het 
sedimentair organisch materiaal beschreven (Hoofdstuk 6 en 7) 

In Hoofdstuk 2 wordt een nieuwe derivatizeringmethode om de Ol3C waarden van intacte 
monosacchariden te kunnen meten beschreven. Deze methode is gebaseerd op een reactie met 
methylboride. Aangetoond wordt dat de deze methode snel is, dat er geen isotoopfractionatie 
plaatsvindt en dat er in vergelijking met andere gepubliceerde methoden nauwkeurigere Ol3C 
waarden verkregen worden. Dit geeft: aan dat dit een verbeterde methode is voor het meten van 
stabiele koolstofisotopen van intacte monosacchariden. 

In Hoofdstuk 3 wordt de stabiele koolstofisotoopsamensteIling van individuele 
monosacchariden en lipiden, alsmede de bulk stabiele isotoopsamenstelling van het totale 
celmateriaal, in zes verschillende algen (Tetraedron minimum, Scendesmus communis, 
Pediastrum boryanum, Isochrysis galbana, Rhodomonas sp. en Phaeocystis sp.) en twee 
terrestische planten ( Sphagnum cuspidatum en Erica tetralix) gerapporteerd. Aangetoond wordt 
dat, met uitzondering van het veldmonster van Phaeocystis sp., monosacchariden van 0 tot 9%0 
verrijkt zijn in l3C vergeleken met het totale celmateriaal en substantieel verrijkt zijn, 1 tot 16%0, 
in l3C in vergelijking tot de lipiden (vetzuren, phytol, sterolen en alkenonen) binnen hetzelfde 
organisme. In enkele van de onderzochte organismen bleek dat de veranning in l3C ten opzichte 
van de monosacchariden van de n-alkyl lipiden groter was dan die van de isoprenoYde lipiden. 
Bovendlen is in enkele van de onderzochte organismen een isutopische venijking in de l3C _ 
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samenstelling van de C5 koolhydraten ten opzichte van glucose gevonden, hetgeen impliceert dat 
de koolstofatomen van koolhydraten isotopisch heterogeen zijn. Het verschil in 13C waarden 
tussen de koolhydraten en het totale celmateriaal van de lipiden is veel groter dan tot nu toe 
gerapporteerd is. Dit suggereert dat de preservatie van koolhydraten in sedimenten een 
aanzienlijke invloed op de stabiele koolstofsamenstelling van het sedimentair organisch 
materiaal kunnen hebben. 

In Hoofdstuk 4 wordt de identificatie van twee nieuw ontdekte glycolipiden, docosanyl
3-0-methyl-a-rhamnopyranoside en docosanyl 3-0-methylxylopyranoside beschreven. Deze 
zijn, met behulp van nucleair magnetische resonantie spectroscopie (NMR) technieken en 
gaschromatografie/massaspectroscopie (GC/MS) geYdentificeerd in de extracten van 
sedimentmonsters van Ace Lake, een Antarctisch meromictisch meer. Een merkbare toename 
van de concentraties van de glycolipiden in relatie tot de diepte werd waargenomen en aangezien 
er structureel gerelateerde glycolipiden in gespecialiseerde cellen van stikstof-fixerende 
cyanobacterien zijn aangetroffen, wordt voorgesteld dat deze glycolipiden mogelijk een 
cyanobacteriele oorsprong hebben. Vergelijking van de koolstofisotoopsamenstelling van de 
verschillende componenten (lipiden en koolhydraten), gebruik makend van isotoop-ratio
monitoring-GC/MS (IRM-GC/MS), geeft aan dat het koolhydraat-gedeelte van deze glycolipiden 
ongeveer 8-9%0 verrijkt is ten opzichte van het lipide-gedeelte. Dit is vergelijkbaar met de 
verschillen die in Hoofdstuk 3 gerapporteerd zijn. 

In Hoofdstuk 5 worden de resultaten van verzwavelingsexperimenten van een aantal 
monosaccharides, die onder laboratorium omstandigheden en bij relatief lage temperaturen 
(50°C) zijn uitgevoerd, gerapporteerd. De gevormde producten na het verbreken van de 
polysulfidebindingen werden met behulp van de gebruikelijke derivatizeringsmethoden 
geanalyseerd door middel van GC en GC/MS. Een aantal geselecteerde producten werd 
geYsoleerd met behulp van preparatieve capillaire GC (PCGC) en hun structuur werd met behulp 
van NMR geYdentificeerd. Het bleek dat gedurende de verzwavelingsexperimenten aIle 
monosacchariden volledig omgezet werden in organische zwavelverbindingen ("organic sulfur 
compounds", OSC). De monosacchariden waarbij de carbonylfunctionaliteit vervangen was door 
zwavel vormden een aanzienlijk gedeelte van het deel van de m.b.v. GC te analyseren OSc. De 
structuren van de andere OSC die gevormd werden gaven aan dat tijdens deze experimenten ook 
C-C bindingen verbroken zijn alsmede dat er racemizatie heeft plaatsgevonden. De opbrengst 
aan OSC na het verbreken van de polysulfidebindingen was relatief laag «5% van de 
oorspronkelijke monosacchariden), hetgeen aangeeft dat het merendeel van de verzwavelde 
producten op de GC-kolom achterblijft elueert en dus op een andere manier met elkaar 
verbonden moet zijn, onder andere door een monosulfidebinding. Pyrolyse van het verzwavelde 
koolhydraatmateriaal bevatte in aIle gevallen relatief hoge hoeveelheden gealkyleerde thiofenen 
met korte (Co-C5) ketens met een vergelijkbare verdeling zoals die in pyrolysaten van 
zwavelrijke kerogenen gevonden zijn. De oorspronkelijke structuur van de monosacchariden 
gebruikt voor de verzwavelingsexperimenten had geen effect op de alkylthiofeendistributie. 
Deze resultaten leveren experimenteel bewijs voor de hypothese dat verzwaveling van 
monosacchariden bij relatief lage temperaturen kan leiden tot de vorming van OSC. Naar aIle 
waarschijnlijkheid begint dit proces de verzwaveling van de carbonyl functionaliteit. Preservatie 
van koolhydraten door verzwaveling is dus mogelijk een belangrijke route voor de preservatie 
van koolhydraten in anoxische afzettingsmilieus. 

In Hoodstuk 6 wordt de gedetaYlleerde chemische analyse van een zwavelrijk, 
ongedefineerd complex mengsel ("Unresolved Complex Mixture", UCM) beschreven. DeM's 
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overheersen de pyrolysaten van de organisch-rijke oliemoedergesteente van de KCF. Structurele 
analyse van een geYsoleerde UCM door middel van GC, PCGC, GCIMS, IRM-GCIMS, 
elementanalyse, NMR en fourier transform infrarood spectroscopie, alsmede door chemische 
degradatie door ontzwaveling en behandeling met ruthenium tetraoxide toonde aan dat deze 
UCM waarschijnlijk uit een groot aantal koolstofskeletten met korte ketens bestaat, die met 
elkaar verbonden zijn door middel van zwavel- en zuurstotbindingen. Deze skeletten onstaan 
waarschijnlijk doordat, gedurende de vroege diagenese, koolhydraten door verzwaveling worden 
opgenomen in macromoleculair organisch materiaaI. Bij pyrolyse worden deze 
macromoleculaire structuren omgezet in de oligomere structuren die in de UCM zijn 
aangetroffen. Zwavelrijke UCM's zijn ook in een aantal andere kerogeen pyrolysaten 
aangetroffen. Dit suggereert dat verzwaveling van koolhydraten een belangrijk mechanisme 
voor het bewaren van sedimentair organisch materiaal kan zijn. 

In Hoofstuk 7 wordt de organisch geochemische analyse met behulp van GC, GCIMS en 
IRM-GC/MS van een TOC-cyclus in de KCF gerapporteerd. Deze cyclus bevat de extreem 
TOC-rijke (34%) Blackstone Band sectie. De TOC in de Blackstone Band sectie is vergeleken 
met de aangrenzende secties een factor 6 hoger en gelijktijdig vertoont de ()13CTOC een verrijking 
van ongeveer 4%0. Om te kunnen corrigeren voor de verdunning door anorganisch materiaal 
worden de TOC waarden genormaliseerd op het aluminium gehalte. De gevonden waarden laten 
zien dat de verhoogde TOC waarden naar aIle waarschijnlijkheid veroorzaakt zijn door een 
toename in de accumulatiesnelheid van het organisch materiaal en niet door een afname in de 
accumulatiesnelheid van het anorganisch materiaal. Er is een lineaire correlatie gevonden tussen 
respectievelijk de ()13CTOC, de hoeveelheid van de alkyIthiofenen met korte ketens en het 
zwavelrijke UCM aangetroffen in de kerogeen pyrolysaten en de TOC/AI ratio voor TOC/AI 
ratio's >2. Naar aIle waarschijnlijkheid zijn verzwavelde koolhydraten de oorsprong voor zowel 
de gealkyleerde thiofenen als de zwavelrijke UCM. Dit geeft aan dat de verhoogde bijdrage van 
koolhydraatkoolstof aan het organisch materiaal de voomaamste oorzaak van het TOC maximum 
is. Aangezien koolhydraten aanzienlijk verrijkt in l3C kunnen zijn in vergelijking tot de lipiden 
(Hoofdstuk 3 en 4), kan een verhoogde bijdrage van koolhydraten ook de verhoogde 813CTOC 
waarden verklaren. Schattingen van de primaire productiesnelheden en de preservatiefactoren, 
gebaseerd op de barium- en aluminium-concentraties, voor zowel de Blackstone Band sectie als 
de aangrenzende secties laten zien dat de primaire productie slechts met een factor 2 toeneemt, 
terwijl de koolhydraatpreservatie met een factor 18 toeneemt. De grote toename in de ratio van 
de gesommeerde hoeveelheden van isorenierateenderivatenlAl suggereren dat de verhoogde 
preservatie van koolhydraten naar aIle waarschijnlijkheid veroorzaakt is door een langere 
tijdsduur van euxinische condities in de fotische zone. Verhoogde bijdrages van koolhydraten 
zijn ook in andere KCF cycli gevonden. Dit geeft aan dat niet zozeer een verhoogde bijdrage van 
de primaire productie maar de preservatie van koolhydraten de belangrijkste oorzaak van de 
TOC cycli in de KCF zijn en derhalve de TOC en 8 l3CTOC waarden beYnvloeden. Bovendien kan 
een verhoogde preservatie van koolhydraten door verzwaveling een belangrijkere rol in de 
preservatie van organisch koolstof spelen dan tot nu toe werd aangenomen, met name in 
euxinische ondiepe kustzeeen. 

Het werk beschreven in dit proefschrift laat zien dat de preservatie van koolhydraten door 
verzwaveling een belangrijker mechanisme voor de preservatie van organisch koolstof is dan tot 
nu toe werd aangenomen. Deze verhoogde bijdrage aan het sedimentair organisch koolstof van 
normaal zeer labiel organisch koolstofkan een aanzienlijke invloed op de TOC waarden hebben. 
Bovendien is het verschil in one tussen koolhydraten en lipidcn binncn cen organismc veel 
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groter dan tot nu toe aangenornen werd en derhalve kan de preservatie van koolhydraten ook een 
aanzienlijke invloed op de o13Croc waarden hebben. 
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Introduction 

Chapter 1 

Introduction. 

1.1. Preservation of organic matter 

Large quantities of organic matter (OM) are biosynthesized by primary producers on Earth. A 
relatively small fraction (approximately 0.1-1 %) of this OM escapes from remineralisation in the 
biosphere and enters the geosphere. Although this is only a small percentage, the carbon material 
present in OM that has been buried over geological time now comprises by far the largest pool of 
organic carbon (OC) on Earth representing about 1.5*107 gigatons (Berner, 1989; Hedges and 
Keil, 1995). This pool of OC plays a major role in modulating the composition of the Earth's 
atmosphere over long time scales by acting as a long-term sink of carbon dioxide and also 'fuels' 
the present world's economy by acting as the source for the fossil fuels coal, gas and petroleum. 
Although over the last decades a better understanding of the factors that control the OM content 
of sediments has been obtained there still exists an incomplete understanding of these factors. 

In general, sedimentary OM can be divided in two subfractions: bitumen, the small part 
(ca. 5%) that is extractable using common organic solvents and containing a large number of 
lipid biomarkers (specific biochemicals usable as chemical fossils) and kerogen, the largest part 
(ca. 95%) that is insoluble in these solvents (Durand, 1980). There have been numerous attempts 
to elucidate the chemical structure of kerogen mainly because kerogen is the main precursor of 
crude oil. However, since a large part of this material consists of high-molecular weight (HMW) 
material, not amenable to chromatographic analysis, it has been proven difficult to elucidate its 
structure. A number of different models have been proposed through which this kerogen can be 
formed. 

According to the first model ('the classical model'; Fig. 1.1; Tissot and Welte, 1984) it is 
thought that during early diagenesis the OM from primary production is broken down into 
smaller constituents by microbial action, and subsequently incorporated into new polymeric 
structures. Due to increasing polycondensation and defunctionalisation it was postulated that this 
material becomes progressively insoluble with increasing time and depth ofburial and ultimately 
results in the formation of kerogen. Indeed several studies have shown that low molecular weight 
lipids may become linked via ester and ether bonds to kerogen (e.g. Michaelis and Albrecht, 
1979; Mycke et aI., 1987; Koopmans et aI., 1996a), but they usually comprise only a small 
fraction of the kerogen. 

A second model, (the selective preservation model; Fig. l.l; e.g. Philip and Calvin, 1976; 
Hatcher et aI., 1983; Tegelaar et aI., 1989a) was proposed based on the identification of highly 
resistant, aliphatic biomacromolecules such as algaenans in fresh-water algae (e.g. Metzger et aI., 
1992; Gelin et aI., 1997; Blokker et aI., 1998a; 1998b) and several marine microalgae (Derenne 
et aI., 1992a; 1992b; de Leeuw and Largeau, 1993; Gelin et aI., 1996; 1997). Although algaenans 
were shown to represent only a few percent of the living cell material (Goth et aI., 1988; 
Tegelaar et aI., 1989a; Derenne et aI., 1992b; Largeau and de Leeuw, 1995; Gelin et aI., 1996), 
upon diagenesis the contribution to sedimentary OM is substantially enriched, due to removal of 
other, more labile, cell materials. Hence algaenans may ultimately become a significant fraction 
of sedimentary OM (kerogen) according to this lllodeI (Hatcher et aI., 1983; Tegelaar et ai, 
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Figure 1.1 Proposed mechanism ofkerogen formation (based on Tegelaar et aI., 1989a). 
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Introduction 

1989a; Largeau and de Leeuw, 1995). [n addition, it was shown that these algal microfossils 
generate n-alkanes, upon thermal stress and long residence times in the subsurface, and thus can 
serve as a source material for petroleum (Tegelaar et aI., 1989b). 

A third model for formation of kerogen is the reaction of OM with inorganic sulfur 
species, i.e. the natural vulcanisation model (Fig. 1.1). Through sulfurization OM becomes 
resistant against bacterial degradation and can not be remineralized and is thus preserved in the 
kerogen (Valisolalao et aI., 1984; Brassell et aI., 1986; Sinninghe Damste and de Leeuw, 1990). 
It has even been postulated that through this mechanism labile OM, like for instance 
carbohydrates, can be incorporated into kerogen (Sinninghe Damste et aI., 1998c; Kok et aI., 
2000b). Especially S-rich marine kerogens may be formed in this way. This model will be 
discussed in more detail in paragraph 1.3. 

1.2. Carbohydrates 

[n nature there are four major classes of biomolecules: proteins, nucleic acids, lipids and 
carbohydrates. From the four classes of biomolecules, carbohydrates make up the largest part of 
the OM in the biosphere (Aspinall, 1983). For instance, carbohydrates comprise about 75 wt.% 
of vascular plant tissues (Sjostrom, 1981) and 20-40 wt.% of plankton biomass (Parsons et aI., 
1984). Carbohydrates comprise the bulk of the biomass in marine and terrestrial environments 
together with proteins and lignins (Tissot and Welte, 1978; Parsons et aI., 1984). In addition, 
carbohydrates are a significant component of oceanic dissolved organic matter (DaM; Mopper et 
aI., 1980; Benner et aI., 1992; Pakulski and Benner, 1994; McCarthy et aI., 1996; Skoog and 
Benner, 1997; Borch and Kirchman, 1997; Burdige et aI., 2000). DaM represents one of the 
largest dynamic reservoirs of reduced carbon on Earth (~1018g carbon; same magnitude as all 
living vegetation on the Earth's continents), and is a much larger reservoir of OM than the 
atmospheric CO2 pool (Hedges, 1992). 

The simplest form of carbohydrates are the monosaccharides, which are aldehydes 
(aldoses) or ketones (ketoses) with two or more hydroxyl groups and a emperical formula of 
(CH20)n (Fig. 1.2). Monosaccharides can exist in the open chain structure and in two ring-closed 
forms; the furanose form, a five-ring structure, and the pyranose form, a six-ring structure (Fig. 
1.3). In aqueous solutions more than one form is present. Monosaccharides can be linked to each 
other by a-glycosidic bonds to form oligosaccharides (up to twenty monosaccharide units; for 
example sucrose; Fig. 1.2) or polysaccharides (more than twenty monosaccharide units; for 
example cellulose; Fig. 1.2). The main reason for the large abundance of carbohydrates on Earth 
are the multiple roles they play in all forms of life. In living organisms carbohydrates serve as 
energy stores, fuels and metabolic intermediates (e.g. starch, glycogen, laminaran, inulin, 
mannitol) and form a significant part of the structural frame work of DNA and RNA. 
Carbohydrates are also structural elements in the cell walls of bacteria and plants, where they 
may provide strength, stability and protection (e.g. cellulose, hemicelloses, glycoproteins, 
glycolipids, pectins, chitin, agar, alginic acids and peptidoglycans). 

After death of an organism, their molecular structures are for the greater part degraded by 
autolysis, grazing and predation by, for instance, zooplankton and due to the activity of bacteria, 
viruses and fungi. Because carbohydrates, together with proteins and lignins, represent over 40% 
of the degraded carbon in the water column, they are important energy sources for the benthic 
and pelagic communities (Cowie et aI., 1992). Even at low concentrations, excreted 
carbohydrates provide a substantial food source for heterotrophic bacteria and zooplankton 

19 



Chapter 1 

-0 OH -0 

CH20H CH20H 
Ribose Glucose Fructose Fucose 

OH 

OHHO~ OHHO 

o 0 
HO 0H0l--~J ~

o

OR R~O 
~l

OH 
n 

OH OH 

Sucrose Cellulose 
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Figure 1.3 The furanose, open chain, and pyranose form of arabinose. 

(Wright and Hobbie, 1966; Gocke, 1975; Williams and Yentsch, 1976) as indicated by the rapid 
turnover rates. This means that carbohydrates are generally thought to be remineralized during 
early diagenesis in the water column and in the sediment and are thus not preserved in substantial 
amounts in the sedimentary record (Arnosti et aI., 1994; Amosti and Repeta, 1994; Arnosti, 
1995). However, recent studies have suggested that preservation of carbohydrates through 
sulfurization is possible and may be an important pathway of preservation organic matter in 
euxinic depositional environments like, for instance, in the Kimmeridge Clay Formation (KCF; 
van Kaam-Peters et aI., 1997; 1998; Sinninghe Damste et aI., 1998c). 
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1.3. Natural sulfurization 

Work performed in the eighties led to the identification of numerous organic sulfur compounds 
(OSC) in sediments and oils (Payzant et aI., 1983; Valisolalao et aI., 1984; Brassell et aI., 1986; 
Sinninghe Damste et aI., 1987b; 1988a; 1989a; 1989b; 1989d; Sinninghe Damste and de Leeuw, 
1990). An example is given in Fig. lA, where the products are shown of the sulfurization of 
phytol and phytadiene (Brassell et aI., 1986). Through analyses of sediment samples and 
laboratorium experiments it is now generally accepted that these OSC are formed during early 
diagenesis under, anoxic, sulfate-reducing conditions, through a reaction between inorganic 
sulfur species and functionalized lipids (e.g. Valisolalao et aI., 1984; Brassell et aI., 1986; 
Sinninghe Damste et aI., 1989c; Ten Haven et aI., 1990; Kohnen et aI., 1990b; Wakeham et aI., 
1995; Werne et aI., 2000; Kok et aI., 2000b). 

There are a number of environmental factors controlling the rate of formation of OSC. First, 
the availability of high amounts of fresh OM as well as the presence of anoxic, sulfate-reducing 

OH Inorganic
phytol sulfur +

,-H2O 
species 
~ 

++ 

Figure 1.4 Precursor-product relationship between phytol, phytadiene and sulfur-bound phytane 
(after Brassell et aI., 1986). 

conditions. Another factor determining the formation of OSC is the presence of reactive iron. 
Reduced inorganic sulfur species reacts preferential with reactive iron forming pyrite (Berner, 
1984; 1985). Hence, if the amount of produced sulfide via sulfate reduction exceeds the input of 
reactive iron minerals formation ofOSC is possible. 

Sulfurization seems to occur selectively at the position of functionalities such as double 
bonds, ketones and aldehydes in the precursor molecule as shown by the structures of OSC in the 
sediment samples (Payzant et aI., 1983; Valisolalao et aI., 1984; Brassell et aI., 1986; Sinninghe 
Damste et aI., 1987b; 1988a; 1989a; 1989b; 1989d; Sinninghe Damste and de Leeuw, 1990), and 
in reaction products during laboratorium experiments (de Graaf et aI., 1992; 1995; Fukushima et 
aI., 1992; Rowland et aI., 1993; Krein and Aizenshtat, 1994; Schouten et aI., 1994a; 1994b). 
Furthermore, it has been shown that sulfurization can occur intramolecularly, resulting in the 
formation of low-molecular-weight (LMW) organic sulfur compounds as for example 
thiophenes, thiolanes or thianes moieties, and intermolecularly, resulting in the formation of 
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macromolecules (HMW) consisting of carbon skeletons (cross)linked by (poly)sulfide bridges 
(Sinninghe Damste et aI., 1988b; Sinninghe Damste and de Leeuw, 1990). 

The major part of these OSC formed will ultimately end up in the kerogen as 
macromolecular-bound organic sulfur (Sorg). [f the ratio of the atomic Sorg over C is higher than 
0.04, the kerogen is characterized as organic sulfur-rich kerogen (Type-S). Three types of Type
S kerogens are known; Type I-S, Type II-S and Type III-S, depending on the atomic H/C, O/C 
and SIC ratios (Orr, 1986; Sinninghe Damste et aI., 1992; 1993a). 

It is generally thought that sulfurization leads to the preservation of relatively labile organic 
components. It was recently suggested that, besides lipids, also carbohydrates may be preserved 
as OSC through a reaction of their functional groups with reduced inorganic sulfur species (van 
Kaam-Peters et aI., 1998; Sinninghe Damste et aI., 1998c). This would yield a sulfur cross-linked 
insoluble macromolecular network of carbohydrate skeletons which likely ends up in kerogens 
(van Kaam-Peters et aI., 1998; Sinninghe Damste et aI., 1998c). Indeed, laboratory experiments 
have shown that sulfurization of monosaccharides as well as algal carbohydrate carbon lead to 
the formation of insoluble, non hydrolyzable, sulfur-rich macromolecules (Kok et aI., 2000b). 
Flash pyrolysis of this material yielded relatively high amounts of short chain alkylthiophenes 
with a distribution very similar to that in pyrolysates of type II-S kerogens, like for instance 
those of the Upper Jurassic KCF (Sinninghe Damste et aI., 1998c; Kok et aI., 2000b). 
Preservation of labile material like carbohydrates would substantially enhance the OM 
accumulation rates and, hence, the total organic carbon (TOC) contents. This process also results 
in enrichment ofthe l3C contents of the TOC (o13Ctoe), since the cS 13C values of carbohydrates are 
generally enriched compared to those of lipids in organisms (Deines, 1980). 

1.4. Compound-specific stable carbon isotope analysis 

Additional information on sedimentary OM, in addition to the information obtained from the 
structures, presence or relative abundance of individual biomarkers, can be generated by 
measuring its stable carbon isotopic composition. Carbon occurs on Earth in three natural forms: 
12C (ca. 98.9%), l3e (ca. 1.1 %) and 14C(<0.1 %), of which only the first two are stable over time. 
The relative amounts of the stable carbon isotopes in organic matter may change slightly through 
various biochemical and physical processes. To express this small, but important, variation the 
amount of l3C is divided by the amount of 12C and compared to the ratio of l3C and 12C of a 
standard. The difference in these ratios is expressed in %0 and termed: 

[1.1] 

where R=l3C/12C and the standard used for reporting Ol3C values is usually the Vienna Pee Dee 
belemnite (VPDB; Coplen, 1996). Organic compounds are usually depleted in I3C relative to 
VPDB and have negative ol3e values. "Heavier" or "less negative" ol3e values indicate higher 
13C contents compared to the standard. 

In organic geochemical studies ol3C values of total organic matter or kerogen are often 
used as source indicators, like for instance marine versus terrestrial material (e.g. Peters and 
Moldowan, 1993). In addition, in petroleum geochemistry the bulk carbon isotope values are also 
used for correlation of oils with each other or with suspected source rocks (e.g. Silverman and 
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Epstein, 1958; Fuex, 1977; Hunt et aI., 2002). However, the disadvantage of using bulk 
measurements is that the data represent an average of Ol3C values of structural moieties of 
diverse origins. Gas chromatography-isotope-ratio-monitoring mass spectrometry (GC-irm-MS), 
a technique that became available in the early nineties (Freeman et aI., 1990; Hayes et a!., 1990), 
made it possible to determine the Ol3C values of individual biomarkers. In order to interpret these 
Ol3C values, knowledge of the various controlling factors, which determine the l3C contents of 
lipids, is necessary. First of all, the Ol3C value of any biomarker depends on the Ol3C value of the 
carbon source used by its parent organism. In the case of photoautotrophs this is the carbon 
source used in the photosynthesis and in the case ofheterotrophs the Ol3C of the food assimilated 
(Fig. 1.5). Secondly, the ol3e value also depends on the isotope effect associated with the carbon 
uptake, metabolism and biosynthesis (Hayes, 1993; 2001; Schouten et aI., 1998c; Freeman, 
2001). The extent of all the individual factors determining the ol3C value of an individual lipid 
biomarker varies largely and is not always known. 

Most variations in 13C values observed in the biosphere for OM can be explained by the 
variations in the ol3C of the carbon source used and the differences in the pathway of carbon 
fixation and metabolism. The Calvin-Benson cycle is used for carbon assimilation by green 
plants, algae and many photoautotrophic bacteria and among the primary products formed in 
these organisms are carbohydrates (glucose and fructose; Stryer, 1988; Hayes, 2001). This 
indicates that carbohydrates represent Ol3C values which are closer to the original values of the 
inorganic carbon fixed when compared to other compound classes like for instance lipids (Hayes, 
1993; 2001). From the early photosynthate products, like carbohydrates, carbon is led to the 
biosynthesis of other major compound classes such as proteins, nucleic acids and lipids (Fig. 
1.5). The reactions involved in the formation of these compounds are characterized by kinetic 
isotopic fractionation effects (Monson and Hayes, 1980; 1982a; 1982b; Melzer and Schmidt, 
1987; Hayes, 2001). This indicates that the products formed, such as for instance lipids, are 
generally depleted in l3C compared to carbohydrates. Indeed, bulk measurements have shown 
that lipids are 4 to 10%0 depleted in 13C compared with the carbohydrates found in the same 
organism (Deines, 1980). In addition, it also has to be considered that the distribution in 13C 
between the different carbon positions within a single carbohydrate molecule is not uniform. 
Substantial differences between the carbon-isotope compositions of the different carbon atoms 
within carbohydrates have been observed (Ivlev et aI., 1987; Rossmann et aI., 1991; van der 
Meer et a!., 2001). The removal of carbon atoms through, for instance, decarboxylation which 
are isotopically different from the rest of the carbohydrate carbon atoms can cause a shift in 
isotopic composition of the products formed relative to the original carbohydrate (Hayes, 2001). 

Although recent research has shown that there are a large number of complicating factors 
involved in stable carbon isotope analysis, compound-specific stable carbon isotope data analysis 
has proven to be a useful tool in the unraveling ofbiosynthetic pathways (Farquhar et a!., 1989; 
Schouten et a!., 1998c; van der Meer et aI., 2001), in the ability to distinguish different 
contributions of sources to kerogens (Eglinton, 1994; e.g. Hartgers et a!., 1994a; Hoefs et a!., 
1995; Schouten et a!., 1997; van Kaam-Peters et aI., 1997; HOld et a!., 1998; 1999), and in the 
reconstruction ofpalae-oenvironments (e.g Hayes et aI., 1987; 1989; Freeman et aI., 1990; 1994; 
Kohnen et aI., 1992; van Kaam-Peters et aI., 1998; Freeman, 2001). 
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Figure 1.5 Carbon flows in photoautotrophic and 
heterotrophic organisms (after Hayes, 2001). 

1.5. Scope and Framework of the thesis 

The primary goal of this thesis is to test the hypothesis that sulfurization of carbohydrates is an 
important pathway for preservation of sedimentary OM, as suggested previously (van Kaam
Peters et aI., 1998; Sinninghe Damste et aI., 1998c). Preservation of carbohydrates through 
sulfurization would have a significant impact on TOC as well as 813CTOC records and could, for 
example, explain the shifts in both records observed in the Upper Jurassic Kimmeridge Clay 
Formation (KCF). However, it remains unclear if carbohydrates are preserved in sedimentary 
OM and what the consequence for the chemical composition of the TOC is. It also remains 
unclear what the consequences for the 813Croc record would be since the variation in isotopic 
compositions between carbohydrates and lipids in natural systems is unclear. In addition, direct 
evidence that carbohydrates can be sulfurized is lacking. The main objectives of this thesis were 
therefore to answer the following questions: (1) what is the isotopic composition of 
carbohydrates in natural systems compared to lipids, (2) can carbohydrates be preserved through 
sulfurization and what types of reactions are involved and, (3) what are the consequences for the 
TOC and 813CTOC record if carbohydrates are preserved. 
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This thesis is divided in three parts. The first part (Chapters 2, 3, and 4) deals with the 
differences in 13C contents between carbohydrates and lipids in organisms. In order to obtain this 
information a new derivatization method was developed, as described in Chapter 2, to reliably 
measure the ~PC values of individual monosaccharides. In the next two chapters the differences 
in 013C values between lipids and monosaccharides of organisms and sedimentary lipids were 
investigated. In Chapter 3 the determination of the stable carbon-isotope composition of 
individual monosaccharides and lipids, as well as the bulk stable carbon isotope compositions of 
total cell material from different aquatic and terrestrial plants is reported. It is shown that 
carbohydrates are enriched in l3C by 0 to 9%0 compared to total cell material and by 1 to 16%0 
compared to lipids within organisms, which is a far greater range than previously reported. 
Additional information, as described in Chapter 4, was obtained by analysis and comparison of 
the carbon isotope compositions of the different moieties (lipid and carbohydrate) of newly 
discovered glycolipids, observed in sediments of Ace Lake, an Antarctic meromictic lake. Stable 
carbon isotope measurements indicate that the sugar moieties of these glycolipids are ca. 8-9%0 
enriched to the alkyl chains, which is in good agreement with the results described in the 
Chapter 3. 

The second part of the thesis, Chapter 5, deals with the mechanism of sulfurization of 
carbohydrates, the reactions involved and the products fom1ed. It is shown using lab experiments 
that sulfurization of monosaccharides at relatively low temperatures is possible. The products 
formed indicate that the carbonyl functionality plays an important role in this sulfurization 
process. In addition, it is shown that besides sulfurization also cleavage of C-C bonds and 
isomerization of chiral centra occur. 

In the last part of this thesis (Chapters 6 and 7) information on the preservation of 
carbohydrates and its effect on TOC and o13CTOC was obtained. To this end rock samples (from a 
core section as well as outcrop samples) from the KCF in the Wessex Basin, Dorset area, 
Southeast of England were analysed, especially around the Blackstone Band, the most TOC-rich 
section of the KCF. Recent research showed a correlation between TOC and ol3CTOC in the KCF 
record (Huc et aI., 1992; van Kaam-Peters et aI., 1998; Sinninghe Damste et aI., 1998c) as well 
as a correlation with isotopically heavy C\-C3 alkylated thiophenes in the pyrolysate, most likely 
originating from preserved carbohydrates through sulfurization (van Kaam-Peters et aI., 1998; 
Sinninghe Damste et aI., 1998c). Besides alkylated thiophenes a large S-rich Unresolved 
Complex Mixture (UCM) was observed, possibly originating from the preservation of sulfurized 
carbohydrates (van Kaam-Peters et aI., 1998). However, up to now, the nature and origin of this 
UCM remained unclear. In Chapter 6 an S-rich UCM, observed in pyrolysates of the KCF, was 
chemically characterized in detail. It is shown that this UCM probably consists of S-bound and 
O-bound, short chain, carbon skeletons. These skeletons most likely originate from 
carbohydrates incorporated into macromolecular OM through sulfurization during early 
diagenesis. This indicates that carbohydrate sulfurization can indeed be an important mechanism 
for the preservation of sedimentary organic carbon. 

Chapter 7 describes the detailed organic geochemical analyses of a TOC cycle including the 
Blackstone Band in the KCF. It is shown that the large variations in TOC and o13Croc are 
primarily caused by an increase in preservation of carbohydrates through sulfurization and only 
to a minor extent by primary productivity. This enhanced preservation of carbohydrates is most 
likely caused by longer duration of the photic zone euxinia. 

In summary, the work described in this thesis shows that preservation of carbohydrates 
through sulfurization is a more important mechanism for the preservation of sedimentary organic 
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carbon than thought up till now. This enhanced contribution of normally labile organic carbon to 
sedimentary organic carbon can have substantial impacts on TOC records. In addition, the 
difference in b13C between carbohydrates and lipids within a single organism is much larger than 
previously realized and thus preservation of carbohydrates can cause substantial changes in 
813CTOC records as well. 
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Chapter 2 

Gas chromatography/combustion/isotope-ratio-monitoring mass spectrometry analysis of 
methylboronic derivatives of monosaccharides: A new method for determining naturat 13C 

abundances of carbohydrates. 

Bart E. van Dongen, Stefan Schouten and Jaap S. Sinninghe Damste 

Published in Rapid Communications in Mass Spectrometry 15,496-500,2001. 

Monosaccharides were derivatized using methylboronic acid and N,O
o13Cbis(trimethylsilyl)trifluoroacetamide (BSTFA), and the values of these derivatives 

measured by gas chromatography/combustionJisotope-ratio-monitoring mass spectrometry to 
determine the original 13C-content of the monosaccharides. Comparison with the measured off
line 013 values of the monosaccharides shows that no fractionation in l3C takes place during 
derivatization. The methylboronic derivatization method has proven to be a new method for 
natural abundance isotopic analysis of intact monosaccharides (arabinose, xylose, fucose, 
fructose and glucose). The method is rapid, does not involve isotopic fractionation during 
derivatization and gives more precise 013C values than other methods reported. The method was 
successfully applied to determine the ol3C value of glucose of the freshwater alga Scenedesmus 
communis. 

2.1. Introduction 

The introduction of the gas chromatography/combustionJisotope-ratio-monitoring mass 
spectrometry (GC/C/irm-MS) has led to a wealth of new information on the stable carbon 
isotopic composition of biomolecules. Up to now the major class of compounds for which the 
stable carbon isotopic composition (OI3C) has been determined are the lipids, mainly because of 
the easy accessibility by GC techniques. However, little is known about the 013C values of 
individual carbohydrates. This information would certainly be of great importance, especially 
taking into account that carbohydrates are major constituents of the biomass and play an 
important role in food webs. 

Up to now the scattered reports of o13C values of monosaccharides in organisms and 
sediments obtained so far have been determined using the alditol acetate method (Moers et aI., 
1993). This method involves reduction of the monosaccharides followed by subsequent 
acetylation of all alcohol groups of the alditols formed [e.g. glucose is converted in glucitol 
acetate (I); see Fig. 2.1]. Since these compounds are GC-amenable their isotopic composition 
can be determined by GC/C/irm-MS. However, a large isotopic correction has to be made for the 
added carbon of the acetate groups (approximately twice as much as initial carbon) resulting in 
large analytical errors (up to 3 %0; Moers et aI., 1993). In addition, a fractionation effect occurs 
during derivatization. The main reason for the isotopic fractionation is the fact that a bond is 
formed between the oxygen of the monosaccharide and the carbon of acetic anhydride. Hence 

27 



Chapter 2 

AcO 

o 

O "r:::B~~-=:~"STMS O~~o~
oIj~~\ TMSO ~ 
I 

-B-O VII O--B- -B-O IXVIII 

I 
B 

O/'O 

I 0 
-B~-I~\ ~~p 

O--B o B
X XI 

Figure 2.1 Structures of (I) glucitol acetate, (lIa) a-D-glucofuranose 1,2:3,5
bis(butylboronate)-6-acetate, (lIb) 6-0-(trimethylsilyl)-a-D-glucofuranose 1,2:3,5-bis
(methylboronate), (III) 6-0-(trimethylsilyl)-P.D-mannopyranose 2,3 :4,6-bis(methylbo
ronate), (IV) P.D-arabinopyranose 1,2:3,4-bis(methylboronate), (V)a-D-xylofuranose 
1,2:3,5-bis(methylboronate) (VI) a-D-fucopyranose 1,2:3,4-bis(methylboronate), (VII) 
a-D-ribopyranose 1,2:3,4-bis(methylboronate), (VIII) 1,4-0-bis(trimethylsilyl)-a-D-ly
xopyranose 2,3-methylboronate (tentative structure), (IX) 2-0-(trimethylsilyl)-a-D-fruc
topyranose 1,3:4,5-bis(methylboronate) (tentative structure), (X) 6-0-(trimethylsilyl)-a
D-galactopyranose 1,2:3,5-bis(methylboronate), (XI) myo-inositol tri(methylboronate). 
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carbon atoms derived from the acetic anhydride will be fractionated. The only way to exclude 
this variability is to quantitatively consume the acetic anhydride, which is not possible since it is 
present in excess amount. Seemingly, this fractionation effect appears to be relatively constant 
and reproducible when standard mixtures are used (Macko et ai., 1998). However, it was recently 
shown that the isotopic fractionation caused by this derivatization method on n-alkanols and 
sterols may be variable and irreproducible in complex matrices (Pearson, 2000). Macko et ai. 
(1989) used LC to isolate the different monosaccharides and determine the o13C values of these 
monosaccharides off-line. Besides the fact that this method is very labour-intensive and 
chromatographic isotopic fractionation effects can occur (Pearson, 2000), relatively large 
amounts of monosaccharides are required for off-line analysis (ca. 30 IlgC). Thus, a new method 
for determining the natural ol3C values of carbohydrates would be very valuable. 

A commonly used method for determining the isotopic composition of l3C labeled 
glucose in human plasma by GC/C/irm-MS is the butylboronic derivatization method (BBD 
method; Pickert et ai., 1991). In this method butylboronic acid reacts with the alcohol groups of 
glucose followed by acetylation of the remaining hydroxyl group [e.g. glucose is converted in (J,

D-glucofuranose cyclic 1,2:3,5-bis(butylboronate)-6-acetate (lIa)]. This derivatization reaction is 
rapid and this method requires less work due to the fact that no reduction ofthe carbonyl group is 
needed. However, for determining natural abundances of 13C in monosaccharides, the BBD 
method still has some significant disadvantages. Firstly, a large number of carbon atoms are 
added. Thus, a large correction has to be made for the l3C-contents of added carbon resulting in 
relatively large errors when calculating the 13C-content of the original carbohydrate. Secondly, 
the remaining alcohol groups are still acetylated which will give isotopic fractionations and 
which may be irreproducible under certain circumstances. 

These disadvantages can be overcome by using methylboronic acid instead of 
butylboronic acid, which would reduce the number of carbon atoms by 75% for every added 
alkylboronic group, and silylating the remaining alcohol groups instead of acetylating (Reinhold 
et ai., 1974). Here we show that this method is indeed very effective for determining the natural 
abundance 013C values of commonly occurring monosaccharides in organisms. 

2.2. Experimental 

2.2.1. Polysaccharide hydrolysis. Cell material of the alga Scenedesmus communis [for 
culturing conditions, see Blokker et ai. (1998b)] was collected by centrifugation and freeze
dried. The cell material was ultrasonically extracted with methanol (three times), 
methanoIldichloromethane (MeOH/DCM, 1:1, v/v mixture; three times) and DCM (three times) 
to obtain a total extract. The residue was dried and stirred with 4 ml of 12 M H2S04 at room 
temperature for 2 h. The acid was diluted to I M and the polysaccharides were hydrolyzed for 
4.5 h at 85°C. The acidic supernatant was neutralized with BaC03. The precipitate was removed 
by centrifugation, washed twice with bidistilled water and the combined water layers were 
freeze-dried. 

2.2.2. Methylboronic derivatization method. Authentic monosaccharides (Merck, Amsterdam, 
The Netherlands) as well as the hydrolyzed cell material of S. communis were derivatized in 
identical fashion. To determine the yields (6,6J H2)-2,3-dimethyl-5-hexadecylthiophene was 
added as an internal standard. Typically, 0.5 ml of a solution of 10 mg methylboronic acid in I 
m] pyridine was added to approximately 1 mg of monosaccharides or approximately 5 mg 
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hydrolyzed cell material and the solution was kept at 60°C for 30 min. Subsequently, 15 III N,O
bis(trimethylsilyl)trifluoroacetamide (BSTFA) was added and the solution was heated at 60°C 
for 5 min. The solution was filtered over MgS04 with ethyl acetate. If necessary the solution was 
concentrated using evaporation under nitrogen. 

2.2.3. Aldito) acetate method. Hydrolyzed cell material of S. communis was derivatized as 
described by Moers et al. (1993) Myo-inositol is added as an internal standard and the 
monosaccharides are reduced by NaBH4 to give the corresponding alditols. After neutralisation 
with BaC03 all the alcohol groups are acetylated through a reaction with acetic anhydride and 
pyridine. 

2.2.4. Instrumentation. Gas chromatography (GC) was performed using a Hewlett Packard 
6890 instrument (Amstelveen, The Netherlands), gas chromatography-mass spectrometry 
(GC/MS) using a Hewlett-Packard 5890 gas chromatograph (Amstelveen, The Netherlands) 
interfaced to a VG Autospec Ultima mass spectrometer (Micromass, Manchester, England) and 
GC/C/irm-MS using a Finnigan DELTA-C (Bremen, Germany). A fused silica capillary column 
(I 30 m; i.d. 0.25 mm) coated with DB-1701 (film thickness 0.25 jlm), on-column injector and 
helium as carrier gas was used. In the case of GC a flame ionization detector was used. All the 
measurements were done at a constant gas-flow (1.15 ml/min for GC and GC/C/irm-MS and 1.0 
ml/min for GCIMS). Samples were dissolved in ethyl acetate and injected at 70°C. The 
temperature was slowly raised to 180°C (4°C/min) and then increased to 280°C at lOoC/min at 
which it was held isothermal for 1 min. ol3C values reported were obtained by at least five 
analyses and the results were averaged to obtain a mean value and to calculate the standard 
deviation. 

Off-line stable carbon isotopic compositions of the monosaccharides were determined by 
automatic on-line combustion (Carlo Erba CN analyser 1502 series; lnterscience, Breda, the 
Netherlands) followed by conventional isotope ratio mass spectrometry [Fisons optima (Fry et 
aI., 1992); Micromass, Manchester, UK]. 

2.3. Results and Discussion 

A mixture of monosaccharides was derivatized using the methylboronic derivatization method 
(MBD method) and the ol3C values of these derivatives were measured by GC/C/irm-MS (Fig. 
2.2 and Table 2.1). The derivatized monosaccharides (Fig. 2.1) gave well-separated and narrow 
peaks (Fig. 2.2) and were identified on the basis of relative retention times established by the 
analysis of standard mixtures and on the basis of mass spectral data in comparison with literature 
data (Reinhold et aI., 1974). Approximately 20 ngC of monosaccharide was needed for a single 
measurement. The isotopic composition of the original monosaccharides was calculated using 
the following equation: 

[2.1] 

where Ol3CMON is the ol3C value of the underivatized monosaccharide; Ol3CDER the o 
l3C value of 

the derivatized monosaccharide; Sl3eMBA is S13e value of methylboronic acid; S 13C IMS the Sl3e 
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Figure 2.2 GC/C/irm-MS chromatograms (m/z 44) and 
the m/z-45/m/z-44 ratio of the mixture of derivatized 
monosaccharides. Key to peak nwnbers: derivates of 
arabinose (IV), xylose (V), mannose (III), and glucose 
(lIb). 

value of the trimethylsilyl group; a is the number of carbon atoms of the monosaccharide; b the 
number of carbon atoms coming from methylboronic acid; and c the number of carbon atoms 
coming from the trimethylsilyl group. 

In the case of glucose and mannose a, band c are equal to 6, 2 and 3, respectively (lIb 
and III). In the case of arabinose (a=5) and xylose (a=5) all alcohol groups reacts with the 
methylboronic acid and none are available to react with the BSTFA (c=O and b=2; IV and V). 
The isotopic composition of the methyl groups originating from methylboronic acid were 
determined by off-line measurement. To determine the isotopic composition of the trimethylsilyl 
group a myo-inositol standard, with a known carbon isotopic composition, was trimethylsilylated 
with the same batch of BSTFA. By determining the carbon isotopic composition of the 
derivatized standard the carbon IsotopIc composition of the TMS group was calculated. 
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Table 2.1 Stable carbon isotopic composition of the monosaccharides. 

arabinosea xylosea glucoseb mannoseb 

Derivatized monosaccharide -23.7 ± 0.5 -22.2 ± 0.2 -24.8± 0.4 -31.4 ± 0.5 

Monosaccharide calculatedC -21.1 ± 0.8 -19.1 ± 0.3 -10.3 ± 0.8 -22.4 ± 0.9 

Monosaccharided -21.7±0.1 -19.3 ± 0.1 -10.5 ± 0.1 -22.3 ± 0.1 

a Values for a, band c in Eqn. [2.1] are 5, 2 and 0, respectively. 
b Values for a, band c in Eqn. [2.1] are 6,2 and 3, respectively. 
C Calculated using Eqn. [2.1]. b13C value for methyl group = -30.2 ± 0.1%0 and for 
TMS group = -50.1 ± 0.4%0. 
d Measured off-line. 

The values obtained for the monosaccharides using the MBD method and Eqn. [2.1] are 
bl3Cidentical, within analytical precision, to the off-line measured values (Table 2.1), 

suggesting no isotopic fractionation during derivatization. During the derivatization a bond is 
formed between an oxygen atom of the methylboronic acid and a carbon atom of the 
monosaccharide. This means that there is potential for an isotopic fractionation effect for the 
carbon atoms of the monosaccharides. However, our results (Table 2.1) indicate no fractionation 
effect. The reason may be that the monosaccharides were quantitatively converted in the 
derivatized monosaccharides. In order to confirm this assumption the monosaccharides were 
derivatized with an internal standard added (Table 2.2) to quantitY the yields. Arabinose, xylose, 
fucose, glucose and fructose all showed a derivatization yield higher than 85% suggesting that 
the derivatization was more or less complete. Other monosaccharides, however, showed yields 
which were remarkably lower (about 35%), which means that the derivatization of these 
monosaccharides was incomplete. Longer reaction time or higher temperatures did not enhance 
the yields. Longer reaction time with BSTFA gave a number of by-products because the rings 
formed with methylboronic acid were substituted by trimethylsilyl groups. The reason for the 
low yields may be in the difference in distance between the alcohol groups caused by 
stereochemistry in the different monosaccharides. Sugihara et al. (1958) showed that there is a 
large difference in yields between the cis (97%) and the trans (60%) form of diols in reactions 
with alkylboronic acids. This means that the distance between alcohol groups influences the 
yield of the reaction with methylboronic acid. In the case of xylose and arabinose the distances 
are relative small, giving high yields. For the other Cs-monosaccharides (ribose and Iyxose) this 
is not the case, making it hard to form rings with methylboronic acid resulting in low yields. For 
lyxose the distances between the alcohol groups are so large that only one ring with methyl 
boronic acid is formed. This means that two alcohol groups are left to react with BSTFA. For the 
C6-monosaccharides (mannose and galactose) the configuration of the alcohol groups is suitable 
for formation of dioxaborolane or dioxaborinane rings. However, the alcohol group left after the 
reaction with methylboronic acid is probably less 'available' for the reaction with BSTFA due to 
steric hindrance, compared to the remaining alcohol group of glucose and fructose. The low 
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Table 2.2 Relative retention times, yields and structural information of the 
derivatives of the monosaccharides. 

Rt 
a Yield (%) MBAb OTMSc formd 

arabinose 0.65 >95 2 0 P (IV) 
fucose 0.65 92 2 0 P (VI) 
xylose 0.72 >95 2 0 F (V) 
ribose 0.72 32 2 0 P (VII) 
lyxose 0.91 31 1 2 P (VIII) 
fructose 0.99 82 2 1 P (IX) 
galactose 1.05 35 2 1 P (X) 
mannose 1.08 35 2 I P (III) 
glucose 1.13 >95 2 1 F (II) 

a Relative to myo-inositol tri(methylboronate) (XI), Rt=Rmon~XI).
 
bNumber of rings formed with methylboronic acid.
 
C Number of alcohol groups which reacted with BSTFA.
 
d P, pyranose; F, furanose.
 

yields of derivatization of certain monosaccharides (Table 2.2) would imply that the 
monosaccharides may be subject to isotopic fractionations and thus this method may not be 
suitable for determining their isotopic composition. However, it should be noted that in the case 
of mannose a fractionation effect has not been observed (Table 2.1). 

The apparent lack of a fractionation effect with the MBD method is in stark contrast with 
the alditol acetate method. This method is known to involve a consistent fractionation effect 
which needs to be accurately reproduced (Macko et aI., 1998). For complex mixtures this may be 
a problem since alternative reactions may partly consume the acetic anhydride which will 
definitely influence the ol3e values of the monosaccharides (Pearson, 2000). In order to compare 
the analytical precision of the MBD method and the alditol acetate method, two monosaccharides 
were derivatized using both methods (Table 2.3). It can be concluded that also the analytical 
precision of the MBD method is better than the alditol acetate method. This is mainly because 
only a relatively small amount of carbon atoms are added using the MBD method, compared 
with the alditol acetate method. This means that the correction that has to be made for added 
carbon is smaller and accordingly the error in the calculated ol3e value of the monosaccharide 
will be lower (Table 2.3). Furthermore, in the case of the alditol acetate method the 
monosaccharides are reduced to alditols, which means that structural information is lost. For 
example, it is impossible to make any difference between glucitol coming from glucose or 
fructose in contrast to the MBD method. Finally, although alditol acetate derivatives are very 
stable, the MBD derivatives are stable enough for at least a month ifproperly stored (T<O°C). 

The MBD method was applied by determining the ol3e values of the monosaccharides of 
the alga Scenedesmus communis. The amount of glucose was sufficient to allow isotopic 
measurements and gave a l)l3e value of -35.5 ± 0.4%0. This means that glucose is 4.3%0 relative 
to the ol3e of the total biomass (-39.8 ± 0.1 %0), which is in agreement with published values 
(Deines, 1980). This demonstrates that it is very well possible to determine natural abundances 
of l3e of monosaccharides in organisms using the developed MBD method. 
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Table 2.3 i)l3C values of arabinose and mannose measured by alditol acetate and MBD 
method. 

i)l3C arabinose (%0) 
Monosaccharide" 
Alditol acetate derivative 
Alditol monosaccharide calculatedb 

MBD derivative 
MBD monosaccharide calculatedC 

-21.7±0.1 
-37.4 ± 0.5 
-20.0 ± 1.9 
-23.7 ± 0.5 
-21.1 ± 0.8 

-22.3 ± 0.1 
-36.9 ± 0.2 
-18.5 ± 1.3 
-31.4 ± 0.5 
-22.4 ± 0.9 

" measured off-line. 
b i)13C value for acetate group = -46.1 ± 0.6 %0. 
CCalculated using Eqn. [2.1]. i) l3C value for methyl group = -30.2 ± 0.1 %0 and for 
TMS group = -50.1 ± 0.4 %0. 

2.4. Conclusions 

We have shown that the MBD method is suitable for determining stable carbon isotopic 
compositions of a number of important monosaccharides in organisms. The MBD method is 
relatively easy and rapid, no structural information is lost and the fractionation effect during 
derivatization is negligible. Furthermore, only a small amount of carbon atoms are added using 
the new method (ranging from two for the Cs-monosaccharides to five for C6-monosaccharides). 
This means that the correction that has to be made for added carbon is relatively small and 
accordingly the error in the measurement of the i)13C value of the monosaccharide will be lower. 
The high yields of derivatization of a selected number of intact monosaccharides (arabinose, 
xylose, fucose, fructose and glucose) allow the carbon isotopic values of these monosaccharides 
to be reliably determined. The yields of derivatization of the other monosaccharides are much 
lower and, theoretically, a fractionation effect may occur. However, in the case of mannose this 
was not observed. 
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The stable carbon-isotope compositions of individual monosaccharides and lipids, as well as the 
bulk stable carbon-isotope composition of total cell material from different aquatic and terrestrial 
plants were determined. With the exception of a Phaeocystis sp. bloom sample monosaccharides 
were generally 0 to 9%0 enriched in l3C compared to the total cell material and significantly 
enriched (1 to 16%0) in l3C compared to lipids (fatty acids, phytol, sterols and alkenones) within 
single organisms. The depletion of 13C in n-alkyl lipids relative to monosaccharides was larger 
than the depletion of 13C in isoprenoid lipids relative to monosaccharides. In addition, an isotopic 
enrichment was observed in the 13C contents of Cs monosaccharides compared to glucose in 
some of the organisms studied, indicating isotopic heterogeneity within carbohydrates. The 
magnitude of the differences between monosaccharides, total cell material and lipids was far 
greater than previously reported. Thus, selective assimilation of ingested carbohydrates can lead 
to isotopic enrichments of heterotrophic biomass and zooplankton and subsequent trophic levels. 
In addition, since dissolved organic carbon (DOC) and particulate organic carbon (POC) has a 
significant carbohydrate fraction, the 013CPOC and ol3CDOC signal will be significantly influenced 
by the relative amounts and the Ol3C values of carbohydrates present. This has significant 
implications for the isotopic integrity of the organic matter fractions during carbon cycling in 
food chains of aquatic ecosystems. 

3.1. Introduction 

Carbohydrates are the most abundant biochemicals on earth (Aspinall, 1983). For instance, 
carbohydrates comprise about 75 wt % of vascular plant tissues (Sjostrom, 1981) and 20-40 wt 
% of plankton (Parsons et aI., 1984). The carbohydrates comprise the bulk of the biomass in 
marine and terrestrial environments together with proteins and lignins (Tissot and Welte, 1978; 
Parsons et aI., 1984). In addition, carbohydrates are a significant component of oceanic dissolved 
organic matter (DOM; Mopper et aI., 1980; Benner et aI., 1992; Pakulski and Benner, 1994; 
McCarthy et aI., 1996; Skoog and Benner, 1997; Borch and Kirchman, 1997; Burdige et aI., 
2000). DOM represents one of the largest dynamic reservoirs of reduced carbon on Earth (_1018g 
carbon, i.e. same magnitude as all the living vegetation on the earth's continents), and is larger 
than the atmospheric CO2 pool (Hedges, 1992). Because carbohydrates, together with proteins 
and lignins, represent> 40% of the degraded carbon, they are important nutrients for the benthic 
and pelagic communities (Cowie et aI., 1992). Even at low concentrations, excreted 
carbohydrates provide a substantial food source for heterotrophic bacteria and zooplankton 
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(Wright and Hobbie, 1966; Gocke, 1975; Williams and Yentsch, 1976) as indicated by the rapid 
turnover rates. 

In the assessment of food web structures in freshwater and marine ecosystems, the 
potential of stable carbon isotope (&l3q ratios as natural tracers in food chains is increasingly 
acknowledged (e.g. Michener and Schell, 1994) and a number of studies utilizing stable carbon 
isotopes have been published (e.g. Yoshii et aI., 1999; van der Zanden et aI., 2000). These 
studies show that the &l3C of the heterotrophic biomass is primary influenced by the &l3C of the 
autotrophic food source. Consequently, because carbohydrates are an important constituent of 
autotrophic carbon and selective assimilation can take place (e.g. Volkman et aI., 1980; Grice et 
aI., 1998), the carbon isotope composition of carbohydrates will significantly influence the 
carbon-isotope composition of the heterotrophs and zooplankton. Thus, information on the 
carbon-isotope composition of carbohydrates is of primary importance for reconstructing food 
web relations based on isotopic compositions. In addition, since carbohydrates are an important 
component ofDOM their carbon-isotope composition will significantly influence the bulk DOM 
carbon isotopic composition. 

Until now, using bulk measurements, carbohydrates were generally thought to be slightly 
enriched in l3C. The magnitude of this enrichment was found to be up to 3 to 4%0 relative to total 
cell material and 4 to 10%0 relative to lipids (e.g. Deines, 1980). Wong et aI. (1975) reported an 
enrichment in 13C of bacterial carbohydrates of up to 6%0 relative to the total cell material and up 
to 16%0 in 13C relative to the lipids. 

Very little is known about the &13C values of carbohydrates at the molecular level. In 
contrast, much attention has been paid to another class of biochemicals, the lipids. This is mainly 
because of the easy accessibility of these compounds by gas chromatography techniques due to 
their apolar nature. Differences between &13C values of individual lipids within single organisms 
were found to be large (Schouten et aI., 1998c). However, the magnitude of the biosynthetic 
enrichment of &13C in monosaccharides relative to total cell material and lipids is unclear and 
detailed molecular isotopic analyses of individual monosaccharides are lacking. Recently, we 
developed a new method (van Dongen et aI., 2001) to reliably measure the Dl3e values of 
individual monosaccharides. In this study we determine the stable carbon-isotope composition of 
individual monosaccharides in a range of marine and freshwater algae and terrestrial higher 
plants. These were compared with the l3C contents of the total cell material and individual lipids 
to infer consequences for carbon isotopic studies of food webs and carbon cycling in aquatic 
systems. 

3.2. Materials and Methods 

3.2.1. Cell material. The aquatic and terrestrial plants that were analyzed in this study and their 
culture conditions or sampling sites are listed in Table 3.1. The freshwater species Tetraedron 
minimum, Scenedesmus communis and Pediastrum boryanum were cultured under conditions 
described by Blokker et aI. (1998a; 1998b).Two different cultures of T. minimum were cultured, 
1 continuous culture and 1 batch culture. The continuous culture was kept at a constant pH of 
7.0, while the pH of the batch culture was between 5 and 6 at the start and between 8 and 9 at the 
end. Cultures of the marine species Isochrysis galbana and Rhodomonas sp. were grown in 
Erlenmeyer flasks (3 I) with a continuous air supply. Light was kept on a 16:8h light:dark regime 
and dilution rates ranged between 0.13 and 0.22 dol. The algae were grown on F/2 medium 
(Guillard, 1975). The algaPhaeocystis sp. was collected with plankton nets (50 /-lm mesh) during 
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Table 3.1 Aquatic and terrestrial plants analyzed in this study with their culture or field condition. 

Organism Class Culture type Sampling site T(°C) CO2 source 

Freshwater 

Tetraedron minimum Chlorophyceae Batch/Continuous - 19 Air+2%C02 

Scenedesmus communis Chlorophyceae Batch - 19 Air+2% CO2 

Pediastrum boryanum Chlorophyceae Batch - 19 Air+2% CO2 

Marine 

Isochrysis galbana 

Rhodomonas sp. 

Haptophyceae 

Cryptophyceae 

Continuous 

Continuous 

-

-

15 

15 

Air 

Air 

'w 
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1;;. 
c .g 
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Phaeocystis sp. 

Terrestrial 

Sphagnum cuspidatum 

Erica tetralix 

Haptophyceae 

Bryophyta 

Ericaceae 

-

-

North Sea bloom 

Bargerveen peat bog 

Bargerveen peat bog 

-

-

Air 

Air 

Air 

s· 
~ 

riq 
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spring blooms in the western Dutch Wadden Sea and the southern North Sea in 1991 and 1992 
and stored frozen (-20°C) until use. Field specimens of Sphagnum cuspidatum and the roots of 
Erica tetralix were obtained from the peat bog reserve 'Bargerveen' (Zwartemeer, SE Drenthe, 
The Netherlands; Baas et aI., 2000). Immediately after collection, the plants were washed 
repeatedly with water and any non-indigenous material was removed. The samples were stored 
frozen until use. 

3.2.2. Monosaccharide analysis. Cell material of the plants was collected, freeze-dried and 
extracted as described by Schouten et al. (1998c). The extraction, separation and identification of 
the monosaccharides as well as the lipids are schematically depicted in Fig. 3.1. Briefly, cell 
material was ultrasonically extracted with methanol (3x), methanol/dichloromethane (1:1, 3x) 
and hexane/dichloromethane (HexIDCM, 1:1, v/v mixture; 3x). The extracts were analysed for 
lipids as described below. Approximately 7 to 15 mg of dried residues left after extraction were 
stirred with 4 ml 12 M H2S04 at room temperature for 2 h. The solution was diluted to I M and 
the polysaccharides were hydrolyzed for 4.5 h at 85°C. The acidic solution was neutralized with 
BaC03. The precipitate was removed by centrifugation, the residue washed twice with bidistilled 
water and the combined water layers were freeze-dried. The hydrolyzed material was analysed 
for monosaccharides using 2 different methods. To determine the relative amounts of the 
different monosaccharides, they were analysed using the alditol acetate method as described by 
Klok et al. (1982; 1984). The methylboronic acid derivatization method (MBD method; 
described in subsection 'instrumental analyses') was not used to determine the relative amounts 
of all the monosaccharides since the derivatization of a number of the monosaccharides is 
incomplete (van Dongen et aI., 2001). The alditol acetate method involves the reduction of 
monosaccharides with NaBH4 to alditols and acetylation of the alcohol groups using acetic 
anhydride and pyridine with the use of myo-inositol as internal standard. Because the 
monosaccharides are measured as their alditol acetates, the origin of some of the alditol acetates 
is uncertain. For instance, glueito1could originate from glucose as well as fructose (Macko et aI., 
1998). In these cases the results of the MBD method, which preserves the original isomeric 
structure, in combination with the alditol acetate method were used to infer the origin of the 
different alditol acetates. The MBD method, a derivatization method to make monosaccharides 
GC-amenable, was used to determine the ol3C values of the different monosaccharides as 
described by van Dongen et al. (2001). Typically, 0.5 ml of a solution of 10 mg methylboronic 
acid in 1 ml pyridine was added to the hydrolyzed material and the solution was heated at 60°C 
for 30 min. Subsequently, 15 III N,O-bis(trimethylsilyl)trifluoroacetamide (BSTFA) was added 
and the solution was stirred at 60°C for 5 min. To remove any solid material, the solution was 
filtered through a pipette filled with MgS04 with ethyl acetate as an eluent. The solution was 
concentrated using evaporation under nitrogen as necessary. The monosaccharide fractions were 
analyzed by gas chromatography (GC), gas chromatography-mass spectrometry (GCIMS), and 
isotope-ratio-monitoring GCIMS (irm-GCIMS) as described in 'Instrumental analysis'. 

3.2.3. Lipids. The separation and identification of lipids are schematically depicted in Fig. 3.1. 
The saponification, methylation and silylation were performed as described by Schouten et al. 
(1998c). In some instances, phytol and sterols were present in relatively low amounts compared 
to fatty acids and accurate Ol3C values could not be obtained. In these cases, the total extracts 
were filtered over an Ah03-column using ethyl acetate as an eluent to remove the fatty acids. 
The total extracts of Erica Tetralix and Sphagnum cuspidatum were eluted over 3 Si02-column 
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Figure 3.1 Extraction and isolation scheme of plant cell material. 

using Hex/DCM (9:1, v/v mixture) as eluent to collect the n-alkanes and DCMlmethanol (1:1, 
v/v mixture) to collect the fatty acids and sterols and phytol. The long-chain alkenones present in 
the Isochrysis galbana were measured in the saponified fraction to avoid co-elution with the 
long-chain alkenoates present. The lipid fractions were analyzed by GC, GCIMS and irm
GC/MS as described in the following section. 

3.2.4. Instrumental analyses. Gas chromatography (GC) was performed with a Hewlett Packard 
6890 instrument and gas chromatography-mass spectrometry (GC-MS) using a Hewlett-Packard 
5890 gas chromatograph interfaced with a VG Autospec Ultima mass spectrometer. Lipid 
analysis was carried out as described by Schouten et al. (1998c). For analysis of alditol acetates, 
a fused silica capillary column (1 25 m; i.d. 0.32 mm) coated with CP Sil-88 (film thickness 0.25 
Ilm) was used. Samples were dissolved in ethyl acetate and injected at 70°C. The temperature 
was raised to 150°C at 20°C/min, 3°C/min to 240°C and held for 10 min. Since the number of 
added carbon atoms during the derivatization reaction is different for the different 
monosaccharides the relative amounts were corrected for added carbon. In order to measure the 
013 values of the monosaccharides, the MBD method was used for the derivatization as described 
by van Dongen et al. (2001). The derivatized compounds were separated on a fused silica 
capillary column (l 30 m; i.d. 0.32 mm) coated with CP Sil-19 (film thickness 0.12 Ilm) was 
used. Samples were injected at 70°C and the temperature was raised to 80°C (20°C/min) and 
held for 10 min. Subsequently, the GC was heated at 4°Clmin to 180°C followed by lOOC/min to 
280°C and held for 1 min. 
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The alditol acetates and methyl boronic acid derivatives were identified on the basis of 
known relative retention times established by the analysis of standard mixtures and on the basis 
of mass spectra (Reinhold et ai., 1974; Klok et ai., 1982; Klok et ai., 1984; van Dongen et ai., 
2001). 

Isotope-ratio-monitoring gas chromatography-mass spectrometry (IRM-GC/MS) was 
performed using a Finnigan DELTA-C. The same columns, column conditions and temperature 
program was used as in the case of GC analysis. The o13C values reported were obtained by at 
least two analyses and the results were averaged to obtain a mean value. The MBD method 
implies the introduction of extra carbon atoms from the derivitazation agent: 2 in the case of 
arabinose and xylose and 5 in the case of glucose (Fig. 3.2). To correct for the alteration in the 
stable carbon isotope composition due to the introduction of these additional carbon atoms, the 
013C of the derivatization agents (methylboronic acid and BSTFA) were determined (van 
Dongen et ai., 2001). The corrections for the introduced carbon due to the methylation or 
silylation of the fatty acids, phytol and sterols were performed as described by Schouten et ai. 
(1998c). The stable carbon isotope compositions are reported in the delta notation and 
determined against the Vienna PDB 13C standard. 

The stable carbon isotopic composition of the bulk cell material was determined by 
automatic online combustion (Carlo Erba CN analyser 1502 series) followed by conventional 
isotope ratio-mass spectrometry (Fisons optima; Fry et ai., 1992). 

OH 
Phytol 

OH 
HO

O~~OH HO~OH ~~OH 
OH OH 

OH 

glucose arabinose xylose 

o 

~ 
13 5 

C37:2 alkenone 

Figure 3.2 Structures of the compounds analyzed. 

3.3. Results and discussion 

3.3.1. l3C contents of monosaccharides. The monosaccharide fraction of the freshwater algae 
and the marine alga Rhodomonas sp. mainly consisted of glucose (65 to 90%) and other C6
monosaccharides (mannose, rhamnose and galactose; Fig. 3.3). In lsochrysis galbana the major 
component was also glucose (30%), but it was relatively less abundant. Phaeocystis sp. had as 
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major monosaccharide arabinose (46%), and the terrestrial plants Sphagnum cuspidatum and 
Erica Tetralix xylose (24 and 47%). In addition to these monosaccharides, considerable amounts 
of other Cs (mainly ribose), C6 (rhamnose, mannose and galactose) and Crmonosaccharides 
were found. 

T. minimum P. boryanum I. galbana S. cuspidatum 
S. communis Rhodomonas sp. Phaeocystis sp. E. tetralix 

~ otherC6 D glucose II xylose 
~ monosaccharides 

!HE arabinose 00 ribose ~ CTmonosaccharides 

Figure 3.3 Percentage of monosaccharides relative to total amount of alditols in 
different aquatic and terrestrial organisms. Other C6-monosaccharides included 
rhamnose, mannose, galactose and fucose. The structures of the C7-monosaccharides 
are unknown. Fun specific names as in Table 3.1. 

Using the MBD method, the ol3C values of the different monosaccharides (where 
possible) were determined (Table 3.2). For the cultured algae (except Isochrysis galbana) only 
the 013C of glucose could be reliably determined. The contribution of other monosaccharides 
were too small and consequently could not been determined or, in the case of mannose, the 
derivatization by the MBD method was incomplete (van Dongen et a!., 2001) and the 013C 
values obtained were deemed not reliable. For lsochrysis galbana, Phaeocystis sp. and both 
terrestrial plants, the ol3C of glucose and the Cs-monosaccharides arabinose and/or xylose could 
be determined (Table 3.2). Sometimes small amounts « 6%) of other monosaccharides were co
eluting with the Cs-monosaccharides, i.e. fucose co-eluted with arabinose and ribose co-eluted 
with xylose. In those instances an average o13C value of co-eluting peaks was determined. 
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Table 3.2 313Cbulk and 313C values (%0) of monosaccharides, fatty acids, phytol, sterols and alkenones in different aquatic and {5
terrestrial organisms (with analytical error, which includes error in measurement as well as error through derivatization). Full specific 

~ 
numbers as in Table 3.1. Vv 

T. minimum S. communis P boryanum Rhodomonas sp. I galbana Phaeocystis sp. S. cuspidatum E. tetralix 
Bulk -47.9 ± 0.1 -39.8 ± 0.1 -40.1 ± 0.1 -12.1±0.2 -13.8±0.2 -17.5±0.3 -25.6±0.1 -25.9±0.2 
Monosaccharides 
arabinose -8.2 ± 0.6

a 
-20.2 ± 0.6 

a -18.0± LOa 
xylose -7.1 ± 0.9 -18.2±0.9 b -19.5±0.7 -21.0 ± 0.9 
glucose -39.2 ± 0.8 -35.5 ± 004 -32.8 ± 004 -4.9 ± 004 -6.8 ± 0.3 -21.3 ± 0.9 -23.8 ± 0.7 -23.7 ± 0.8 
Fatty acidsc 

C14 -21.4 ± 004 -19.1 ± 0.1 -24.5 ± 0.5 
-53.9 ± 0.1 -50.2 ± 0.6 -47.3 ± 0.3 -2004 ± 0.5 -23.0 ± 0.3 -24.0 ± 0.1 -35.0 ± 0.2 -28.8 ± 0.6 

CI8 

Cl6 

-54.6 ± 004 -47.0 ± 004 -47.7 ± 0.5 -20.2 ± 0.2 -19.0 ± 0.1 -27.8 ± 0.3 -33.1 ± 0.5 -29.3 ± 0.3 
Phytol -53.6 ± 0.7 -48.3 ± 0.2 -40.9 ± 0.7 -16.3 ± 0.2 -14.8 ± 0.3 -20.3 ± 0.7 -31.2 ± 0.5 
Sterols c 

e 
g -22.2 ± 0.5C27 e e e f f h 

-48.7 ± OA -47.0 ± 0.6 +3804 ± 0.7 -16.9 ± 0.2 -21.8±0.1 -19.7±0.5 -35.1 ± 0.2.C28 j j

-48.5 ± 004
h 

-47.3 ± 004 +39.5 ± 0.5 -34.4 ± 004 JC29 
Alkenones C 

k -18.6 ± 0.1C37: n 
C38 : n k -17.9±OA 

a small contribution of fucose. 
b small contribution of ribose. 
C numbers indicate number of carbon atoms. 
d cholest-5-enol. 
e 24-methylcholest-7-enol and 24-methylcholesta-7,22-dienol. 
f 24-ethylcholesta-5,22-dienol. 
g 24-methylcholest-5,22-dienol. 
h 24-methylcholest-5-enol and 24-methylcholesta-5,22-dienol. 
j 24-ethylcholest-7-enol. 
j 24-ethylcholest-5-enol and 24-ethylcholesta-5,22-dienol. 
k average ofn=2 to n=4. 
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Except for Phaeocystis sp., all ol3C values of the monosaccharides were enriched in l3C 
compared with Ol3Cbulk values (values of bulk cell material; Table 3.2 and Fig. 3.4), i.e. 2 to 9%0 
for glucose, 5 to 7%0 for xylose and 6 to 8%0 for arabinose. In contrast, the monosaccharides ol3C 
were depleted up to 4%0 in 13C relative to the Ol3Cbulk value, for Phaeocystis sp. Compared with 
previous reports (e.g. Wong et a!., 1975; Deines, 1980) the magnitude of these differences is 
greater than has been reported on the basis of bulk determinations of monosaccharides. These 
differences are also far more variable than previously reported. This indicates a large 
heterogeneity in the relative isotopic compositions of monosaccharides in photoautotrophic 
organisms. The large enrichment (up to 8%0) in 13C of the individual monosaccharides relative to 
the Ol3Cbulk in the case of the Sphagnum species (S. cuspidatum) is surprising, since the l3C 
contents of monosaccharides versus bulk found by Macko et a!. (1990) for a Sphagnum species 
were significantly different (depleted by up to 1%0). The reason for this could be that different 
Sphagnum species have different isotopic contents. Another difference between the 2 studies is 
the fact that Macko et a1. used the alditol acetate method for isotopic analysis, which is prone to 
larger errors in ol3C value determination (van Dongen et aI., 2001). To explain the large l3C_ 
enrichment of monosaccharides we have to take into account that other biochemicals, such as 
lipids, are generally depleted in l3C compared to monosaccharides (see below). The reason why 
the Ol3Cbulk of the Phaeocystis sp. was enriched compared to the ol3C values of the different 
monosaccharides could be due to the fact that this was a bloom sample. It is possible that 
isotopic fractionation within the cell during bloom conditions may be different than during non
bloom conditions. In addition, it is possible that other undetermined 13C-enriched carbon 
material, present in the bloom but not derived from Phaeocystis sp., was influencing the Ol3Cbulk. 
Altematively, there may be other, as yet undetermined, 13C-enriched (compared to the Ol3Cbulk) 
components present in Phaeocystis sp. itself. 

Comparison of the ol3C values of the Cs-monosaccharides arabinose and xylose with 
those of glucose within the same organism reveal significant differences. Xylose was up to 4%0 
enriched in 13C and arabinose up to 6%0 enriched in l3C compared with glucose with the 
exception of Isochrysis galbana. To the best of our knowledge this is the first time such large 
differences between Cs and C6-monosaccharides have been reported. It is possible that a 
fractionation effect occurs during the decarboxylation of glucose to form Cs-monosaccharides. 
However, such a kinetic isotope effect is likely to result in a depletion in l3C of the product 
formed (Cs-monosaccharide) relatively to the reactant available (C6-monosaccharide) at the 
reaction site (Hayes, 1993; 2001). It is also possible that there are significant differences between 
the carbon-isotope compositions of the different carbon atoms in glucose, as found by Ivlev et a1. 
(1987) and Rossmann et a1. (1991), which then leads to an isotopic difference between glucose 
and the Cs-monosaccharides. In order to differentiate between these 2 possible explanations 
more detailed information about the biosynthesis of Cs-monosaccharides, and the 13C 
fractionation of the enzymes involved need to be obtained. 

3.3.2. l3e contents of lipids. The most dominant lipids present in the total extracts of all the 
algae except Isochrysis galbana were CWC IS saturated and unsaturated fatty acids, phytol and 
CZS-CZ9 sterols with a distribution similar to those reported by Wood (1988). Phytol (Fig. 3.2) 
and sterols were also found in Isochrysis galbana, but the most abundant compounds were C37 
and C3S alkenones (Marlowe et aI., 1984). Only traces of fatty acids were found. The dominant 
compounds in the total extract of Sphagnum cuspidatum and the roots of Erica tetralix were Cw 
CIS fatty acids and CZS-CZ9 sterols. Minor amounts of CZl -C23 n-alkanes, triterpenoids and wax 
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esters were found, with a distribution similar to those reported for Sphagnum cuspidatum by 
Baas et al. (2000). Significant amounts of phytol were found in S. cuspidatum. Phytol is the main 
alkyl side chain of chlorophyll and no chlorophyll is present in roots and hence it was not present 
in the roots ofE. tetralix. 

When possible, the ol3C of the lipids were determined, for comparison with the ol3C of 
the different monosaccharides (Table 3.2). As the unsaturated and saturated CI8 fatty acids were 
often co-eluting, an average ol3C value of the total cluster of unsaturated and saturated CI8 fatty 
acids was determined. For the same reasons, the average ol3C value of the C37 and C38 alkenones 
were determined in Isochrysis galbana. The fatty acids were considerably depleted in l3C 
compared with glucose (Table 3.2 and Fig. 3.3), i.e. the CW CI8 fatty acids were 12 to 16%0 
depleted for freshwater and marine algal cultures, 3 to 6%0 for Phaeocystis sg- and 5%0 to 13%0 
for terrestrial plants. Phytol and sterols were generally less depleted in 3C compared with 
glucose (Table 3.2) than the fatty acids, i.e. phytol was 8 to 14%0 depleted for the freshwater and 
marine algal cultures and about 7%0 depleted in l3C for Sphagnum cuspidatum. In contrast, the 
ol3C value of phytol from Phaeocystis sp. was similar compared to glucose. The sterols were 6 to 
15%0 depleted compared with glucose in the freshwater and marine algal cultures and about 11 %0 
depleted in l3C in S. cuspidatum. In contrast, the C27 sterol as well as the C28 sterol measured in 
Phaeocystis sp. were similar in l3C compared to glucose. The aikenones in 1. galbana were 11 to 
12%0 depleted in l3C compared to glucose. The isotopic differences between the fatty acids, 
phytol, the sterols and the alkenones in the algal cultures are comparable to those reported 
previously by Schouten et al. (l998c). 

An enrichment in l3C of monosaccharides compared to lipids has been generally assumed 
(Hayes, 1993; 2001). However, the magnitude of the difference between monosaccharides and 
lipids determined here is far greater than has been anticipated. The reason for the depletion of 
lipids versus monosaccharides is assumed to be a consequence of kinetic isotope effects during 
enzymatic reactions. Glucose is formed in the Calvin-Benson cylce during photosynthesis. 
Subsequently, the glucose is cleaved to 2 pyruvate molecules, which are converted to acetyl 
coenzyme A through decarboxylation (Fig. 3.3). n-alkyl lipids are synthesized starting from 
acetyl coenzyme A and isoprenoid lipids are synthesized from pyruvate (Hayes, 1993; 2001; 
Rohmer et aI., 1993; Schwender et aI., 1996; Lichtenthaler et aI., 1997; Disch et aI., 1998 and 
present Fig. 3.5). The decarboxylation from pyruvate to acetyl coenzyme A is associated with a 
kinetic isotopic fractionation effect (e.g. Monson and Hayes, 1980; 1982a; 1982b; Melzer and 

OH 1/6 1/6 n-alk 1 
Calvin-Benson ~5__0 ~ ~ .. y

Cycle ~ HQO~ ~ 2/5 a r 2/5 O~ lIpIds 
a 3 2 OH OH 3/4 (e.g. fatty 

glucose lo0H 3/4 SCoA acids) 
, CO2 

Isoprenoid 
lipids 

Figure 3.5 Biosynthesis of fatty acids and isoprenoids starting from glucose. Carbon atoms 
are numbered according to their original position in the glucose carbon skeleton. 
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Schmidt, 1987), leading to a depletion in 13C in the carboxyl atom of acetyl coenzyme A. Thus, 
n-alkyl lipids are usually depleted in 13C relative to the isoprenoid lipids constructed from 
pyruvate (Schouten et al., 1998c). The different pathways may explain the differences in l3C 
depletion between individual lipids and monosaccharides. 

An alternative explanation for the 13C depletion oflipids relative to monosaccharides may 
be the heterogeneous distribution of l3C in glucose. During the decarboxylation of pyruvate to 
acetyl coenzyme A the original glucose carbon atoms 3 or 4 are removed. According to 
Rossmann et al. (1991), these carbon positions are relatively enriched in l3C (about 2 to 60/00). 
This would mean that the acetyl coenzyme A unit formed is relatively depleted in l3C compared 
with the pyruvate unit and consequently compared to glucose. Because straight chain-lipids are 
mainly constructed from acetyl coenzyme A, they are depleted in l3C compared to glucose. 
However, as pointed out by Hayes (1993; 2001), this relative enrichment in 13C of carbon atoms 
within glucose is too small to explain the observed large depletion in li13C values of lipids. In 
addition, the difference between monosaccharides and lipids are even larger (up to 16%0 in li13C), 
and thus an even larger enrichment in 13C within glucose is required. The observed differences 
between Cs-monosaccharides and glucose indicate that the loss of a single carbon atom can lead 
to a significantly difference in lil3C values (up to 6%0). This means that the potential difference 
in l3C between the carbon atoms in glucose could be significantly larger than reported by 
Rossman et al. (1991). This makes the alternative explanation for the depletion of lipids, the 
heterogeneous distrubution of 13C in glucose, more likely, although little is known about the 
pathways by which these Cs-monosaccharides are formed. 

3.3.3. Influences of culture conditions on the isotopic heterogeneity of biochemicals. The 
large range in differences in l3C content between the monosaccharides, lipids and the bulk 
material for the different cultured algae can be either due to species-specific fractionation 
differences or due to the culture conditions (e.g. Riebesell et al., 2000). In batch cultures, algae 
experience different growth conditions at the end of the log growth phase than at the beginning. 
This can result in changes in the culture medium, such as increasing pH. In water there is a 
balance between the concentration of CO2, HC03- and colo. If the pH increases, this 

2equilibrium is shifted to C03 -, causing a relative lower dissolved CO2 concentration (Hayes, 
1993; 2001). This means that less CO2 is available and relatively more enriched C02 is 
incorporated, which will result in less 13C-depletion. So, these conditions probably results in less 
13C-depletion at the end of the end of the log-growth-phase. In comparison, in the continuous 
culture there are constant limiting nutrient conditions, which will result in different, but 
consistent, isotopic fraction patterns. This will probably influence the differences in isotopic 
composition between the compounds in a single organism. Therefore, we cultured the same algae 
(Tetraedron minimum) under different conditions, i.e. under continuous culture and under batch 
culture conditions, and compared (Table 3.3). Glucose was approximately 7%0 enriched 
compared with li13Cbulk and generally 10%0 enriched compared to the fatty acids for the 
continuous culture. Under the batch culture conditions, glucose was approximately 9%0 enriched 
compared with the lil3Cbulk and generally 15%0 enriched enriched compared to the fatty acids. 

The differences in isotopic content between the monosaccharides, lipids and the bulk 
material for the different cultures of Tetraedron minimum (batch versus continuous; Table 3.3) 
seams to support the assumption that culture conditions can influence the differences in 13C 
content between monosaccharides, lipids and the bulk values. Both types of cultures show at the 
same isotopic differences between fatty acids, monosaccharides and bulk. However, it seems that 
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the different culture conditions influenced the isotopic composition of the fatty acids more than 
glucose compared to the bulk-material. Differing growth condition may also explain the 
difference between the results for cultured algae and those of the nature bloom sample. 

Table 3.3 Tetraedron minimum. Ol3Cbulk and the 
Ol3 C values (%0) of glucose and the fatty acids 
(weighted mean average of the CWC18 fatty acids, 
with analytical error, which includes error in 
measurement as well as error through 
derivatization) under different culture conditions. 
Component Batch Continuous 

Bulk material -47.9 ± 0.1 -34.7 ± 0.1 

Glucose -39.2 ± 0.8 -27.6 ± 0.8 

Fatty acids -53.6 ± 0.3 -37.6 ± 0.3 

3.4. Conclusions 

From our results it IS clear that a large isotopic differences can exist in l3C between 
monosaccharides, lipids and bulk values in photoautotrophic organisms. These organisms 
comprise the base of the aquatic food-web chain, and depending on the (relative) assimilation of 
their different biochemical components, they determine the isotopic composition of heterotrophic 
bacteria and zooplankton. Zooplankton can alter their bulk isotopic composition through 
selective assimilation of ingested compounds. Recent studies showed that components like the 
carbohydrates are relatively easily digested and selectively assimilated (e.g. Cowie and Hedges, 
1996). Thus, not the Ol3C values of the algae but the ol3C values of the carbohydrates (and amino 
acids) produced by these algae will determine the 013C values of the zooplankton. 

Suspended particulate organic carbon (PaC) and DaM originates from various sources: 
primary production, resuspended sediment and terrestrial detritus discharged by rivers. The 
013CDOM and 813CPOC signal is often used as a biomarker indicating the origin of the organic 
matter (e.g. Salomons and Mook, 1981; Fry and Sherr, 1984; Laane et aI., 1990; Mook and Tan, 
1991). Organic matter produced by marine phytoplankton is assumed to have an average ol3C 
value of -21 %0, while terrestrial C-3 plant-derived organic matter has a content of -27%0. DaM 
and pac consist, to a significant degree of carbohydrates and, as shown in this study, 
monosaccharides are significantly enriched in 13C compared with the isotopic composition of the 
total cell material. This would mean that if the amount of carbohydrates present in the DaM and 
pac differ significantly, the 013CDOM and o13Cpoc signal will also differ significantly. This will 
make it more difficult to distinguish between the different sources of the organic matter based 
solely on 013CDOM and 013CPOC signals and alternative methods need to be used, e.g. 14C analysis 
(Megens et aI., 1998). 
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Two novel glycolipids, docosanyl 3-0-methyl-a-rhamnopyranoside and docosanyl 3-0
methylxylopyranoside, were identified as the most abundant GC-amenable components of 
extracts of sediments of Ace Lake, an Antarctic meromictic lake. Docosanyl 3-0-methyl-a
rhamnopyranoside was identified by isolation and high-field two-dimensional NMR techniques. 
Docosanyl 3-0-methylxylopyranoside was tentatively identified by characterisation of its sugar 
moiety by methanolysis and demethylation. Both glycolipids also have a minor homologue, 
containing a C24 instead of a C22 n-alkyl chain. Stable carbon isotope measurements indicate that 
the sugar moieties of these glycolipids are ca. 8-9%0 enriched relative to the alkyl chains. 
Concentrations increased markedly with depth reaching 2 mg/g sediment at 25 cm depth. 
Structurally related glycolipids occur in specialised cells of nitrogen-fixing cyanobacteria, so a 
cyanobacterial origin is suggested for these sedimentary glycolipids. 

4.1. Introduction 

Lipids are relatively stable organic compounds that can be preserved in sediments. As 
biomarkers they often provide clues to the input of specific organisms into sediments and in the 
reconstruction of past climatic and depositional conditions. The lipids in organisms, however, 
often occur in complex forms that include ester-, amide- or ether-linked groups that are required 
to fulfil a diversity of biochemical functions. For example, the sedimentary ubiquitously 
occurring homohopanoids derive from bacterial membranes composed of bacteriohopanepolyols, 
which often contain a more polar attached end group such as a sugar moiety (for a review see 
Rohmer et aI., 1992). Similarly, the archaeal isoprenoid diether and tetraether membrane lipids 
contain a glycosidicallY bound sugar moiety that serves as a polar end group of the membrane 
lipid (for a review see Koga et aI., 1993). Also steroids and carotenoids often occur with attached 
sugar moieties (Britton et aI., 1995; Goad and Akihisa, 1997). However, these substances are 
usually not encountered intact in sediments, probably because the bonds linking the lipids to the 
more polar end group are not very stable. Recently, however, (Fox et aI., 1998) reported the 
presence of intact composite bacteriohopanepolyols in a surface sediment from Priest Pot, a 
small lake in the U.K. 

Here we report the presence of novel glycolipids in sediments from an Antarctic lake. 
These are composed of methylated sugar moieties glucosidically linked to C22 and C24 n-alcohols 
and possibly represent a new type of cell-wall lipid. 

49 



Chapter 4 

4.2. Depositing setting 

Ace Lake is a small lake situated in the Vestfold Hills region of Antarctica administered by 
Australia. This generally ice-cap-free region is approximately 500 km2 in area and lies between 
68°22'S and 68°40'S and 77°49'E and 78°33'E (Hand and Burton, 1981). Ace Lake is ice
covered for most of the year. Ace Lake was originally part of a fjord system that became isolated 
from the sea about 8 ka ago with the retreat of the continental ice-sheet and isostatic rebound of 
the landmass (Bird et aI., 1991). Over the ensuing years there were alternating periods of fresh 
and marine waters (Fulford-Smith and Sikes, 1996). Today the salinity of the surface water is 
similar to that of seawater but increases to about 40%0 at depth. The major phytoplankton species 
in the lake are the cyanobacterium SynechococCllS sp. (Rankin et aI., 1997) and several 
microalgae (Burch, 1987). Methanogenic archaea and methanotrophic bacteria have also been 
isolated from Ace Lake (Franzmann et aI., 1992; Bowman et aI., 1997). In the present lake, 
hydrogen sulfide occurs in increasing concentration below the oxic-anoxic interface at about 9
10m and methane concentrations are near to saturation values (Hand and Burton, 1981). Ace 
Lake is permanently stratified so that bottom waters are anoxic and perpetually dark due to the 
presence of a substantial layer of photosynthetic bacteria at the oxic-anoxic interface in the water 
column 

Previous work on the lipid composition of Ace Lake sediments has revealed a surprising 
diversity of organic compounds (Volkman et aI., 1986; Kok et aI., 2000a; Schouten et aI., 2001). 
These include a range of long-chain alkenes of presumed algal origin as well as isoprenoid 
alkanes from methanogenic archaea (Volkman et aI., 1986). The sediments also contain very 
long-chain unsaturated ketones (alkenones) derived from an undescribed haptophyte alga 
(Volkman et aI., 1988). Complex mixtures of sterols from diatoms, green microalgae and 
dinoflagellates have also been identified (Volkman et aI., 1·986). Thus, despite the apparent 
simplicity of the phytoplankton populations, a diversity of lipids having different functionalities 
and reactivity are present in the sediment. The lipid composition of Ace Lake sediments 
indicates a negligible input of terrestrial plant material. 

4.3. Experimental 

4.3.1. Sample description. A large, stratigraphically undefined sample was taken with a grab 
sampler from the surface sediment of Ace Lake in 1992 at a water depth of 14.5 m. In addition, a 
25 cm core was obtained from the centre of Ace Lake and sectioned every 5 cm upon collection 
and stored frozen in plastic bags. The grab sample and core sections were kept frozen until return 
to Hobart, Tasmania where each 5 cm interval of the core was sub-sectioned into 3 sub-samples. 
All samples were immediately placed under extraction solvents to minimise exposure to air. Five 
core sections (0-5 cm, 6.5-8.5 cm, 11.5-13.5 cm, 16.5-18.5 cm and 21.5-23.5 cm) were 
analyzed in this study. Recently, Roberts and McMinn (1999) have reported a detailed age model 
for the sedimentation in Ace Lake using AMS radiocarbon dating of bulk sediment and applying 
corrections for reservoir effects. From these data a mean sediment accumulation rate of ca. 0.2 
mm y'] for the upper 30 cm of sediments can be estimated. 

4.3.2. Extraction and fractionation. Details on extraction and total lipid analysis of the samples 
from the core have been published previously (Kok et aI., 2000a). An aliquot of the total extract 
of the grab sample was fractionated over Si02 contained in a small pipette (ca. 6 cm) and eluted 
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with hexanelEtOAc (4:1, v/v) to give a fraction containing alcohols, ketones and carotenoid 
derivatives and with hexanelEtOAc (1:1, v/v) to elute more polar compounds. This latter fraction 
contained the glycolipids and was analyzed by gas chromatography (GC) and gas 
chromatography-mass spectrometry (GC/MS) after methylation with diazomethane and silylation 
with bis(trimethyl)tritluoroacetamide (BSTFA). Following these analyses, aliquots of this 
fraction were subjected to base hydrolysis (KOH, MeOH), hydrogenation (Pt02, EtOAc) and 
HIILiAlH4 and HI/LiAlD4 treatment according to procedures described by Schouten et a1. 
(1998b). 

4.3.3. Isolation of glycolipids. Glycolipids were isolated from 27 g dry sediment from the grab 
sample (14.5 m water depth) using Soxhlet extraction with dichloromethane (DCM)/methanol 
(MeOH) (7.5:1, v/v). Very polar material was removed from the extract (272 mg) by column 
chromatography over alumina (25 x 2.5 em; Vo = 35 ml) with 200 ml DCM/MeOH (1:1, v/v). 
The 173 mg of material recovered from this purification step was subsequently fractionated over 
silica (10 x 1.6 em; Vo = 18 ml) into an apolar fraction using 36 ml hexane and a more polar 
fraction using 200 ml hexane/EtOAc (3:1, v/v). The more polar fraction (95.6 mg) was then 
fractionated again over silica (10 x 1.2 em; Vo= 9 ml) with 86 ml hexane/EtOAc (3:1, v/v) and 
subsequently with 70 ml hexanelEtOAc (1: 1, v/v) yielding a number of small fractions. One of 
these latter fractions (37.2 mg) contained the glycolipids. This fraction was acetylated according 
to the procedure published by Cox et a1. (1972), resulting in 10.5 mg of the acetylated 
glycolipids. This fraction was fractionated over alumina (8 x 0.9 em; Vo = 5 ml) using 
hexane/EtOAc (3: 1, v/v) as the eluent. The first 8 ml fraction (2.7 mg) contained Ia and Ib; the 
second 8 ml fraction (3.4 mg) contained IIa and lIb. Both fractions were pure by GC analysis, 
but they were still strongly coloured. Glycolipid Ia was subsequently isolated by preparative-GC. 

4.3.4. Carbohydrate analysis. The carbohydrate moieties of the glycolipids were determined by 
procedures described by Kamerling and Vliegenthart (1989). The glycolipid-containing fraction 
was transferred to an ampoule, dissolved in 2 mol r 1 dry methanolic HCI (3 ml) and sealed. The 
solution was heated for 24 h at 85°C and subsequently neutralized by addition of barium 
carbonate. After mixing and centrifugation, the supernatant was collected. The residue of barium 
salts was washed twice with 1 ml dry methanol, centrifuged and the supernatants were collected. 
The combined supernatants were concentrated and dried for 12 h in a vacuum dessicator over 
P20S. The final residue was dissolved in pyridine and BSTFA was added. This mixture was 
heated (60°C, 30 min) to convert the remaining alcohol groups into their corresponding 
trimethylsilyl ethers. The compounds were analyzed by GC and GC/MS. 

4.3.5. Demethylation of methylated carbohydrates. The carbohydrates formed after 
methanolysis of the glycolipid fraction was subjected to demethylation using procedures 
described by Fichtinger-Schepman et a1. (1979). A suspension (1 mg of mixture in 1 ml dry 
dichloromethane) was cooled to -80°C, and 0.8 ml of a borane-tetrahydrofuran complex solution 
(1.0 M in tetrahydrofuran) was added. The mixture was kept at -80°C for 30 min, and then 
slowly brought to room temperature. After 18 h, the excess of reagent was decomposed with 
water, and evaporated to dryness. Boric acid was removed by co-evaporation (three times) with 
methanol under diminished pressure. The demethy1ated carbohydrates were analyzed as 
described above. 
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4.3.6. Instrumental analyses. GC and GC/MS were carried out as described previously (Kok et 
aI., 2000a). IH and l3C NMR experiments were performed on a Broker ARX400 instrument at 
resonance frequency of 400 and 100 MHz for IH and l3C, respectively (solvent CDCb). Preparative 
gas chromatography was performed on an HP 6890 gas chromatograph equipped with a Gerstel 
temperature programmable injector, a 25 m x 0.32 mm i.d. CP-Sil 5CB capillary column (dj = 0.52 
~m) and a Gerstel preparative fraction collection system cooled with a cryostatic bath at 100 e. 
Details of the trapping procedure have been described in Eglinton et al. (1996). Ca. 100 injections 
were performed to trap sufficient material. 

GC/MS with chemical ionisation (with either air or methane as the reagent gas) was 
performed on an Hewlett Packard (HP) 6890 gas chromatograph coupled to an HP 5973 mass 
spectrometer with a mass range m/z 100-800 and a cycle time of 1 s. Gas chromatography-high 
resolution mass spectrometry (GCIHRMS) was performed on an HP 5890 gas chromatograph 
interfaced to a VG Autospec Ultima Q mass spectrometer operated at 70 eV with a mass range 
m/z 230-430 (scanning rate 2.5 s per decade) at a resolution of 6000. Gas chromatographic 
separation was performed as described above. Helium was used as the carrier gas. Fast atom 
bombardment-MS (FAB-MS) was performed using a JEOL JMS SX/SXI02A sector mass 
spectrometer coupled to a JEOL MS-MB7000 data system. The sample was suspended in a 3
nitrobenzyl alcohol (NBA) matrix and introduced via the direct insertion probe into ion source. 
Isotope-ratio-monitoring-GCIMS was performed as described previously (van Kaam-Peters et 
aI., 1998). 

4.4. Results 

4.4.1. Identification of the glycolipids. The total lipid fraction of the extract (after methylation 
and silylation to derivatise acid and alcohol, respectively) of the sediment grab sample from Ace 
Lake contained two abundant components I~ and IIa (Fig. 4.1), which revealed abundant m/z 
146 and 217 fragment ions in their mass spectra (Fig. 4.2a and b), albeit in different relative 
amounts. No molecular ions could be discemed. Mass chromatography of m/z 146 and 217 
revealed for both components a minor (ca. 20%), later-eluting homologue (Ib and lIb), 
exhibiting an almost identical mass spectrum. Upon separation of the total extract over silica, 
these components were almost the sole components present in a fraction that eluted well after the 
fraction containing alcohols and ketones. Base hydrolysis and hydrogenation with PtOz did not 
affect these components, indicating that they contained no ester groups or double bonds. 
Cleavage of ether bonds using HI and subsequent reduction of the formed iodides with LiAIH4 
resulted in the formation of docosane and smaller amounts oftetracosane. This indicated that the 
components contained ether-bound n-C22 (Ia and IIa) and n-CZ4 (Ib and lIb) skeletons. 
Reduction of the iodides formed by HI treatment with LiAlD4 resulted in the formation of n
alkanes containing only one deuterium atom. Thus, these n-alkyl skeletons were bound by a 
single ether bridge. 

The HI treatment did not provide any information on the remaining part of the molecules, 
so it was decided to isolate one of these components. Column chromatography of a glycolipid 
fraction after acetylation (to derivatise alcohol groups) resulted in an almost complete separation 
of the two groups of isomers. In the mass spectra of the acetylated components some key 
fragments are shifted by 30 daltons (Fig. 4.2c and 4.2d). Since these fractions consisted almost 
entirely of the two homologous (>95% pure by GC), they were analysed by NMR spectroscopy. 
However, these analyses indicated that the fruction still contained other components, as 
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la 

IIa 

IS carotenoid 

derivatives 

Figure 4.1 FID gas chromatogram of the total lipid fraction of the sediment grab sample from a 
water depth 14.5 m. Roman numbers refer to structures indicated in the Appendix. IS = internal 
standard. 

suggested by their dark colour. HPLC-MS indicated that both fractions contained substantial 
amounts of non-GC amenable chlorophyll-like material. Therefore, both fractions were further 
purified by preparative GC. This resulted in a colourless fraction (0.7 mg) containing 99% (as 
determined by GC) of la. Separation of IIa by preparative GC resulted in deterioration of the 
compound in the trap and no isolate was obtained. Fast atom bombardment (FAB)-high 
resolution MS of la of the [M+Ht and [M+Nat peaks resulted in the determination of the 
elemental composition ofIa as C33H6Z07. 

High field IH and l3C NMR of isolated la (Table 4.1) led to complete assignment of proton 
and carbon chemical shifts. Carbon multiplicities were established by APT and DEPT 90 and 135 
spectra which revealed two quaternary carbonyl carbon atoms, five aliphatic CH units and one CHz 
unit bonded to oxygen, four CH3 units and a large number of aliphatic CHz units. The proton 
spectrum showed six aliphatic protons in the 3.4-5.1 ppm range, a methoxy group (singlet at 3.37 
ppm), two acetyl moieties, two CH3 units (represented by both a triplet and a doublet), and a large 
signal (representing ca. 32 H) from the CHz groups of the long aliphatic chain (Table 4.1). A lH_1H 
COSY experiment (Table 4.2) established that the signals at 3.40 and 3.65 ppm are from the protons 
ofthe <X carbon atom of the ether-bound C22 chain, since they coupled with each other and the signal 
at 1.60 ppm. The COSY experiment also revealed that the CH3 at 1.15 ppm is coupled with the 
proton at 3.75 ppm and forms the end of a skeleton of six carbon atoms, of which five are 
substituted by oxygen(s) as indicated by the chemical shifts of their protons. This clearly pointed to 
a 6-deoxy pyranose containing an ether-linked n-Czz moiety and two acetylated and one methylated 
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Figure 4.2 Mass spectra (subtracted for background) of (a-d) docosanyl 3-0-methyl-a
rhamnopyranoside (Ia) and docosanyl 3-0-methylxylopyranoside (lIa) as their TMS (a and b), 
and acetyl (c and d) derivatives and the methyl glycosides (e and f, III and lIe) formed upon 
methanolysis of glycolipids la and IIa, respectively. The elemental composition of some key 
fragment ions in the indicated mass spectrum of the acetyl derivative of Ia was obtained by GC
HRMS, 
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Table 4.1 lH and l3C data of docosanyl 2,4-di-O-acetyl-3-0-methyl-a-rhamnopyranoside 

C-number H-shift C-shifta 

CH] CH2 CH C 
1 4.70 (lB, d, J=1.4 Hz) 97.62 
2 5.30 (lB, dd, J=3.4&1.4 Hz) 68.43 
3 3.60 (lH, dd, J=9.8&3.4 Hz) 76.87 
4 4.95 (lH, dd, J=9.8&9.8 Hz) 72.55 
5 3.75 (lB, dq, J=9.8&6.2 Hz) 66.37 
6 1.15 (3H, d, J=6.2 Hz) 17.41 
I' 3.40 (lB, m), 3.65 (lB, m) 68.10 
2' 1.60 (2H, m) 29.39 
3' 1.32 (2H, m) 26.10 

4'-19' 1.25 (32H, m) 29.7 
20' 1.25 (2H, m) 31.92 
21 ' 1.25 (2H, m) 22.68 
22' 
I" 

0.88 (3H, t, J=6.3 Hz) 14.10 
170.46b 

2" 2.09 (3H, S)b 20.97 
3" 
4" 

3.37 (3H, s) 57.59 
170.80b 

5" 2.14 (3H, S)b 21.05 
a multiplicity of signals determined by APT and DEPT 90 and 135 experiments 
b assignments may be interchanged 
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Table 4.2 Selected COSY cross peaks and NOESY interactions observed 
for docosanyI2,4-di-O-acetyl-3-0-methyl-a-rhamnopyranoside. 

Proton(s) Shift (ppm) COSY cross NOEINOESY 
peaks observed interactions observed 

1~ 4.70 2a 2a, l'a, 1\ 

2a 5.30 1~, 3a 1~, 3a, 3" 

3a 3.60 2a,4~ 2a, 5a, 3" 

4~ 4.95 3a,5a 3a, 6, 3" 

5a 3.75 4~,6 3a,6 

6 1.15 5a 4~,5a 

l'a 3.40 1\,2' l~, 1\ 

I'b 3.65 l'a, 2' 1~, l'a 

2' 1.60 l'a, 1'b, 3' n.d. 

3" 3.37 2a, 3a, 4~ 

n.d. = not determined 

hydroxy groups. Determination of the coupling constants of the protons of the C6 chain indicated 
small couplings between the protons ofC-1, C-2 and C-3 and strong coupling (~1O Hz; axial-axial 
coupling) between protons ofC-3, C-4 and C-5, indicating an a-rhamnose unit (Bredenkamp et aI., 
1992; Groneberg et aI., 1993). Inverse IH_ 13C correlation experiments (HMQc) led to full 
assignment of the carbon atoms, which are in good agreement with those reported in the literature 
for derivatives of rhamnose (Bredenkamp et aI., 1992; Groneberg et aI., 1993). The proton and 
carbon chemical shifts indicated that the hydroxy groups at C-2 and C-4 ofla are acetylated, the one 
at C-3 is methylated and the long alkyl chain is ether-bound at C-l, forming the pyranoside 
derivative. This was confirmed by NOESY and one dimensional NOE experiments (Table 4.2), 
which reveal interactions between the Ia proton and the protons at C-I ' and between the methoxy 
group at C-3 and the 2a, 3a and 4~ protons. 

Further information about the structure of glycolipid IIa was obtained by methanolysis. A 
fraction containing the glycolipids (Ia and lIa with smaller amounts of Ib and lib) was treated 
with HC1/MeOH to transform alkyl glycosides into methyl glycosides (Kamerling and 
Vliegenthart, 1989). This resulted in the formation of three sugar derivatives and docosan-l-ol 
and tetracosan-l-ol (Fig. 4.3). The major sugar derivative was identified as the TMS derivative 
of methyl 3-0-methyl-~-rhamnopyranoside (III) on basis of the abundant m/z 146 
(predominantly Me3SiO- CH-3CH-OCH3; superscript numbers indicate the position of the 
carbon atom in the ring; see structure in Table 4.1) and 217 (Me3Si02CH3CH=4CH-OSiCH,) 
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fragment ions in its mass spectrum (Fig. 4.2e). These ions are characteristic for silylated methyl 
mono-O-methylhexopyranosides with the O-methyl group at position 3 (Hall et aI., 1977). The 
stereochemistry of the anomeric carbon was assigned on the basis of the compound's elution 
order in comparison with other methyl glycosides (cf. Kamerling and Vliegenthart, 1989). The 
formation of methyl 3-0-methyl-p-rhamnopyranoside (III) is fully consistent with the 
identification of the major glycolipid; the stereochemistry at C-l is inverted because of the SN2 
reaction mechanism of methanolysis. Small amounts of methyl 3-0-methyl-a-rhamnopyranoside 
(Ie) were also identified. The later-eluting sugar derivative was identified as a methylated Cs 
sugar. Its mass spectrum is quite similar to that of glycolipid lIa (Figs. 2b and 2f). 
Demethylation (Fichtinger-Schepman et aI., 1979) and subsequent methanolysis resulted in the 
formation of xylose, which was identified from mass spectral data and coelution with an 
authentic standard. The abundant fragment ion at m/z 146 (the equivalent of mlz 204 in non
methylated silylated glucosides) in the mass spectrum of the O-methylated xylose derivative 
(Fig. 4.2f) points to the pyranoside (Kamerling and Vliegenthart, 1989) and to the 3 position for 
the O-methyl group (Hall et aI., 1977). Consequently, glycolipids IJa and lIb were tentatively 
identified as docosanyl and tetracosanyl 3-0-methylxylopyranoside, respectively. This 
identification is consistent with lH NMR analysis of the non-purified fraction containing lIa, 
which clearly revealed the absence of the methyl group at 1.15 ppm observed for la. The 
stereochemistry at the anomeric carbon here could not be established. 

The sugar composition of the glycolipids was very different from the total distribution of 
sugars determined in the grab sediment sample (Fig. 4.4). This was dominated by nonmethylated 
sugars, although small quantities (ca. 2% of total sugars) of the characteristic 3-0-methyl 
rhamnose and 3-0-methyl xylose were also encountered in this fraction. 

4.4.2. Stable carbon isotopic compositions. The ol3C values of the intact glycolipids la and lIa 
are -23.2%0 and -21.5%0, respectively. Since the glycolipids are composed of a lipid and sugar 
moiety, which can be significantly isotopically different (Tyson, 1995), these values probably 
represent a weighted average. Methanolysis of the glycolipid fraction (Fig. 4.3) enabled us to 
obtain intramolecular carbon isotope data through the determination of the ol3C values of the 
alcohols and sugars formed (Table 4.3). These data indicated that 3-0-methylrhamnose and 3-0
methylxylose are 8 and 9%0, respectively, enriched in l3C relative to n-C22 alcohol. The ol3C 
value of the Cll side-chain obtained by methanolysis compares favourably with the value 
obtained for the n-C22 formed upon HIILiAlH4 treatment of the glycolipid fraction and with the 
n-C22 alcohol present as the free alcohol in the sediment (Table 4.3). If the carbon isotopic 
composition of the lipid and sugar moiety of the glycolipids are used to calculate the overall 
carbon isotopic compositions, these data are in good agreement with the measured values of the 
intact glycolipids. 

4.4.3. Concentration profiles. The concentration ofthe glycolipids in the sediment core increase 
with increasing depth (Fig. 4.5): concentrations are low in the surface sample and increase to 
very high values (up to 2 mg/g dry sediment) at 25 cm depth. In the upper 20 em, the 
concentrations of the docosanyl glycosides [a and lIa are quite similar, but in the deepest sample 
[a is much more abundant than lIa, as also observed for the surface sediment sample from 14.5 
m water depth (Fig. 4.1). The glycolipid with the C24 alkyl chain ([b) occurs in all intervals, in 
concentrations ca. 10% of that of the corresponding glycolipid with the Cll alkyl chain ([a). 
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Figure 4.4 Distribution of monosaccharides 
released from the sediment residue after extraction 
of the sediment grab sample from a water depth 
14.5 m. 

4.5. Discussion 

4.5.1. Biological origin of glycolipids I and II. Glycolipids are mono- and oligo-saccharides 
that are bonded glycosidically to hydrophobic entities such as long-chain alkanols, amines, 
glycerides, steroids or terpenes. They occur in a wide variety of plants, animals and 
microorganisms (Collins and Ferrier, 1995). The glycolipids I and II identified here have, 
however, to the best of our knowledge not been reported before either in organisms or in 
sediments. Monomethyl saccharides occur widespread in Nature but 3-0-methyl rhamnose and 
xylose moieties seem to be mainly restricted to algae and cyanobacteria. 3-0-Methyl rhamnose 
was reported to be a component of the lipopolysaccharides of the cyanobacteria Anabaena 
variabilis, Phormidium and Spirulina platensis (Smith, 1988), and polysaccharides of the 
freshwater microalgae Botryococcus braunii (Allard and Casadevall, 1990) and Chiarella 
vulgaris (Ogawa et a!., 1997). 3-0-Methyl fucose is a constituent of the lipopolysaccharides in 
the outer membrane of the prochlorophyte Prochlorathrix hollandica (JUrgens, 1989), and of the 
polysaccharides of the red alga Liagora valida (Usov and Dobkina, 1991). 

The most closely related biochemical components to glycolipids I and II in Ace Lake 
sediments are glycolipids composed of glucose, galactose and mannose glycosidically bound to 
C26, C28, C30 and C32 diols, triols, keto-ols and keto-diols with linear carbon skeletons that occur 
in some nitrogen-fixing cyanobacteria (e.g. Gambacorta et a!., 1995; Gambacorta et a!., 1998). In 
some cases these glycolipids may also be partly comprised of C22, C24, and C26 n-alcohols as 
lipid moieties (Abreu-Grobois et aI., 1977). These glycolipids occur in the laminated layer of a 
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Table 4.3 Stable carbon isotopic composition of glycolipids and 
other biomarkers 

Compound 

glycolipids 

docosanyI3-0-methyl-a-rhamnopyranoside (Ia) 

docosanyI3-0-methylxylopyranoside (lIa) 

tetracosanyl 3-0-methylrhamnopyranoside (Ib) 

3-0-methyl-~-rhamnopyranosidea 

3-0-methylxylopyranosidea 

Docosan-l-ola 

Docosaneb 

Tetracosaneb 

Other components 

Docosan-l-ol 

Tetracosan-l-01 

Docosan-l-olc 

Tetracosan-l-old 

C37:4 and C37:3 alkenonesc 

S-bound C27 and C29 steroidsc 

Phytenesc 

Hop-22(29)-ene 

Phytanec 

2,6, 10,15,19-pentamethylicosatetraenec 

4-Methyl-Li5,8(l4)-cholestadienec 

-23.2±OA 

-21.4±0.7 

-23.6±0.6 

-17.0±1.0 

-15.8±0.9 

-24.8±0.5 

-25.5±0.3 

-26.0±0.2 

-25.5±0.5 

-26.7±0.5 

-21.1 to -23.3c 

-23.3 

-31.7 to -36.1 

-27.9 to -30.6 

-29.5 to -32.1 

-27.0 to -35.7 

-19.6 to -24.0 

-17.0 to -22.9 

-50.3 to -58.2 

a formed after methanolysis of the glycolipid fraction 

b formed after Hl/LiAIH4treatment of the glycolipid fraction 

c range observed in the samples from the core (from Schouten et al. 
2001 exept for docosan-l-ol). 

d in the deepest sample of the core 
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thickened cell wall of the heterocyst, a specialised cell in certain filamentous cyanobacteria 
where nitrogen fixation takes place. The nitrogen-fixing enzyme, nitrogenase, is sensitive to 
oxygen and the thickened cell wall slows the diffusion of O2 into the heterocyst, where no 
photosynthetic activity takes place to prevent formation of 02 in the cell. lt is, therefore, tempting 
to suggest that glycolipids I and II derive from cyanobacteria, perhaps nitrogen-fixing ones. 
There are several pieces of evidence supporting this hypothesis. 

Firstly, glycolipids I and II are abundant in the sediment (Fig. 4.1), suggesting that they 
derive from ecologically significant aquatic organisms. In a permanently stratified lake receiving 
little nutrients, such as Ace Lake, nitrogen-fixing aquatic organisms would have a significant 
advantage. Indeed, the picocyanobacterium, Synechococcus sp., is reported to occur in the 
present day water column of Ace Lake in cell numbers as high as 8 x 106 mr\ thus making it the 
most abundant aquatic organism present (Rankin et aI., 1997). Although Synechococcus is a 
unicellular cyanobacterium containing no heterocysts, it is one of the non-heterocystous genera 
which was shown to fix nitrogen aerobically (e.g. Mitsui et aI., 1986). Thus, even if the 
glycolipids I and II do not derive from Synechococcus, the abundance of this organism indicates 
the ecological significance of nitrogen-fixing cyanobacteria in the lake. 

The second line of evidence for a cyanobacterial origin for glycolipids [ and II comes 
from the isotopic composition of its lipidic component, i.e. the n-a1kyl chain. We did not 
measure this directly in the core samples for which we have detailed molecular carbon isotopic 
data (Schouten et aI., 2001), but we have data for the C 22 and C 24 n-alcohols originating from the 
same source (see below). These alcohols are 6-8%0 enriched relative to algal derived steroids 
(Table 4.3). Cyanobacterial lipids are often found to be isotopically enriched relative to the lipids 
of microalgae growing under similar conditions (Popp et aI., 1998), either because they actively 
pump isotopically enriched bicarbonate into their cells (Keller and Morel, 1999), or because their 
RUBISCO fractionates less than the RUBISCO found in microalgae (Popp et aI., 1998). 

4.5.2. Early diagenesis of glycolipids. Since the presence of intact glycolipids is unusual in 
surface sediments, it is anticipated that they would degrade rapidly in the sediment by hydrolysis 
of the relatively labile glycosidic bond. Indications for this were obtained from the analysis of 
the grab sample from Ace Lake. This surface sediment contains abundant C22 and C 24 n-alcohols 
(Fig. 4.1), which may represent such hydrolysis products. A distribution of fatty alcohols 
dominated by the C 22 and C 24 members is unusual (see Volkman et aI., 1998 for additional 
reports), especially when the input of lipids derived from terrestrial higher plants is minimal. n
C22 and n-C24 alcohols appear to be very rare in microalgae, but have been found in three species 
of freshwater eustigmatophytes (Volkman et aI., 1999). The stable carbon isotopic composition 
of the C 22 and C 24 alcohols present as free alcohols is identical to that of the C22 and C 24 n-alkyl 
moieties of glycolipids I and II, strongly supporting the inferred diagenetic relationship. 

The concentration depth profiles of the glycolipids in the core (Fig. 4.5) provide a quite 
different picture, however. They show a marked increase with depth, in strong contrast to what 
might be expected from hydrolysis during early diagenesis. The C22 and C24 n-alcohols show a 
concomitant increase in concentration with depth, suggesting a source but no direct diagenetic 
relationship. These data indicate that the glycolipids are stable sedimentary components in these 
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low-temperature anoxic sediments, at least for the 1250 year represented by this core. This is 
remarkable for these components, since glycolipids are generally thought to be quite labile (de 
Leeuw and Largeau, 1993). Since diagenesis does not seem to affect the concentration of 
sedimentary glycolipids in Ace Lake in a significant way, the concentration depth profile can be 
interpreted as a reflection of variations in the standing crop of the lake. The deepest analysed 
section of the core represented a time period when Ace Lake was just cut-off from the sea and 
was a saline lake (Roberts and McMinn, 1999; Roberts et aI., 1999). Perhaps the concentration 
profile of the glycolipids indicates that they derive from originally marine organisms that, after 
isolation from the sea, became less abundant due to the changing conditions. 

4.5.3. Intramolecular stable carbon isotopic composition. Our data (Table 4.3) show that the 
sugar moieties of glycolipids are 8-9%0 enriched relative to the lipid moiety. A similar, though 
slightly smaller, isotopic difference has been reported for the carbohydrate and aglycone 
moieties of flavonoid glycosides (Schmidt et aI., 1993). The difference between sugars and lipids 
may actually be larger since the glycolipids contain a methylated sugar moiety and the carbon 
isotopic composition of the methyl group may actually reflect the ol3C value of a lipid. This 
shows that in a single organism growing under natural conditions there can be a large difference 
in isotopic composition between lipids and carbohydrates due to the different biochemical 
pathways involved. This is in good agreement with earlier suggestions that sugars may be 6-10%0 
heavier than lipids in general (see Tyson, 1995 for a review; Sinninghe Damste et aI., 1998c). 
Indeed, more recent studies on lipids and carbohydrates in higher plants and cultured microalgae 
and bacteria (van der Meer et aI., 2001; van Dongen et aI., 2002a), show that this enrichment 
may be as large as >15%0. 

4.6. Conclusions 

1)	 For the first time glycolipids have been unambiguously identified in sediments, indicating 
that under optimal preservation conditions such labile constituents can be sequestered in the 
sedimentary record. 

2)	 These glycolipids are composed of C22 and C24 fatty alcohols glycosidically linked to a 
monomethylated sugar moiety and represent the most abundant extractable components of 
the deeper (25 cm) sediments of Ace Lake. They may originate from cyanobacteria. 

3)	 Detailed stable carbon isotopic studies indicate that these glycolipids are characterised by a 
distinct intramolecular isotopic heterogeneity; i.e. the sugar moieties are 8-9%0 enriched 
relative to lipid moiety. This provides direct evidence for the idea that carbohydrates and 
lipids from the same photosynthetic organism can have widely different ol3C values. 
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Sulfurization of carbohydrates has been suggested as an important mechanism for the 
preservation of organic matter. To study this process, different monosaccharides were sulfurized 
under laboratory conditions at relatively low-temperatures (50°C). The products formed after 
cleavage of polysulfide linkages were analyzed using gas chromatography (GC) and gas 
chromatography/mass spectrometry after appropriate derivatization. Selected products were 
isolated by preparative GC and their structure was identified by nuclear magnetic resonance 
spectroscopy. During these experiments all monosaccharides were completely converted into 
organic sulfur compounds (OSC) and monosaccharides with the carbonyl function replaced by 
sulfur formed a substantial part of the GC-amenable OSC. The structure of other OSC formed 
indicated that cleavage of C-C bonds and racemization also took place during these experiments. 
The yield of recoverable OSC after cleavage of polysulfide linkages was relatively low «5% of 
the starting monosaccharide), indicating that most of the sulfurization products were still non 
GC-amenable and thus, for example, linked through monosulfide linkages. Flash pyrolysates of 
the sulfurized carbohydrate material contained in all cases relatively high amounts of short-chain 
alkylated (Co-Cs) thiophenes, comparable to those obtained from S-rich kerogen. The structure of 
the monosaccharide used in the experiments had no effect on the alkylthiophene distribution. 
These results provides experimental evidence that sulfurization of monosaccharides at relatively 
low temperature can result in the formation of OSC, most likely starting with sulfurization of the 
carbonyl functionality. Preservation of carbohydrates through sulfurization may thus be an 
important pathway of preservation of organic matter in anoxic depositional environments. 

5.1. Introduction 

Organic sulfur compounds (OSC) have been identified in many sediments and oils (see for a 
review Sinninghe Damste and de Leeuw, 1990) and the characterization of these compounds is 
still a major topic of geochemical interest because they provide clues to the timing and 
preservation effects of sulfurization of organic matter (OM) and, ultimately, petroleum quality 
(Stock et aI., 1989; Orr and Sinninghe Damste, 1990; Sinninghe Damste et aI., 1999). A large 
part of the OSC are in a macromolecular form as shown by the presence of large amounts of 
organically bound sulfur in, for instance, kerogens of immature sediments (Orr, 1986; Sinninghe 
Damste and de Leeuw, 1990). OSC are formed during early diagenesis through the incorporation 
of inorganic sulfur species into functionalized lipids (Valisolalao et aI., 1984; Brassell et aI., 
1986; Sinninghe Damste et a\., L989c; Sinninghe Damste and de Leeuw, 1990; Ten Haven et aI., 
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1990; Kohnen et a!., 1990b; Wakeham et a!., 1995; Weme et a!., 2000; Kok et a!., 2000a). 
Recent studies indicate that, besides lipids, carbohydrates may also be preserved through the 
incorporation of sulfur species (van Kaam-Peters et a!., 1998; Sinninghe Damste et a!., 1998c; 
Kok et a!., 2000b) although carbohydrates are generally thought to be remineralized during early 
diagenesis in the water column and in the sediment, and not preserved in substantial amounts 
(Amosti et a!., 1994; Amosti and Repeta, 1994; Amosti, 1995). 

Laboratory simulations have shown that sulfurization of algal material results in the loss 
of labile carbohydrate material through the formation of a macromolecular structure composed of 
(poly)sulfide cross-linked carbohydrate skeletons (Kok et a!., 2000b). Flash pyrolysis of these 
macromolecular structures yields short-chain alkylated thiophenes which are often important 
pyrolysis products in S-rich, immature petroleum source rocks (Sinninghe Damste et a!., 1989c; 
1998b; Eglinton et a!., 1990b) such as, for example, the Kimmeridge Clay Formation (KCF; van 
Kaam-Peters et a!., 1998; Sinninghe Damste et a!., 1998c). The enriched ol3C values of the short
chain alkylated thiophenes relative to the n-alkanes/n-alkenes in the KCF kerogen pyrolysates 
(van Kaam-Peters et a!., 1998) provided further circumstantial evidence for a carbohydrate origin 
for the alkylthiophenes as monosaccharides can be enriched up to 16%0 in l3C compared to lipids 
in the same organisms (Sinninghe Damste et a!., 2001b; van Dongen et a!., 2002a). However, 
further evidence for the sulfurization of carbohydrates is required since only flash pyrolysis was 
performed on the material formed (Kok et a!., 2000b). This analytical method provides no insight 
into the reaction steps that results in the formation of S-rich macromolecules. In addition, the 
alkylated thiophenes in pyrolysates represent only a relatively small part (6%) of the total 
amount of organic sulfur as observed in the KCF (Eglinton et aI., 1990a), indicating that the 
remaining part of the organic sulfur may still have a different origin. 

In order to provide a more detailed insight into the sulfurization process of carbohydrates 
a number of different monosaccharides were sulfurized in laboratory experiments under an inert 
atmosphere and at relatively low temperatures (50°C). The material formed was analyzed to 
provide information about the mechanisms involved in the formation of the sulfurized material 
and the effects of the original structure of the monosaccharide on this sulfurization process. The 
results provide direct evidence that sulfurization of monosaccharides is possible and that the 
carbonyl functionality plays an important role in this sulfurization process. 

5.2. Experimental 

5.2.1. Materials. The carbohydrates used were the C4 monosaccharide erythrose (I), the Cs 
monosaccharides arabinose (II), lyxose (III) and ribose (IV), and the C6 monosaccharides 
galactose (V), glucose (VI), mannose (VII), fructose (VIII) and fucose (IX) obtained from either 
Aldrich, Acros, Baker or Merck. 

5.2.2. Sulfurization of monosaccharides. Sulfurization of the different monosaccharides was 
done according to the procedure described by Kok et a!. (2000b; Fig. 5.1). The monosaccharides 
(ca. 200 mg) were dissolved in 6 ml of bidistilled water, stirred and heated at 50°C under a 
nitrogen atmosphere for 4 weeks after addition of 560 mg NaHS and 16 mg of elemental sulfur. 
After the reaction, activated Cu curls were added to remove elemental sulfur and stirred for 24 h 
at room temperature. Subsequently, the solution was filtered and freeze-dried. The residual 
materials were used for further analysis as indicated in Fig. 5.1. A similar procedure was used for 
a control experiment. [n this case, 200 mg of lyxose (TTl) wa~ treated under the ~ame reaction 
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conditions, indicating treatment with cu 
curls, without the addition of NaBS and 
elemental sulfur. 

Reaction products were analyzed 
by Curie-point pyrolysis-gas chromato
graphy/flame ionisation detection (Py
GCIFID) and Curie-point pyrolysis-gas 
chromatography/mass spectrometry (Py
GC/MS). In addition, all sulfurized Cs 
aldoses, the sulfurized C6 aldoses, except 
galactose (V), and the control experiment 
were used for further analyses by 
selective cleavage of polysulfides and 
derivatization using the alditol acetate 
method, as described below. 

5.2.3. Selective cleavage of polysulfides 
bonds and derivatization using the 
alditol acetate method. In a typical 
methyllithium (MeLi)/methyl iodide 
(Mel) experiment (modified after Kohnen 
et aI., 1991) the sulfurized monosaccha
rides were suspended in 4 ml of MeLi 
(1.4 M solution in diethyl ether) at room 
temperature and stirred. After 5 min. 200 
III of Mel was added and the solution was 
stirred for 1 h until the sulfurized material 
was totally dissolved. Subsequently drops 
of bidistilled water were carefully added. 
The layers were separated and the water 
layer was washed three times with 
hexane. The sulfurized monosaccharides 
present in the water layer were 
derivatized using the alditol acetate 

method as described by Moers et a1. (1989). In the case of glucose (VI) the organic layer was 
also checked for the presence of OSC but none were detected. Myo-inositol was added as an 
internal standard and the monosaccharides were reduced by NaBH4 to give the corresponding 
alditols. After neutralisation with BaC03 all the alcohol groups were acetylated through a 
reaction with acetic anhydride and pyridine. The collected fractions were dissolved in a small 
amount of ethyl acetate and analyzed by gas chromatography (GC) and gas 
chromatography/mass spectrometry (GC/MS). In the case of the control experiment the reaction 
products were also analysed using the same procedure but without the treatment with MeLi/Mel 
(i.e. using only the alditol acetate method). 

5.2.4. Preparative capillary gas chromatography (PCGC). In the case of sulfurized lyxose 
(III) preparative capillary gas chromatography (PCGC) was performed to isolate the most 
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abundant OSC fonned. PCGC was perfonned on a HP 6890 gas chromatograph equipped with a 
Gerstel temperature programmable injector, a 30 m x 0.32 mm i.d. CP-SIL 19CB capillary 
column (djl !-lm) and a Gerstel preparative fraction collection system cooled with a cryostatic 
bath at 20°C. For details of the trapping procedure see Eglinton et al. (1996). Samples were 
dissolved in ethyl acetate and injected at 70°C. The oven temperature was rapidly raised to 
130°C (20°C/min) and further programmed at 3°C/min to 300°C at which it was held isothennal 
for 20 min. 209 injections were perfonned to trap sufficient material. 

The trapped fractions were dissolved in a small amount of ethyl acetate and analyzed by 
GC, GC/MS, or dissolved in CDCh and analyzed by nuclear magnetic resonance spectroscopy 
(NMR). 

5.2.5. GC and GC/MS. Gas chromatography (GC) was perfonned using a Hewlett Packard 
5890 instrument with an on-column injector. A 30 m x 0.32 mm i.d. CP-SIL 19CB capillary 
column (dj 0.25 !-lm) was used with helium as carrier gas. The effluent was monitored by both a 
flame ionisation detector (FID) and a sulfur-selective flame photometric detector (FPD), 
applying a stream-splitter with a split ratio of FID:FPD = ca. 1:2. Samples were dissolved in 
ethyl acetate and injected at 70°C. The temperature program was rapidly raised to 130°C 
(20°C/min) and further programmed at 4°C/min to 300°C at which it was held isothennal for 10 
min. 

Gas chromatography/mass spectrometry (GC/MS) was perfonned using a Hewlett
Packard 5890 gas chromatograph interfaced to a VG Autospec Ultima mass spectrometer or a 
HP6890 interfaced to a mass selective detector. The same columns, column conditions and 
temperature program were used as in the case of GC. 

5.2.6. Curie-point pyrolysis-gas chromatography/flame ionisation detection (Py-GCIFID) 
and Curie-point pyrolysis-gas chromatography/mass spectrometry (Py-GC/MS). Py
GC/FID was conducted on a Hewlett-Packard 5890 gas chromatograph using a FOM-5LX unit 
for pyrolysis. The powdered samples were pressed on a flattened ferromagnetic wire with a 
Curie-point temperature of 610°C. The wire was inserted into a glass liner, subsequently 
introduced into the pyrolysis unit and inductively heated for 9s. The desorbed fragments were 
flushed into the capillary column using helium as a carrier gas. The gas chromatograph, equipped 
with a cryogenic unit, was programmed from O°C (5 min) to 300°C (5 min) at a rate of 3°C/min. 
Separation was achieved using a fused silica capillary column (25 m x 0.32 mm) coated with CP
Sil 5CB (film thickness 0.4 !-lm). The temperature of the flame ionisation detector (FID) was 
320°C. 

Py-GC/MS was conducted on a VG Autospec Ultima mass spectrometer connected to a 
Hewlett Packard 5890 series II gas chromatograph equipped with a FOM-4LX pyrolysis unit. 
Pyrolysis and chromatographic conditions were identical to those during Py-GC-FID. 
Compounds were ionised at 70 eV and mass analyzed over a range of m/z 50-800 and a cycle 
time of 1.8 s (resolution 1000). The alkylated thiophenes were quantified by integration of their 
peaks in the partial summed mass chromatograms of m/z 84 + 97 + 98 + 111 + 112 + 125 + 126 
+ 139 + 140 + 153 + 154. The different isomers were identified on the basis of relative retention 
time and on the basis of mass spectral data in comparison with literature data (Sinninghe Damste 
et aI., 1988a; 1998b; 1999; Kok et aI., 2000b). 
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5.2.7. NMR. All samples were dissolved in CDCb. lH and l3C NMR experiments were 
performed on a Broker ARX400 (5mm lH_ l3C dual probe; 25°C) and a Broker AV-750 (5mm 
BBI-ZGRAD probe; 25°C) spectrometer. Besides normal lH and l3C NMR experiments also 
COSY (correlated spectroscopy), long-range COSY, NOESY (nuclear overhauser effect 
spectroscopy), TOCSY (total correlation sepectroscopy), HMQC (heteronuclear multiple 
quantum correlation) and HMBC (heteronuclear multiple bond correlation) experiments were 
performed. Proton and carbon shifts were referenced to internal CDCb (7.24/77.0 ppm). In the 
two-dimensional experiments the number of complex points and sweep widths were 2K points/ 
5.5ppm. Quadrature detection in the indirect dimension was achieved with the time-proportional
incrementation method. The data were processed with a NMRSuite software package. After 
apodization with a 90 shifted sinebell, zero filling to 512 points were applied for the indirect 
dimensions. For the direct dimensions zero filling to 2K real points, Lorentz transformations 
were used. 

5.3. Results 

5.3.1. Sulfurization. Different monosaccharides (I to IX) were sulfurized in an aqueous solution 
under an inert atmosphere for 4 weeks at 50°C. Removal of elemental sulfur and freeze-drying 
yielded in all cases a dark brown material. Carbohydrate analysis using the alditol acetate 
method of the reaction mixtures did not reveal any monosaccharide or any other GC-amenable 
product, suggesting the formation of high-molecular-weight (HMW) organic material. The 
control experiment yielded a light yellow material, which upon carbohydrate analysis only 
yielded the original monosaccharide (the recovery was ca. 86%). This indicates that, although 
other reactions could have taken place, no sulfurization occurred and the largest part of the 
original monosaccharide was still intact. 

5.3.2 Methyllithium/methyl iodide treatment. To analyze the reaction mixture of the sulfurized 
Cs aldoses (II-IV), the sulfurized C6 aldoses (VI and VII) and the control experiment, selective 
cleavage of polysulfide bonds by MeLi/MeI (Kohnen et aI., 1991) was applied. In this way, 
carbon skeletons bound through polysulfide linkages into HMW material will be released as 
methyl thioethers (Eliel et aI., 1976; Kohnen et aI., 1991; Schouten et aI., 1993; 1994b). In order 
to make these products, which still are likely to contain multiple hydroxyl groups, GC-amenable 
a derivatization is performed using the alditol acetate method (Fig. 5.1; Klok et aI., 1981; Moers 
et aI., 1989). Besides acetylation of the hydroxyl groups, methyl thioether groups formed upon 
methyllithium and methyl iodide treatment are then transformed into thioacetates (Angyal and Le 
Fur, 1980). In all experiments OSC were released as revealed by the FPD chromatogram of the 
products mixture (Fig. 5.2B and D). GC and GC/MS analysis revealed that similar OSC are 
present in all the reaction mixtures, although their distributions are different. If the polysulfide 
cleavage was not applied to the reaction mixture prior to the alditol acetate method (which 
includes NaB14 treatment) no OSC were detected, indicating that the OSC released were part of 
non GC-amenable material, presumably comprised of sulfur cross-linked monosaccharide 
skeletons. The yield of GC-amenable OSC after polysulfide cleavage was <5% of the original 
amount of the monosaccharide. Analysis of the control experiment (including the 
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Figure 5.2 FID (A and C) and FBD (B and D) chromatograms of products released after 
polysulfide cleavage and derivatization of sulfurized (A and B) lyxose (III) and (C and D) 
mannose (VII). X, XI and XII represent the components isolated with PCGC, filled circles 
represent a 2,3,4-tri-O-acetyl-S-acetyl-l-thio-tetrose, the asterisk represent a 2,3,4,5-tetra-O
acetyl-S-acetyl-I-thio-pentose, and filled diamonds represent a 2,3,4,5,6-penta-O-acetyl-S
acetyl-I-thio-hexoses. 
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polysulfide cleavage with MeLi/MeI) only yielded the alditol form of the original 
monosaccharide. This indicates that the MeLi/MeI treatment had no effect but the cleavage of 
polysulfide bonds. 

To identify their structures the three most abundant OSC (X, XI and XII; Fig. 5.2) 
formed after MeLi/MeI treatment and derivatization of sulfurized lyxose (III) were isolated 
using preparative capillary gas chromatography (PCGC). This resulted in three colourless 
fractions (ca. 1 mg each) containing >95% (as determined by GC analysis) of the isolated OSc. 

High-field lH and 13C NMR analysis of component XI, the most abundant GC-amenable 
OSC (Fig. 5.2A), led to the complete assignment of proton and carbon chemical shifts and 
showed that the isolated component XI was actually a mixture of two, coeluting components 
(Xia and Xlb; Table 5.1). Carbon multiplicities were established by APT spectra in combination 
with an inverse lH_ 13C correlation experiment (HMQC), which revealed how the signals in the 
1H spectrum and the 13C spectrum are correlated (Table 5.1), and the integral of the amount of 
protons in the IH spectrum. It was revealed that a total often quaternary carbonyl carbon atoms, 
six O-CH units, two S-CH2 units, two O-CH2 units and ten methyl groups were present. The 
proton spectrum showed ten methyl groups (all singlets) in the 2.0-2.3 ppm range, four CH2 units 
(all double doublets) in the 2.9-3.3 and 4.0-4.3 ppm range and six CH units (two double doublets 
and four multiplets) in the 5.1-5.4 ppm range. A IH_1H COSY experiment (Table 5.2) showed 
that the two protons of the CH2 unit with signals at 2.88 and 3.20 ppm, besides the strong 
geminal coupling, also showed a coupling with the proton of the CH unit at 5.25 ppm. Besides 
this coupling, this proton at 5.25 ppm was also coupled with the proton of a CH unit at 5.38 ppm, 
which was also coupled to the proton of a CH unit at 5.11 ppm. This last proton was coupled to a 
CH2 unit with signals at 4.12 and 4.25 (also coupled to each other) and this formed the end of a 
carbon skeleton comprised of five carbon atoms. The remaining two CH2 and three CH units 
were coupled in a similar way (Table 5.2). Long-range COSY, TOCSY and HMBC experiments 
confirmed the interactions observed by the COSY experiments. One of the terminal CH2 units 
and the three central CH units were in both skeletons bound by oxygen, as indicated by their 
chemical shifts. Since the FPD signal already revealed that sulfur must be present the remaining 
CH2 unit in both skeletons must be bound by sulfur, which was confirmed by the chemical shift 
in the lH-spectrum. The chemical shifts in the 13C spectrum showed that these oxygen and sulfur 
atoms were acetyl bound (Table 5.1; Jarosz et aI., 2001; Kamo et aI., 2001), indicating that all 
the oxygen and sulfur atoms connected to the central Cs carbon skeleton were acetylated. No 
correlation was observed in all the experiments between any of the atoms from the two different 
structures, indicating that these were indeed two separate structures not connected to each other. 
The integrals of proton signals in the 1H spectrum indicated the mixture was comprised of 60% 
XIb and 40% XIa. 

Comparison of the proton coupling constants of both OSC with those reported for 
structurally closely related alditol acetates (Angyal and Le Fur, 1980; Osawa et aI., 1991; Jarosz 
et aI., 2001; Kamo et aI., 2001) resulted in the complete assignment of the stereochemistry of the 
carbon atoms of both components. The stereochemistry of XIa was 2R, 3R and 4R, thereby 
identifying this component as 2,3,4,5-tetra-O-acetyl-S-acetyl-l-thio-D-arabinose, and that of Xlb 
was 2R, 3S and 4R, and thus component XIb is 2,3,4,5-tetra-O-acetyl-S-acetyl-l-thio-D-lyxose. 

These structural assignments were supported by data obtained by GC/MS. Mass 
spectrometry revealed a molecular ion at m/z 378 (Fig. 5.3), which confirms the molecular 
weight (ClsH2209S). The inferred electron impact fragmentation pattern of these components is 
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Table 5.1 IH and l3C data of 2,3,4,5-tetra-O-acetyl-S-acetyl-l-thio-arabinose (XIa) and 2,3,4,5
tetra-O-acetyl-S-acetyl-l-thio-lyxose (XIb). 

Component C-number H-shift (ppm) 

XIa 

2 

3 

4 

5 

6 
7 
8 
9 
10 
11 
12 
13 
14 
15 

XIb 1 

2 

3 

4 

5 

6 
7 
8 

2.88 (lH, dd, J= 14.0 and 8.1 
Hz), 
3.20 (lH, dd, J= 14.0 and 5.5 
Hz) 
5.25 (lH, m, J= 8.2,5.7 and 
2.7 Hz) 
5.38 (lH, dd, J= 8.7 and 2.7 
Hz) 
5.11 (lH, m, J= 8.7,5.0 and 
2.7 Hz) 
4.12 (lH, dd, J= 12.5 and 5.0 
Hz), 
4.25 (lH, dd, J= 12.5 and 2.7 
Hz) 

2.332 (3H, s) 

2.063 (3H, s) 

2.152 (3H, s) 

2.056 (3H, s) 

2.065 (3H, s) 
2.99 (lH, dd, J= 14.6 and 6.6 
Hz), 
3.30 (lH, dd, J= 14.6 and 3.3 
Hz) 
5.14 (lH, m, J= 7.8, 6.5 and 
3.3 Hz) 
5.34 (lH, dd, J= 7.8 and 3.1 
Hz) 
5.37 (lH, m, J= 6.9, 4.9 and 
3.1 Hz) 
3.97 (lH, dd, J= 11.8 and 7.0 
Hz), 
4.28 (lH, dd, J= 11.8 and 4.9 
Hz) 

2.333 (3H, s) 

C-shift (ppmt 
CH3 CH2 CH Cq 

29.35 

68.84 

69.55 

68.36 

61.81 

194.24b 

30.42 
169.90 

20.65c 

169.85 
20.67c 

169.96 
20.70c 

170.61 
20.72c 

29.42 

68.77 

70.06 

68.27 

62.00 

194.47b 

30.42 
169.73 
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Table 5.1 continued IH and 13C data of 2,3,4,5-tetra-O-acetyl-S-acetyl-l-thio-arabinose (XIa) 
and 2,3,4,5-tetra-O-acetyl-S-acetyl-I-thio-lyxose (XIb). 

9 2.022 (3H, s) 20.65c 

10 169.81 
11 2.154 (3H, s) 20.67c 

12 170.09 
13 2.082 (3H, s) 20.70c 

14 170.44 
15 2.044 (3H, s) 20.82c 

a Multiplicity of signals determined by APT. 
b Assignments may be interchanged with its isomer. 
c Assignments may be interchanged. 

Table 5.2 Selected COSY cross peaks observed for 2,3,4,5-tetra-O
acetyl-S-acetyl-I-thio-D-arabinose (Xla) and 2,3,4,5-tetra-O-acetyl-S
acetyl-I-thio-D-Iyxose (XIb). 

Component Proton Shift (ppm) COSY cross peaks observed 
XIa 1 2.88 1',2 

I' 3.20 1,2 
2 5.25 t, I', 3 
3 5.38 2,4 
4 5.11 3,5,5' 
5 4.12 4,5' 
5' 4.25 4,5 

XIb Ib 
lb' 
2b 
3b 
4b 
5b 
5b' 

2.99 
3.30 
5.14 
5.34 
5.37 
3.97 
4.28 

1',2
 
1,2
 

1, 1',3
 
2,4
 

3,5,5'
 
4,5'
 
4,5
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shown in Fig. 5.3. Most of the primary fragments can be explained by either an elimination of an 
acetoxyl radical or acetic acid from the molecular ion or by cleavage of the alditol chain. These 
primary fragments underwent further fragmentation by subsequent elimination(s) comparable to 
those of normal acetylated alditols (e.g. Kamerling and Vliegenthart, 1974). The fragmentation 
pattern for XIa is not drawn but is identical to that ofXIb. 

The identification of the two other isolated OSC, X and XII, was performed using 
GC/MS and lH NMR. The mass spectrum of XII also revealed a molecular ion at m/z 378 and a 
fragmentation pattern similar to that of the mixture of XIa and XIb (Fig. 5.3). lH NMR of XII 
also showed a large structural similarity with the OSC XIa and XIb. Three methyl groups (all 
singlets) in the 2.0-2.4 ppm range, two CHz units (all double doublets) in the 2.9-3.3 and 4.0-4.4 
ppm range and three CH units (a triplet and two multiplets) in the 5.2-5.4 ppm range were 
observed (Table 5.3). A lH_1H COSY experiment (Table 5.3) showed similar couplings as 
observed for XIa and XIb. This confirmed that XII indeed was another sulfurized and acetylated 
Cs-monosaccharide. Comparison of the coupling constants with those observed for closely 
related acetylated alditols (Angyal and Le Fur, 1980; Osawa et aI., 1991; Jarosz et aI., 2001; 
Kamo et aI., 2001) resulted in the stereochemical assignment, i.e. 2S, 3S and 4R, indicating that 
XII was 2,3,4,5-tetra-O-acetyl-S-acetyl-l-thio-D-xylose. The mass spectrum of another OSC, 
eluting just before XI and XII (marked with an asterisk in Fig. 5.2) was virtually identical to 
those of XIa, XIb and XII, indicating that this OSC is likely another acetylated Cs 
monosaccharide with the original carbonyl function replaced with sulfur. 

The lH NMR spectrum ofOSC X showed three CH3 groups (all singlets) in the 2.1-2.4 
ppm range, two CH2 units (all double doublets) in the 3.1-3.3 and 4.1-4.3 ppm range and one CH 
unit (a multiplet) at 5.2 ppm (Table 5.4). A lH_1H COSY experiment (Table 5.4) revealed that 
the two protons of the CHz unit with signals at 2.09 and 3.28 ppm showed, besides a strong 
geminal coupling, a coupling with the proton of the CH unit at 5.17 ppm and with the protons of 
the other CH2 unit with signals at 4.15 and 4.29. These latter signals also showed a strong 
geminal coupling. This indicated that the basis of structure X is a C3 carbon skeleton. The proton 
chemical shifts indicates that one of the CH2 is bound by sulfur and the remaining CH2 and CH 
unit by oxygen. Comparison of the chemical shift with those observed for OSC XIa, XIb and 
XII indicated that these oxygen and sulfur groups were acetylated. The mass spectrum of X (Fig. 
5.4) is in agreement with this structural assignment, although no molecular ion was observed. 
However, the observed fragmentation pattern is consistent with those of XIa and XIb (Fig. 5.3) 
and normal acetylated alditols (e.g. Kamerling and Vliegenthart, 1974). These findings indicated 
that X is an acetylated C3 monosaccharide unit in which the oxygen at position 1 is replaced by 
sulfur, i.e. 2,3-di-O-acetyl-S-acetyl-l-thio-glyceraldehyde. 

Using the structural information obtained from the isolated OSC, the other OSC present 
in the reaction mixture after MeLi/MeI treatment and derivatization using the alditol acetate 
method of the sulfurized Cs and C6 monosaccharides (Fig. 5.2) could be tentatively identified. 
The mass spectra of the OSC eluting between derivatives X and XI (marked with a filled circle 
in Fig. 5.2) and those with a longer retention time than derivative XII (only present in the 
reaction mixtures of C6 monosaccharides and marked with a filled diamond in Fig. 5.2) reveal a 
mass spectral fragmentation pattern (Fig. 5.5 and 5.6), which resembles those of X, XI and XII, 
and of normal alditols (e.g. Kamerling and Vliegenthart, 1974), although no molecular ion peak 
could be observed. This suggests that these components are most likely acetylated C4 and C6 

monosaccharides, in which the oxygen at position 1 is replaced by sulfur. This means that the 
cOll1ponents containing sulfur and eluting between derivatives X and XI (ll1arked with a filled 
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Table 5.3 IH data of 2,3,4,5-tetra-O-acetyI-S-acetyl-I-thio-xylose (XII). 
C-number H-shift (ppm) COSY cross peaks observed 
1 2.92 (lH, dd, J=7.8 and 14.1 Hz), 1',2 

3.30 (lH, dd, J=4.6 and 14.2 Hz) 1,2 
2 5.21 (lH, m, J=7.8, 5.0 and 4.3 Hz) 1, 1',3 
3 5.37 (lH, t, J=5.2 Hz) 2,4 
4 5.32 (lH, m, J=5.6, 5.7 and 4.2 Hz) 3,5,5' 
5 4.02 (lH, dd, J=6.1 and 12.0 Hz), 4,5' 

4.36 (lH, dd, J=4.1 and 12.0 Hz) 4,5 
7 2.36 
9 2.15" 
11 2.14" 
13 2.11" 
15 2.09" 

" Assignments may be interchanged. 

o 

o O~ 0 o 0 

7)6~s~2+4~O~k15- 1 T .) T :J ~ ~S~230~5 9 
7

~O 0yJ3 lTO 
o 0 o 

XII X 

Table 5.4 IH data of component 2,3-di-O-acetyl-S-acetyl-l-thio-glyceraldehyde (X). 
C-number H-shift (ppm) COSY cross peaks observed 
1 3.09 (lH, dd, J=6.6 and 14.2 Hz), 1',2 

3.28 (lH, dd, J=5.6 and 14.2 Hz) 1,2 
2 5.17 (lH,m) 1, 1',3,3' 
3 4.15 (lH, dd, J=5.9 and 12.0 Hz), 2,3' 

4.29 (lH, dd, J=3.9 and 12.0 Hz) 2,3 
5 2.38
 
7 2.11"
 
9 2.10"
 

" Assignments may be interchanged. 
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circle in Fig. 5.2) were likely 2,3,4-tri-O-acetyl-S-acetyl-l-thio-tetroses and those with a higher 
retention time than derivative XII (marked with a filled diamond in Fig. 5.2) were likely 
2,3,4,5,6-penta-O-acetyl-S-acetyl-l-thio-hexoses. 

5.3.3. Flash pyrolysis. To obtain additional infonnation on the material fonned upon 
sulfurization (OSC identified so far represent <5% of the original monosaccharides) flash 
pyrolysis was performed on the reaction products of all the sulfurized monosaccharides (Fig. 
5.7). For this purpose product mixtures of monosaccharides with a different chain length, 
compounds I to VII, as well as the same chain length but a different structure, components VIII 
(a ketose) and IX (a 6-deoxy C6 monosaccharide) were chosen. 
Flash pyrolysates of the reaction mixtures were generally dominated by series of Co-C4 alkylated 
thiophenes and furans (Table 5.5 and Fig. 5.8). Using the peak areas of all the CO-C3 alkylated 
thiophenes the weighted average number of carbon atoms of these alkylated thiophenes was 
calculated (Table 5.6). This average number of carbon atoms varied from 5.0 for those fonned 
from sulfurized erythrose (I) to 5.7 for those fonned from sulfurized fucose (IX). The percentage 
of C2 alkylated thiophenes with a linear carbon skeleton, 2-ethylthiophene and 2,5
dimethylthiophene, versus the other thiophene isomers ranged between 25 and 37% (Table 5.6). 

5.4. Discussion 

Our results indicate that monosaccharides can be sulfurized through a reaction with reduced 
inorganic sulfur species at relatively low-temperature conditions. The presence of the thioacetate 
moiety only at position C-l (Fig. 5.9) in all OSC identified (after the derivatization of the 
products fonned upon polysulfide cleavage) showed that the carbonyl function reacts 
preferentially with inorganic sulfur species and that the hydroxyl groups of the monosaccharides 
are relatively inert. The preferential attack at C-l also indicates that the polysulfides reacted with 
the open-chain fonn (containing the carbonyl moiety) of the monosaccharide (Fig. 5.9), which is 
only present in minor amounts in aqueous solutions. It has been previously demonstrated that 
under similar reaction conditions aldehyde and keto groups react much faster than alcohols with 
polysulfides ions (Fig. 5.9; Schouten et aI., 1993; 1994b; Schneckenburger et aI., 1998), which is 
in good agreement with our data. Since the monosaccharides only contain one aldehyde group, it 
is logical that sulfurization resulted in the fonnation of dimers. If these dimers consisted of two 
monomers linked by a polysulfide bond cleavage of this bond would indeed result in the main 
OSC observed (Fig. 5.2). 

Besides sulfurization a second process must take place since our results showed clearly 
that stereo-isomers of the main OSC were fonned (Fig. 5.2). This indicates that also 
isomerisation of chiral centres (three in the case of a Cs monosaccharide and four in the case of a 
C6 monosaccharide) takes place. For example, in the case of the OSC fonned from lyxose (III), 
besides the sulfurized fonn with the original configuration (derivative XIb), isomers with an 
inversed stereochemistry at C-2 (derivative XII) and C-3 (derivative XIa) were also fonned (Fig. 
5.2). This isomerization may be due to the alkaline circumstances, caused by the chemical 
reagents added (NaHS and elemental sulfur) and not by heating since in the control experiment 
no racemization was observed. El khadem et aI. (1987) showed that during alkaline treatment of 
monosaccharides various isomers are fonned. The amount observed of both derivatives (XIa and 
XII) are approximately equal, indicating that isomerisation at C-2 and C-3 occur at 
approximately the same rate. 
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Figure 5.7 Total ion chromatogram (TIC) of the pyrolysate of sulfurized lyxose (III). 
Compound assignments are listed in Table 5.5. Filled circles represent series of alkylated furans. 

Table 5.5 Thiophenes identified in the flash pyrolysates of 
sulfurized monosaccharidesa 

1 thiophene 
2 2-methylthiophene 
3 3-methylthiophene 
4 2-ethylthiophene 
5 2,5-dimethylthiophene 
6 2,4-dimethylthiophene 
7 2,3-dimethylthiophene 
8 3,4-dimethylthiophene 
9 2-propylthiophene 
10 2-ethyl-5-methylthiophene 
11 2-ethyl-4-methylthiophene 
12 ethylmethylthiophene 
13 2,3,5-trimethylthiophene 
14 2,3,4-trimethylthiophene 
15 CSH12Sb 

aNumbers refer to Fig. 5.7 and 5.8
 
bMixture of2-methyl-5-propylthiophene, 2,5-diethylthiophene,
 
2-butylthiophene, 2-ethyl-3,5-dimethylthiophene, ethyldimethyl

thiophene and/or 5-t:lhyl-2,3-dimcthylthiophcnc
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Figure 5.8 Distribution of alkylthiophenes in the pyrolysates of sulfurized (A) erythrose (I), (B) 
lyxose (III), (C) glucose (VI), (D) fructose (VIII) and (E) fucose (IX), as revealed by the partial 
accurate mass chromatograms ofm/z 84 + 97 + 98 + 111 + 112 + 125 + 126 + 139 + 140 + 153 + 
154. Compound assignments are listed in Table 5.5. Open diamond represent series of Cs+ 
alkylated thiophenes. 

c 
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Table 5.6 Average number of carbon atoms of the CO-C3 
alkylated thiophenes and the percentage of the 2-ethylthiophene 
and 2,5-dimethylthiophene of all C2 alkylated thiophenes for the 
pyrolysates of the sulfurized monosaccharides. 
Monosaccharide Average number 2-ET and 2,5-DMT (%) 

of carbon atoms 
Erythrose (I) 4.99 25 
Arabinose (II) 5.23 35 
Lyxose (III) 5.25 32 
Ribose (IV) 5.20 33 
Galactose (V) 5.26 37 
Glucose (VI) 5.24 29 
Mannose (VII) 5.31 34 
Fructose (VIII) 5.19 31 
Fucose (IX) 5.70 33 

a ET= ethylthiophene, DMT= dimethylthiophene 

R= C3H702, C4H903, .....
 

R'=H, CH20H, .
 

X in HSx·=1,2, .
 

Y in Sy=2,3, .
 

Figure 5.9 Inferred reaction pathway for the fonnation of a polysulfide climer resulting from 
sulfurization. 
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In addition to stereoisomers of sulfurized monosaccharides with the original carbon chain 
length, OSC with a shorter chain length were also found (Fig. 5.2). This indicates that a third 
process, cleavage of C-C bonds, also occurred during the simulation experiments. Again, as in 
the case of the isomerisation, this bond cleavage reaction is not caused by the heating to 50°C 
since C-C bond cleavage was not been observed in the control experiment. Thus, these cleavages 
must again be the result of a reaction with the chemical reagents (NaHS and elemental sulfur) 
added. Harsch et al (1984) showed that under alkaline conditions sugars may be cleaved by 
retroaldol reactions. Such a process might explain the formation of monosaccharides with shorter 
chain length than the original chain length. Fragmentation and recombination by a retroaldoI 
reaction followed by an aldol reaction reaction might also partly explain the isomerization 
observed.These reaction products would subsequently be subjected to sulfur reaction. 

Only a small part «5%) of the monosaccharide was retrieved as GC-amenable OSC after 
the derivatization of the products formed upon polysulfide cleavage. Since no monosaccharide 
could be retrieved after the reaction, this indicates that the original monosaccharide was 
converted into non GC-amenable material. However, polysulfide bond cleavage only succeeded 
in partly breaking this material down, suggesting that also monosulfide linkages were also 
present. To obtain additional information on the HMW material flash pyrolysis was performed. 
Flash pyrolysis of the reaction products revealed substantial amounts of short-chain alkylated 
(Co-Cs) thiophenes with a distribution comparable to alkylthiophenes in pyrolysates of sulfurised 
carbohydrates (Kok et aI., 2000b; Sinninghe Damste et aI., I998c) and S-rich kerogen (van 
Kaam-Peters et aI., 1998; Sinninghe Damste et aI., 1998c). It has been shown that these 
alkylthiophenes are thermodynamically stable end products of sulfur-rich HMW material formed 
by thermal rearrangement reactions during pyrolysis (Krein and Aizenshtat, 1994; Sinninghe 
Damste et aI., 1998b). This implies that a substantial part of the product mixture is part ofHMW 
structures since LMW (including dimeric) structures would have evaporated prior to formation 
of these alkylated thiophenes. In addition, 'the large amount of alkylated thiophenes relative to 
furans in the pyrolysates shows that a much larger part than the <5% liberated upon polysulfide 
cleavage must be connected through sulfur. However, the mode of bonding can not be solely 
through polysulfide bridges since these would all have been broken upon polysu1fidic cleavage. 
This indicates that a large amount of the cross-linkages were either through a monosulfidic
linkage or a non-sulfidic linkage. Kok et al. (1995) showed that monosulfidic linkages can 
indeed be fonned through sulfurization of double bond functionalities and that if sediment is 
used instead of a phase transfer catalyst (PTC) during the simulation experiments, these are the 
predominant linkages formed. Since in the present sulfurization experiments no PTC was used, it 
is likely that in our experiments mostly monosulfide linkages were formed. However, even if we 
infer the involvement of cross-linking of monosaccharides through monosulfide linkages, 
sulfurization of other functional groups than the aldehyde has to be invoked in order to account 
for the formation of HMW material. Replacement of the polysulfide group in the end product 
shown in Fig. 5.9 by a monosulfide moiety would not explain the formation of a1kylthiophenes 
upon flash pyrolysis. Therefore, we must infer that the hydroxy groups (albeit at a much smaller 
rate than the aldehyde functionalities) are also prone to sulfurization and that this results in the 
formation of sulfur-rich HMW products from the monosaccharides. 

Alternatively, it is also possible that other processes than sulfurization result in the 
formation of HMW material. A control experiment without the addition of chemical reagents 
(NaHS and elemental sulfur) indicated some (14%) loss of monosaccharide perhaps resulting 
from such "non-sulfur" polymerisation reaction" It is possible that if the chemical reagents 
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(NaHS and elemental sulfur) were added the amount of non-sulfur-containing linkages was even 
higher, due to the higher pH. However, the relatively high amounts of alkylthiophenes in the 
pyrolysates probably indicates that "sulfur" polymerisation reactions are predominating. 

The flash pyrolysis experiments also showed that in all cases besides alkylthiophenes 
with linear carbon skeletons (i.e. 2,5-dimethylthiophene) alkylthiophenes with non-linear carbon 
skeletons (i.e. 2,3-dimethylthiophene) were formed in relatively high amounts (Table 5.6). Since 
the original monosaccharides had linear carbon skeletons, this indicates that during pyrolysis 
substantial C-C bond formation as well as cleavage occurred. This can in our view only be 
explained if the material formed upon sulfurization is cross linked by substantial number of 
(poly)sulfide bonds, more than would be possible through the sulfurization of only the carbonyl 
functionalities, hinting to sulfurisation of hydroxy groups. 

Besides the large amounts of alkylthiophenes with linear carbon skeletons substantial 
amounts of alkylthiophenes with non-linear carbon skeletons were observed in S-rich kerogen 
pyrolysates (Eglinton et aI., 1990b; Sinninghe Damste and de Leeuw, 1992; van Kaam-Peters et 
aI., 1998; Sinninghe Damste et aI., 1998c). Our results indicate that these alkylthiophenes with 
non-linear carbon skeletons can originate from sulfurized monosaccharides. In addition, the 
distribution of the alkylthiophenes in S-rich kerogen pyrolysates were comparable in all cases. 
Our results showed that the structure of the original monosaccharide had no direct influence on 
the distribution of the alkylated thiophenes formed (Fig. 5.8, Table 5.6), maybe due to the fact 
that during fonnation of the macromolecular structures other processes, like for instance 
breaking of C-C bonds played an important role. Thus, the macromolecular structures formed 
upon sulfurization were comparable in composition, which explains why in all pyrolysates of S
rich kerogens comparable distributions of alkylthiophenes were observed. 

5.5. Conclusions 

Sulfurization of different monosaccharides under laboratory conditions resulted in the complete 
conversion into sulfur-containing macromolecular structures. The products formed after cleavage 
of polysulfide linkages of this material showed that sulfurization of the carbonyl functionality 
plays an important role in this respect. Other OSC indicated that in addition to sulfurization 
cleavage of C-C bonds and isomerisation also took place. The yield of the recoverable OSC after 
cleavage of polysulfide linkages was relatively low «5%), indicating that only a small part of 
the HMW material is solely bound through polysulfidic linkages. This indicates that most of the 
HMW material was still linked otherwise, among others through monosulfide linkages. Flash 
pyrolysis revealed in all cases short-chain alkylated (Co-Cs) thiophenes, with linear as well as 
non-linear carbon skeletons, indicating that during pyrolysis C-C bond formation as well as C-C 
cleavage had occurred. The structure of the monosaccharide used in the experiments had no 
direct influence on the alkylated thiophenes formed. These results provide direct experimental 
evidence that sulfurization of monosaccharides at relatively low temperature can result in the 
fonnation of sulfurized material and confirms the idea that preservation of carbohydrates through 
sulfurization may be an important pathway of preservation of organic matter in anoxic 
depositional environments, like for instance in the case of the KCF. 
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Sulfurization of carbohydrates results in an S-rich, unresolved complex mixture in kerogen 
pyrolysates. 

Bart E. van Dongen, Stefan Schouten and Jaap S. Sinninghe Damste 

Submitted to Energy and Fuels 26 September 2002. 

Pyrolysates of the organic carbon-rich and oil-prone rocks of the Kimmeridge Clay Formation 
(KCF) are dominated by a sulfur-rich, umesolved complex mixture (UCM). Structural 
characterization of this UCM by preparative capillary gas chromatography, gas chromatography, 
gas chromatography/mass spectrometry (GC/MS), isotope-ratio-monitoring GC/MS, elemental 
analysis, nuclear magnetic resonance spectroscopy and fourier transform infra red spectorscopy 
as well as chemical degradation by desulfurization and ruthenium tetroxide treatment, revealed 
that this UCM probably consists of a large number of S-bound and O-bound, short chain, carbon 
skeletons. These skeletons are part of oligomeric structures of diverse molecular weight that 
elute on the GC as an UCM. These skeletons most likely originate from carbohydrates 
incorporated into macromolecular organic matter through sulturization during early diagenesis. 
Upon pyrolysis this macromolecular material is transferred into the oligomeric structures present 
in the UCM. S-rich UCM's have also been identified in a number of other kerogens suggesting 
that carbohydrate sulfurization could be an important mechanism for the preservation of 
sedimentary organic carbon. In addition, it is likely that the sulfurized carbohydrates form a 
substantial part of S-rich kerogens and that these thennally labile structures cause the early 
generation of petroleum from S-rich kerogens. 

6.1. Introduction 

To predict the quality and assess the quantity of oil formed from petroleum source rocks during 
catagenesis, pyrolysis of sedimentary organic matter is a widely applied tool in petroleum 
geochemistry. The pyrolysis techniques used vary from "bulk-level" techniques, such as the 
Rock-Eval method (Espitalie et aI., 1977; 1985; Langford and Blanc-Valleron, 1990), to more 
advanced techniques which aim to characterize the formed pyrolysate at the molecular level 
(Monthioux et aI., 1985; Rowland et aI., 1986; Eglinton et aI., 1988; Jarvie and Lundell, 2001). 
These latter techniques are able to predict the quality of the petroleum from the composition of 
the pyrolysate. For example, the abundance of sulfur-containing pyrolysis products is related to 
the sulfur-richness and, thus, quality of OM (Tissot and Welte, 1978). A complication with these 
methods is, however, that a substantial portion of the pyrolysate is so complex that it can not be 
resolved and identified using gas chromatography (GC) and gas 
chromatography/masspectrometry (GC/MS) and thus remains uncharacterized. This fraction is 
often referred to as the Unresolved Complex Mixture (UCM) and characterization of these 
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UCM's in pyrolysates and in petroleum is a challenging analytical task (Magoon and Claypool, 
1985; Gough and Rowland, 1990; 1991; Gough et aI., 1992; Revill, 1992). 

A prime example of an oil-prone source rock, whose pyrolysate is dominated by an 
UCM, is the Upper Jurrassic Kimmeridge Clay Formation (KCF). This source rock has actually 
generated petroleum in the North Sea and on the Norwegian Platform (Miller, 1989; Wignall, 
1994b; Cooper et aI., 1995; Tyson, 1996). KCF rocks show high total organic carbon (TOC) 
contents, up to 60% (Hue et aI., 1992) and high S contents, up to 8% (Eglinton et aI., 1988; 
1990a; van Kaam-Peters et aI., 1998). In the kerogen pyrolysates of the KCF, but also in other S
rich kerogen pyrolysates (Hartgers et aI., 1995; van Kaam-Peters et aI., 1997; Mongenot et aI., 
1999; Riboulleau et aI., 2000), an S-rich UCM has been identified as well as a large contribution 
of alkylated short-chain thiophenes (van Kaam-Peters et aI., 1998; Sinninghe Damste et aI., 
1998c). It has been postulated that these alkylated thiophenes originated from carbohydrates 
which became incorporated in kerogen during early diagenesis by reaction with reduced 
inorganic sulfur species ( i.e. sulfurization; Sinninghe Damste et aI., 1998c; Kok et aI., 2000b; 
van Dongen et aI., 2002b). However, little is known about the origin and nature of the S-rich 
UCM, despite the fact that it can comprise a large part (>70%) of the GC-amenable part of the 
pyrolysate. Since the relative contribution of the UCM to the pyrolysate increases with 
increasing TOC content of the rock, it has been hypothesized that, just as in the case of the 
alkylated thiophenes, preservation of sulfurized carbohydrates could be the origin of the UCM 
(van Kaam-Peters et aI., 1998). 

In the present study we address the nature and origin of this UCM obtained from outcrop 
samples from the TOC-rich Blackstone Band and another part of the KCF with substantial lower 
TOC values. Our results show indeed that it is likely that a large part of this UCM consists of 
carbohydrate-derived material. 

6.2. Experimental 

6.2.1. Sample description. An outcrop rock sample of the very organic rich (TOC content 
52.1%) Blackstone Band (UK9; van Kaam-Peters et aI., 1998) was obtained at the type location 
of Kimmeridge Clay between Clavell's Hard and Freshwater Steps in Dorset (U.K.; Cox and 
Gallois, 1981) For comparison also another oil shale ( UKll; van Kaam-Peters et aI., 1998) with 
a substantially lower TOC content (10.8%) was obtained at the same location. 

6.2.2. Pyrolysis and isolation of DeM. Crushed rocks were Soxhlet extracted with methanol 
(MeOH)/dichloromethane (DCM; 1:7.5 v/vl) for 24 h. Off-line pyrolysis was performed by 
heating 3 to 5 g of the crushed and extracted rock at 400°C for 1.5 h in a sample boat positioned 
in a glass tube in a cylindrical oven under an inert atmosphere using a nitrogen flow. These 
experiments were repeated so that in total 10 to 25g rock was pyrolyzed, depending on the TOC 
contents. The volatile products generated were trapped in two successive cold traps containing 
hexane/DCM (9: 1 v/v). The first trap was at room temperature; the second trap was cooled with 
solid COz/acetone (to approximately -40°C). The products of both traps and the material rinsed 
from the end of the glass tube with DCM, were combined and fractionated by column 
chromatography (Aba); 15 x I cm; Vo = 8 ml) into a hexane fraction (20 ml), a hexane/DCM 
(9:1 v/v) fraction (30 m\), which contained the UCM, and a MeOH/DCM (1:1, v/v) fraction (30 
ml). The fractions were concentrated and analyzed by gas chromatography (GC). In case of the 
Blackstone Band rock the hexane/DCM fraction of the pyrolysate was fractionated by 
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Figure 6.1 Analytical flow diagram for the analysis of the Blackstone Band rock sample. 
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preparative capillary gas chromatography (PCGC; schematically depicted in Fig. 6.1). For the 
identification of the material present in the total UCM and PCGC fractions. Gc, GC/MS, 
isotope-ratio-monitoring GC/MS (irm-GC/MS), fourier transform infra red spectroscopy (FTlR), 
nuclear magnetic resonance spectroscopy (NMR), elemental analysis (EA) and bulk stable 
isotope analyses (EA/irmMS) was performed (Fig. 6.1). In addition, chemical degradation 
experiments were performed on total UCM, by desulfurization and ruthenium tetroxide 
treatment, and on PCGC fraction UCM C-2, only desulfurization (Fig. 6.1). In case of UK II 
GC/MS analysis of the total UCM was performed. 

6.2.3. Preparative capillary gas chromatography (PCGC). PCGC was performed on a HP 
6890 gas chromatograph equipped with a Gerstel temperature programmable injector, a 25 m x 
0.32 mm i.d. CP-SIL 5CB capillary column (dj 0.52 !lm) and a Gerstel preparative fraction 
collection system cooled with a cryostatic bath at lO°C, For details of the trapping procedure see 
Eglinton et al (1996). Samples were dissolved in ethyl acetate and injected at 70°C, Three 
separate repetitive PCGC-experiments were performed. The temperature programs, the number 
oftraps and the trap times used are listed in Table 6.1. The trapped fractions were dissolved in a 
small amount of ethyl acetate and used for the different experiments (Fig. 6.1). They are 

Table 6.1 Experimental conditions for the fractions collected using PCGC of the 
Blackstone Band UCM. 

Experiment Fraction Temperature program" Trap time (min) 

70°C/4°C min,11320°C (5 min)
A 23-27 

2 32-36 

3 40-44 

4 48-52 

5 Residual b 

70°CI20°C min,I/130°Cl4oC min'! 
B 17-21

/320°C (5 min) 

2 30-35 

3 38-43 

70°CI20°C min"/130°C/6°C min'! 
C 14-17

/320°C (23 min) 

2 22-26 

3 29-33 

"Injection temperature/rate/intermediate temperature/rate/final temperature (hold time) 
b 0-23,27-32,44-48 and 52-60 min 
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numbered according their run letter (A, B or C) followed by the trap number. For instance, UCM 
B-1 is material collected in trap 1 from run B. In the first experiment (A, 38 injections) four 
different fractions were collected and the remaining GC-amenable fraction was collected in the 
fifth trap. To collect sufficient material for other experiments a second (B; 40 injections) and 
third (C; 43 injections) repetitive PCGC experiment was performed with only three traps 
(beginning, middle and end part of the UCM) and no residual GC-effluent was collected (Table 
6.1). Fractions were analysed by GC, NMR and IR (UCM B-2), GCIMS, GC-high resolution MS 
(GCIHRMS) and irm GCIMS, and were desulfurized (UCM C-2; as described below; Fig. 6.1). 

6.2.4. Raney nickel desulfurisation and hydrogenation. Prior to desulfurization an internal 
standard was added, [4,4-2H2]-2-methyl-heneicosane in the case of total UCM or 2,3-dimethyl-5
(I',1,-2H2-nonadecane)thiophene in the case of UCM C-2, to an aliquot of the sample and the 
material was dissolved in 4 ml of ethanol (with a drop of DCM). Raney nickel (0.5 ml of a 
suspension of 0.5 glml ethanol) was added and the mixture was heated under reflux. A second 
and third batch of 0.5 ml of the Raney nickel suspension was added after 30 min and 1 h and the 
solution was heated under reflux for in total 1.5 h. The suspension was centrifugated and the 
desulfurization products were isolated by subsequent extraction of the precipitate with DCM 
(3x). The combined extracts were washed (3x) with NaCI-saturated, bidistilled H20 and dried 
with MgS04. The resulting solution was concentrated in vacuo and dissolved in 4 ml ethyl 
acetate. A few drops of pure acetic acid and a small amount of Pt02 were added as catalyst. 
Hydrogen gas was bubbled through for I h, after which the solution was stirred for 24 h. The 
catalyst was removed using a small colunm packed with Na2C03 and MgS04. The resulting 
solution was concentrated in vacuo and dissolved in a small volume of ethyl acetate and 
analyzed by GC, GCIMS and irm-GCIMS as described below. 

6.2.5. Ruthenium tetroxide degradation. Ruthenium tetroxide (Ru04) degradation was on the 
desulfurized UCM (Fig. 6.1) using a previously described method (Blokker et aI., 1999). The 
material was ultrasonically suspended in a mixture of 1 ml chloroform, 1 ml acetonitrile and 2 ml 
of an aqueous solution of NaI04 (0.2 M, pH 3). After addition of 6 mg Ru(III)Ch the two phase 
system was allowed to react in a ultrasonic bath. After 3 h, 3 ml water and 2 ml hexane were 
added. The residual material was removed by centrifugation and the organic layer was 
transferred into 0.5 ml methanol. The aqueous layer was extracted with 2 ml hexane (Ix) and 2 
ml DCM (2x) and these organic layers were combined with the first organic extract. The black 
Ru-salts were removed from the organic layer by centrifugation. The remaining supernatant was 
washed with 0.5 ml Na2S04 solution (5% in H20). The extract was dried over MgS04, 
evaporated to dryness under a nitrogen flow, treated with diazomethane and N,O-bis
(trimethylsilyl)-trifluoroacetamide (BSTFA)-pyridine to derivatize carboxylic acids and alcohol 
groups, respectively, and dissolved in a small volume of ethyl acetate prior to analysis by GC 
and GCIMS. 

6.2.6. Instrumental analysis. GC analysis was performed using a Hewlett Packard 5890 
instrument with an on-colunm injector. A fused, silica capillary colunm (I 25 m; i.d. 0.32 mm) 
coated with CP Sil-5 (film thickness 0.25Jlm) was used with helium as carrier gas. The effluent 
was monitored by both a flame ionisation detector (FID) and a sulfur-selective flame 
photometric detector (FPD), applying a stream-splitter with a split ratio of FID:FPD = ca. 1:2. 
Samples were dissolved in ethyl acetate and injected at 70°C. The temperature program was 
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rapidly raised to 150°C (20°C/min) and further programmed at 3°C/min to 240°C at which it was 
held isothermal for 10 min. GC/MS was performed using a Hewlett-Packard 5890 gas 
chromatograph interfaced to a VG Autospec Ultima mass spectrometer. The same columns, 
column conditions and temperature program was used as in the case of GC analysis. GCIHRMS 
was performed on the same instrument with a mass range m/z 65-150 (cycle time 2.4s) and 170
250 (cycle time 1.5s) at a resolution of 5000. 

Curie-point pyrolysis-gas chromatography/flame ionisation detection (Py-GC/FID) was 
conducted on a Hewlett-Packard 5890 gas chromatograph using a FOM-5LX unit for pyrolysis. 
The powdered samples were pressed on a flattened ferromagnetic wire with a Curie-point 
temperature of 610°C. The wire was inserted into a glass liner, subsequently introduced into a 
flushed to the capillary column using Helium as a carrier gas. The gas chromatograph, equipped 
with a cyrogenic unit, was programmed from O°C (5 min) to 300°C (15 min) at a rate of 
6°C/min. Separation was achieved using a fused silica capillary column (25 m x 0.32 mm) 
coated with CP-Sil 5 (film thickness 0.45 11m). Helium was used as a carrier gas and the 
temperature of the flame ionisation detector (FID) was 320°C. 

The elemental composition of both the kerogen as well as the UCM were determined on 
different instruments. In the case of the kerogen the amount of hydrogen and nitrogen was 
determined on a LECO CHN 1000 instrument at a combustion temperature of 1050°C. The 
amount of carbon and sulfur was determined on a LECO-SC-144 instrument and the amount of 
ash was determined on a LECO TGA-601 instrument with a starting temperature of 25°C. The 
temperature program was raised to 105°C at 14°C/min followed by 33°C/min to 450°C, 
18°C/min to 550°C, 29°C/min to 800 and finally 26°C/min to 1000°C. The amount of oxygen 
was determined by difference. In the case of the UCM the amount of carbon, hydrogen and 
nitrogen was performed using a LECO-CHNS 932 instrument at a combustion temperature of 
1400°C. The amount of sulfur was determined on a Carlo Erba 1108 instrument and the amount 
of oxygen was determined using a LECO-CHNS 932 instrument with a VTF900 furnace at a 
combustion temperature of approximately 1300°C in a carbon-rich environment. 

Irm-GCIMS analysis was performed using a Finnigan DELTA-C. The same columns, 
column conditions and temperature program was used as in the case of GC. 13C values reported 
(versus VPDB standard) were obtained by at least two analyses and the results were averaged to 
obtain a mean value and to estimate the error in the measurements. 

The off-line stable o13C values were determined on a Fisons lnstuments NCS-1500 
elemental analyzer, using flash combustion at 1030°C, or a Carlo Erba Flash 1112 elemental 
analyzer, using flash combustion at 1020°C. Both were connected to a Finnigan DELTA Plus 
mass spectrometer. Lab standards calibrated against NBS-22 were used as references. Standard 
deviations of duplicate measurements were always beter than 0.2%0 vs. PDB. 

IH and APT. 13C NMR experiments were performed on a Bruker ARX400 instrument at a 
resonance frequency of 400 and 100 MHz for lH and 13C, respectively (solvent CDCh). FTIR 
spectra were recorded on a Bruker IFS28 on a KBR pellet (128 scans). 

6.3. Results and discussion 

6.3.1. Isolation and initial characterization of the DeM. The elemental analysis of the 
Blackstone Band (TOC 52.1%) kerogen (Table 6.2) showed that it contained relatively large 
amounts of sulfur as well as oxygen, 17 and 10 wt. % respectively. The atomic H/C, O/C and 
SIC ratios were 1.4, 0.2 and 0.06, respectively, indicating that this is a type U-S kerogen (Orr, 
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Table 6.2 Elemental composition and selected atomic ratio's 
for the Blackstone Band kerogen, before and after correction 
for the amount of ash, and the UCM. 

component kerogen (%t kerogen* (%)b UCM(%) 
C 48.4 63.4 75.7 
H 5.8 7.6 8.0 
N 1.5 2.0 0.9 
o 13.1 c 17.2 6.0 
S 7.5 9.8 8.4 

Ash 23.8 

HlC 1.4 1.3 
O/C 0.20 0.06 
SIC 0.06 0.04 

a Residue after ultrasonic extraction with MeOH and DCM. 
b Elemental composition after correction for the amount of ass. 
c Determined by difference (may be overestimated). 

1986; Killops and Killops, 1993). This is in good agreement with the Hydrogen Index (HI), 768 
mg HC/g TOC (van Kaam-Peters et aI., 1998), which falls in the range of 500-850 mg HC/g and 
thus also points to a type II kerogen. The other oil shale (TOC 10.8%) kerogen also showed a 
relatively high HI, 691 mg HC/g TOC, which points to a type II kerogen. The Tmax for both rocks 
were 425-427°C, indicating that the OM is immature (van Kaam-Peters et a!., 1998; Baskin, 
2001). Py-GCIMS of both kerogens showed relatively abundant amounts of n-alkaneln-alkene 
doublets, alkylated thiophenes and benzo[b]thiophenes and a large contribution of an UCM (i.e. 
72% and 52% of the GC-amenable part of the Blackstone Band pyrolysate and the lower TOC 
oil shale pyrolysate, respectively). 

Off-line pyrolysis was performed on both extracted rocks to isolate the UCM's for further 
study. The pyrolysates were collected and the UCM's were isolated using column 
chromatography (Fig. 6.2A and B). The presence of sulfur in both UCM's was confirmed by the 
high concurrent FPD signal (Fig. 6.2C). By elemental analyses of the Blackstone Band UCM 
(Table 6.2) a general elemental composition of the UCM could be derived: CIOHl2.700.6S0.4NO.l. 
The atomic OIC and SIC ratios showed that the relative amounts of oxygen and sulfur were 
substantial lower in the UCM, compared with that of the kerogen (Table 6.2). This drop in these 
atomic ratios is probably due to the formation of abundant 0- and S-containing gaseous products 
such as CO2, H20 and H2S during pyrolysis. GCIMS analysis of the both UCM's showed that 
they were comparable in composition and thus most likely were composed of similar material 
(Fig. 6.3). In both cases sulfur-containing fragment ions alkylthiophenes (m/z 97, 111, 125, 139), 
alkylthiolanes or alylthianes (m/z 101, 115, 129; Sinninghe Damste et a!., 1986; 1987a; Schmid 
et a!., 1987), are relatively abundant in the summed mass spectra. Analysis of another S-rich 
UCM obtained from the late Cenomanian Tarfaya oil shale (Morocco; Leine, 1986; Kuijpers, 
2001) revealed it to be comparable in composition to the UCM's from the KCF, suggesting that 
the occurrence of S-rich UCM is not solely restricted to the KCF. 
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Figure 6.3 Mass spectra of the UCM of (A) the Blackstone 
Band and (B) the other oil shale pyrolysate. 

6.3.2. Nature of the DeM. There may be several explanations for the unresolved nature of the 
S-rich UCM. One possibility would be that the UCM arises, because an S-rich polymer-like 
structure thermally breaks down during GC analysis, giving rise to a large suite of S-rich low
molecular-weight (LMW) compounds (e.g., Volkman, 1986; Kohnen et aI., 1991; Schouten et 
aI., 1993; Schaeffer et aI., 1995; Kok et aI., 2000a). It has for instance been shown that laboratory 
sulfurization of 3-cholestanone yields dimers linked by two or more sulfur atoms, whereby the 
ketone or aldehyde group is reduced and substituted by sulfur. The products formed during this 
reaction were thermally labile and formed an UCM upon GC analysis (Schouten et aI., 1993; 
1994b). An alternative explanation is that a large number of S-containing components (and 
perhaps other non S-containing components) elute closely to each other, giving rise to an UeM 
(Gough and Rowland, 1990; Killops and AI-Juboori, 1990; 1991). If thermal degradation of an 
S-rich polymer-like structure would be the cause of the UCM, re-analysis by GC of the different 
fractions obtained by preparative capillary gas chromatography (PCGC) would show the newly 
formed S-rich LMW compounds as a restricted number of discrete peaks. If the UCM already 
consists of a large suite of S-components eluting closely to each other, re-analysis of the different 
trapped fractions on the GC would again yield UCM's. To make this distinction four different 
fractions, as well as the remaining GC-amenable fraction, were collected using PCGC from the 
UCM of the Blackstone Band pyrolysate (Run A; Table 6.1) and analyzed by GC and GCIMS 
(Fig. 6.4). Each trapped fraction was again composed of an UCM, albeit smaller in size. The 
obtained UCM's perfectly overlapped with each of the "gaps" in the gas chromatogram of the 
remaining GC-amenable fraction (Fig. 6.4). One can imagine that when these trap fractions are 
combined they would yield a chromatogram that resembles the original chromatogram of the 
UCM. Thus, it is likely that this UCM consists uf a large number of S-compounds that elute 
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closely to each other rather than a S-rich polymer-like structure that thermally breaks down 
during GC analysis. 

6.3.3. Structural characterization. The average mass spectra obtained by GC/MS analyses of 
the different PCGC fractions (Fig. 6.4H-K) showed that the average m/z values of the fragment 
ions increases as the retention time of the fraction analyzed increases, suggesting increasing 
molecular weights. The relative abundance of fragments m/z 111 and 115 revealed that many 
components comprising the UCM likely contain alkylthiophene, alkylthiolane and alkylthiane 
moieties. This indicated that, with increasing molecular weight a large amount of the material 
present has an alkylthiophene, alkylthiolane or alkylthiane-like structure. Fragments with even 
m/z values could be observed in the averaged mass spectra of the PCGC fractions (Fig. 6.4H-K). 
It is most likely that these fragment ions represent molecular ions. Mass chromatography of 
selected, relatively abundant molecular ions (Fig. 6.5) showed that in the case of the molecular 
ions with low m/z values (a.o. m/z 152; Fig. 6.5B) distinctive peaks could be observed in the 
amss chromatograms, probably due to the relatively low numbers ofpossible isomers. As the the 
molecular weight increase, the number of possible isomers increases substantially and the 
various isomers can no longer be detected as single distinctive peaks, but together form an UCM. 

GCIHRMS analysis (Fig. 6.6a; Table 6.3) of UCM C-2 showed that the most likely 
elemental compositions of the main fragments all contained S-atoms. These analysis confirmed 
that the series offragments ion 97 + n x 14 and 87 + n x 14, in Fig. 6.6a represent alkylthiophene 
and alkylthiolane/alkylthiane moieties, respectively. In case of the fragments marked with an 
asterisk in Fig. 6.6A the most likely elemental composition is that of structures containing two 
sulfur atoms, potentially having benzodithiophene like structures (Table 6.3). These are 
comparable to structures identified in the pyrolysate of a kerogen of an extremely organic S-rich 
coccolithic limestone of the Upper Jurassic Calcaires en plaquettes Formation (Southern Jura, 
France; van Kaam-Peters et aI., 1997) Mass chromatography of m/z 218 and 232 (Fig. 6.7) 
showed that these components were part of a series and that a large number of isomers were 
present. In the case of prominent fragment-ions marked with an open diamond in Fig. 6.6A the 
elemental compositions suggested structures with either one, possibly dibenzothiophenes, or two 
sulfur atoms (Table 6.3). Mass chromatograms of the main molecular ions (m/z 212 and 226; Fig. 
6.7) revealed that also these components were part of a series and that, again, a large number of 
isomers were present. 

High-field lH analysis of the original UCM and UCM B-2 led to additional information 
on the identity of compounds present in the UCM. In the lH-NMR experiments of the original 
UCM as well as UCM B-2, aliphatic signals were found with chemical shifts between 0.9-2.0 
and 2.2-3.1 ppm and aromatic signals with chemical shifts between 6.8-8.0 ppm. These 
observations were in good agreement with the results from the APT 13C-NMR experiment of 
UCM B-2. This 13C_NMR experiment was only performed on a trap fraction and not on the total 
UCM to limit the amount of structural heterogeneity. In this experiment peaks were found with 
shifts between 14-21 ppm, most likely originating from methyl groups, between 30-40 ppm, 
most likely originating from S- and O-bound CHx groups, and 118-140 ppm, indicating the 
presence of aromatic carbon atoms. In all NMR experiments hardly any other resonance peaks 
were found, indicating that functional groups, such as aldehydes, alcohols and ketones, are not 
present. 

The FTIR spectrum of the UCM showed absorptions around 3075, 2956, 2923, 1701
1635, 1600-1540. 1458. 1438 and 1375 cm'l due to CH (probably aromatic), CH2 and CH3 
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Table 6.3 HRMS of Blackstone Band UCM C-2 before and after desulfurization 
mlz measured calc. mol ~ DBEb Most likely elemental 

mol Weight weight (mDat compo_s_itI_'o_n__ 
UCMC-2 232 232.0363 232.0380 1.7 8 C13H12Sz 

226 226.0903 226.0850 5.3 4 C12H1SSZ 
226.0816 8.7 9 C1sHl4S 

218 218.0258 218.0224 2.7 8 C1zHlOSZ 
217 217.0121 217.0146 2.5 8.5 C12H9SZ 
212 212.0593 212.0660 6.6 9 CI4H12S 
211 211.0545 211.0581 3.7 9.5 CI4HllS 

211.0615 7.0 4.5 C1IH1SSZ 
197 197.0413 197.0425 1.2 9.5 C13H9S 

197.0413 197.0459 4.6 4.5 CIOH13 Sz 
143 143.0856 143.0894 3.8 1.5 CgH1sS 
139 139.0500 139.0581 8.1 3.5 CsHlIS 
130 130.0761 130.0816 5.5 1 C7Hl4S 
129 129.0710 129.0738 2.8 1.5 C7H13S 
126 126.0483 126.0503 2.1 3 C7HlOS 
115 115.0506 115.0581 7.6 1.5 C6HllS 
112 112.0361 112.0347 1.4 3 C6HsS 
111 111.0310 111.0269 4.2 3.5 C6H7S 
102 102.0420 102.0503 8.3 1 CSHIOS 
101 101.0372 101.0430 5.3 1.5 CSH9S 

UCM C-2 after 216 216.1853 216.1878 2.5 5 Cl6HZ4 
desulfurization 214 214.1676 214.1721 4.6 6 Cl6Hzz 

202 202.1733 202.1722 1.1 5 C1sHn 
200 200.1554 200.1565 1.1 6 ClsHzo 
187 187.1481 187.1487 0.6 5.5 Cl4Hl9 
185 185.1328 185.1330 0.2 6.5 CI4H17 

173 173.1359 173.1330 2.9 5.5 C13H17 

143 143.0864 143.0861 0.3 6.5 CllHlI 
131 131.0859 131.0861 0.2 5.5 ClOH11 
129 129.0709 129.0704 0.5 6.5 ClOH9 
119 119.0860 119.0861 0.1 4.5 C9Hll 
116 116.0608 116.0626 1.8 6.0 CqHs 
97 97.0976 97.1017 4.1 1.5 C7H13 
91 91.0546 91.0548 0.2 4.5 C7H7 
81 81.0687 81.0704 1.7 2.5 C6H9 
69 69.0702 69.0704 0.2 1.5 C=SH---",,9c-__ 

a the absolute difference between the measured mol weight and the calc. mol weight 
b DBE= double bound equivalent 
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Figure 6.6 Mass spectra of UCM C-2 (A) before and (B) after 
desulfurization. Closed diamonds represent series of alkylthiophenes 
moieties and open circle represent series of alkylthiolane or alkylthiane 
moieties. 

groups. An absorption around 1032 cm-1 was also observed, most likely corresponding to c-o 
bonds. No other absorptions were observed indicating that for instance no O-H, C=O, C=S or S
H bonds were present. The FTIR spectrum of UCM B-2 was comparable to that of the original 
UCM. 

6.3.4. Chemical degradation of the DCM. To investigate whether the UCM is composed of 
long-chain S-compounds or S-bound short-chain compounds forming oligomers, the complete 
UCM as well as PCGC fraction UCM C-2 were quantitatively desulfurized with Raney Nickel. 
After desulfurization the original UCM's were transformed into new DCM's (Fig. 6.8). These 
newly formed UCM's did not contain S as confirmed by the absence of an FPD response (cf. Fig. 
6.8B and D). Furthermore, GC/HRMS of UCM C-2 after desulfurization revealed that the 
alkylthiophene, alkylthiolane and alkylthiane fragment-ions, as well as the S-containing 
molecular ions (Fig. 6.6A) were no longer present in this average mass spectrum (Fig. 6.6B). The 
most abundant components in the desulfurized UCM comprised series with suggested structures, 
based on the elemental composition, like indans (marked with a black circle in Fig. 6.6B), 
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Figure 6.7 Mass chromatograms of (A) total ion current (TIC) trace of 
UCM C-2, (B) m/z 212, (C) m/z 226, (D) m/z 218 and (E) m/z 232. Each 
trace is identified with the intensity of the base peak expressed as a 
percentage relative to the intensity of the base peak in the TIC trace. The 
symbols correspond to the same compounds as in Fig. 6.6. 

dodecahydro-s-indacenes (marked with a cross in Fig. 6.6B) and alkylated benzenes (main 
fragment m/z 91; Fig. 6.6B) structures. The newly formed UCM's eluted at smaller retention 
times and were remarkably reduced in quantity (34 to 50%; Table 6.4) compared to the original 
UCM's but, surprisingly, no or hardly any newly formed discrete peaks were observed in their 
chromatograms. This suggests that the S-bound skeletons most likely have a LMW character, i.e. 
containing up to approximately 10 carbon-atoms, and are presumably lost during work up due to 
their volatility. This indicates that the material was probably part of S-bound oligomeric 
structures. 

High-field lH-NMR analysis of the complete UCM after desulfurization revealed that the 
original, aromatic, signals between 6.8-8.6 ppm disappeared, indicating that these signals most 
likely originated predominantly from thiophene moieties and that the contribution of other 
aromatic structures was relatively small. This seems to be in contrast to the GCIHRMS results of 
UCM C-2, since this revealed the presence of a substantial amount of aromatic structures (Table 
6.3). However, these aromatic structures were not abundantly present in the rest ofthe UCM, as 
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Figure 6.8 Gas chromatograms of (A) FID and (B) FPD trace of 
original UCM, (C) FID and (D) FPD trace of UCM after 
desulfurization and (E) FID after desulfurization and Ru04
oxidation. IS: internal standard: [4,4-2H2]-2-methyl-heneicosane. 

Table 6.4 Amounts lost after chemical degradations of Blackstone Band UCM and UCM 
C-2. 

Sample 
Loss during 

degradation step ('Yo) 
Amount left relative 

to starting material ('Yo) 
UCM Original 100 

After Raney nickel 34 66 
After Ru04-treatment 30 36 

UCM C-2	 Original 100 
After Raney nickel 50 50 
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revealed by its average mass spectrum, which explains the absence of the signals of aromatic 
protons in the lH-NMR spectrum of the DCM. In addition, the signals with chemical shifts 
between 2.2-3.1 ppm also disappeared, indicating that most of these signals indeed originated 
from S-bound CHx units. Only aliphatic signals with shifts between 0.8-1.7 ppm were observed 
in the desulfurized UCM. 

In order to obtain additional information on the UCM material that remains after 
desulfurization this material was subsequently treated with RU04, since this among others 
cleaves ether-linkages (Carlsen et aI., 1981; Schouten et aI., 1998d). Similar to the 
desulfurization experiments a large part of the UCM was degraded (30% loss of UCM; Table 
6.4) but no or hardly any new newly formed discrete peaks were observed (Fig. 6.6E). This 
indicates that the material lost upon Ru04-oxidation may also be composed of volatile 
compounds or water-soluble, such as short chain C3-C6 carboxylic (di)acids. No organic sulfur 
was present in the desulfurized DCM, suggesting that these short-chain carbon skeletons can not 
be linked through sulfur. It is known that RU04 cleaves C-O bonds, which means that the 
material lost most likely originated from O-bound, short chain carbon skeletons. 

In summary, the chemical degradation experiments suggest that the UCM is probably for 
the largest part build up of short-chain, S-and O-bound carbon skeletons, forming oligomeric 
structures of diverse molecular weight that elute on the GC as an UCM. 

6.3.5. Stable carbon isotope analysis of the DeM. To obtain further infonnation on the origin 
of the UCM the ol3C values of the original UCM and the UCM's C-l, C-2 and C-3 were 
measured with irm-GC/MS (Table 6.5). The ol3C values of the original UCM and UCM C-l 
were identical, within analytical precision, to the off-line measured ol3C values (Table 6.5). This 
confirmed that irm-GC/MS can be applied to accurately detemline ol3C values of the DCM's. 
The oUC values of the different DCM's were comparable to the corresponding oUC values of the 
TOC, kerogen residue and pyrolysate (Table 6.5). Since the UCM comprises a large part of the 
pyrolysate, and thus also of the TOC, it indicates that ol3C values of the TOC are largely 
determined by the material present in the UCM. The oUC values ofthe different DCM's were 4-5 
%0 enriched in 13C compared to the n-alkenes and n-alkanes and similar, within analytical 
precision, to those of most alkylthiophenes and alkylbenzenes in the flash pyrolysates (van 
Kaam-Peters et aI., 1998). This indicates that the UCM is not derived from the same source as n
alkenes and n-alkanes, i.e. lipid biopolymers (van Kaam-Peters et aI., 1998). In contrast, it is 
likely that the UCM as well as the alkylthiophenes originate from the same 13C-enriched source. 
The o13C values of UCM C-2 before and after desulfurization were identical within analytical 
precision (Table 6.5). This indicates that the material lost likely has the same ol3C value as the 
original UCM and thus may have the same origin. 

Recent studies showed that alkylated thiophenes can originate from sulfurized 
carbohydrates (van Kaam-Peters et aI., 1998; Sinninghe Damste et aI., 1998c; Kok et aI., 2000b; 
van Dongen et aI., 2002b). and that carbohydrates can be enriched by up to 16%0 compared with 
the lipid material (Sinninghe Damste et aI., 2001b; van Dongen et aI., 2002a). This indicates that 
compounds arising from these carbohydrates would be significantly enriched in 13C, which 
would explain the enriched ol3C values for the alkylated thiophenes. The UCM contains a large 
amount of alkylthiophene moieties and shows ol3C values comparable to the alkylthiophenes and 
alkylbenzenes, supporting the idea that sulfurized carbohydrates are a likely source for most of 
the material present in this oCM. In addition, since carbohydrates contain relatively large 
amounts of oxygen (approximately equal amounts of oxygen and carbon in one moleCUle) 
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Table 6.5 The ol3C values of the different Blackstone Band 
01 sate fractions and com ound classes. 

Bulka 
TOC 
Kerogen residue after pyrolysis 
Pyrolysate 
Pyrolysis products 
Alkylthiophenesa 

Alkylbenzenesa 

n-C9-Cll alkene + alkanesa,b 
UCM 
UCMc 

Trap samples 
UCMC-l 
UCM C_lc 

UCMC-2 
UCM C-3 

-20.7 
-20.8 
-21.5 

-19.8 ± 1.5 to -22.1 ± 1.3
 
-20.6 ± 0.5 to -21.6 ± 0.9
 
-24.6 ± 0.3 to -25.7 ± 0.3
 

-22.4 ± 0.4
 
-22.4 ± 0.3
 

-20.9 ± 0.3 
-21.9 ± 0.1 
-2004 ± 0.8 
-20.7±O.l 

UCM C-2 after desulfurization L _--=2:..::.0.:..:.6--=±=--=-0',-=-5 _ 
a van Kaam-Peters et aI., 1998 
bcoelution 
C measured off line 

compared with lipids preservation of carbohydrates would also enhance the OIC ratio. This may 
explain the relatively high OIC ratio found in the kerogen as well as in the UCM (Table 6.2). 
High OIC and SIC ratios have also been observed in other kerogens, for instance the Monterey 
Formation (Jarvie and Lundell, 2001) indicating that carbohydrate preservation could also play 
an role in these kerogens. 

6.3.6. Hypothetical structure for the S-rich material in the kerogen. Based on our results we 
can suggest a hypothetical structure (Fig. 6.9) for the S-rich material present in the KCF 
kerogens. This hypothetical structure consists of a large number of C4-C7 carbon skeletons 
connected through S- and a-linkages. The amount of a in this hypothetical structure is larger 
than the amount of S as indicated by the OIC and SIC ratio's of the kerogen (Table 6.2). This 
material can be formed if carbohydrates escape remineralization in the water column, reach the 
sediment/water interface and become sulfurized. Recent studies have shown that sulfurization of 
carbohydrates is possible and that their carbonyl functionality plays an important role in this 
process (van Dongen et aI., 2003b). Eventually, these sulfurized carbohydrates form a 
"polymeric" structure and are preserved as part of the kerogen. Upon pyrolysis organic material 
is liberated from this kerogen and sulfur is either lost as H2S, usually approximately 30% of the 
original organically bound S (Fig. 6.9; Idiz et aI., 1990) or transformed in thermodynamically 
stable OSC, representing usually >40% of the original organically bound S (Idiz et aI., 1990). 
The alkylated thiophenes, observed as single discrete peaks, fonn a substantial part of the GC
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amenable OSC, representing approximately 6% of the original organically bound S (Eglinton et 
a!., 1990a). A large part of the rest of the GC-amenable OSC are all different kind of OSC, 
eluting very close to each other and forming the DCM. It is likely that the sulfurized 
carbohydrates form a substantial part of S-rich kerogens and that these thermally labile structures 
causes of the early generation of petroleum from S-rich kerogens (Tissot and Welte, 1978; Orr, 
1986; Killops and Killops, 1993; Tegelaar and Noble, 1994; Lewan, 1998). 

Carbohydrates 
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Figure 6.9 Hypothetical "polymeric" structure for the S-rich material present in the KCF 
kerogens, based on our results, and the products obtained from this kerogen upon pyrolysis. The 
percentages indicate the amount of the original organically bound S (Eglinton et a!., 1990a; Idiz 
et a!., 1990). 

105 



Chapter 6 

6.4. Conclusions 

Our results show that the UCM found in pyrolysates of KCF kerogens probably consists of a 
large number of S-bound and a-bound, short chain, carbon skeletons. These skeletons are part of 
oligomeric structures of diverse molecular weight that elute on the GC as an DCM. These 
skeletons most likely originate from S- and a-bound monosaccharides formed through 
sulfurization of carbohydrates during early diagenesis. The composition of the UCM from the oil 
shale with a lower TOC value showed that in this case preservation of material occurred through 
a similar process, although it fonned a less substantial part of the pyrolysate. S-rich UCM's have 
also been identified in a number of other kerogens suggesting that carbohydrate sulfurization 
could be an important mechanism for the preservation of sedimentary organic carbon. 

Sulfurized carbohydrates may form a substantial part of S-rich kerogens and the presence 
of these thermally labile structures probably cause the early generation of petroleum from S-rich 
kerogens. 
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Preservation of carbohydrates through sulfurization: The primary cause of the 
accumulation of organic matter in a Jurassic euxinic shelf sea. 
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A complete total organic carbon (TOC) cycle in the Kimmeridge Clay Fonnation (Upper 
Jurassic) comprising the extreme TOC-rich (34%) Blackstone Band was studied by detailed 
organic geochemical methods to investigate the controlling factors on organic carbon 
accumulation in this cycle. Compared with the surrounding sections the TOC in the Blackstone 
Band section is enriched by a factor of6 and, concomitantly, the ol3Croc shows an enrichment of 
approximately 4%0. To correct for the dilution by inorganic matter, TOC values were nonnalized 
on the aluminium content. These results show that the enhanced TOC values are most likely 
caused by an increase in the accumulation rates of organic matter and not by a decrease in the 
accumulation rate of inorganic matter. A linear correlation is observed between the 013CTOC, and 
the amounts of short-chain alkylated thiophenes and the S-rich unresolved complex mixture 
(UCM) found in the kerogen pyrolysates and the TOC/AI ratios for TOC/AI ratios >2. The 
alkylated thiophenes and S-rich UCM both originate from sulfurized carbohydrate carbon, 
indicating that the primary cause of the TOC maximum is the enhanced contribution of 
carbohydrate carbon to the organic matter. Since carbohydrates can be substantially enriched in 
I3C compared to lipids in single organisms, an enhanced contribution of carbohydrates also 
explains the enriched 013CTOC values observed. Estimations of primary production rates and 
preservation factors based on the barium and aluminium contents for the Blackstone Band and 
surrounding sections show that the primary production increased only with a factor 2 in the 
Blackstone band, while the preservation factor of the carbohydrates increased by a factor 18. The 
enhanced preservation of carbohydrates is most likely caused by longer duration of photic zone 
euxinia as suggested by the large shift in the ratio of the summed amounts of derivatives of 
isorenieratene/Al observed. Enhanced contributions of carbohydrate carbon have also been 
observed in other KCF cycles indicating that the preservation of carbohydrates, rather than an 
increase primary production exerts a primary control in the TOC cycles in the KCF and 
consequently influences the TOC and ol3CTOC values. [n addition, an enhanced preservation of 
carbohydrate carbon through sulfurization could playa more important role in the preservation 
of OC than recognized up to now, especially in shallow euxinic shelf seas. 

7.1. Introduction 

Many studies have been devoted to the nature of organic matter (OM) distribution in the 
geological record and a key question remains which factors, such as primary OM productivity 
and preservation/degradation, are crucial in detennining OM-accumulation ratt:s. Specifically, 
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the controls on OM-accumulation rates in OM-rich marine sediments has been a topic of interest 
to biogeochemists and petroleum geologists, since these sediments are often presumed oil-source 
rocks. A prime example of such an S-and OM-rich sediment is the Kimmeridge Clay Formation 
(KCF), the presumed source rock of most North Sea oils (e.g., Gallois, 1976; Miller, 1989; 
Wignall, 1994a; Cooper et aI., 1995; Tyson, 1996). 

The KCF was deposited in a series of basins that extended form eastern Greenland and 
Canada to offshore Norway, and south to the English Channel (DonS et aI., 1985). It was shown 
that, on shore, the sediments of the KCF display a cyclic alternation of mudstones, bituminous 
shales, oil shales and carbonates with total organic carbon (TOC) contents ranging from 0 to 
values as high as 60% (i.e. almost completely consisting of OM; van Kaam-Peters et aI., 1998), 
but individual cycles vary in thickness and are not always complete (Tyson, 1989; Taylor and 
Sellwood, 2002). In addition, an intriguing positive correlation has been observed between TOC 
and 8l3Croc (Huc et aI., 1992; van Kaam-Peters et aI., 1998; Sinninghe Damste et aI., 1998c). 
Numerous studies have reconstructed the paleoceanographic conditions responsible for 
deposition of sediments and postulated models to explain their extreme TOC content as well as 
the correlation between TOC-contents and 8l3Croc (e.g., Tyson et aI., 1979; 1996; Cox and 
Gallois, 1981; Oschmann, 1988; 1991; Miller, 1989; Huc et aI., 1992; Hollander et aI., 1993; 
Wignall, 1994a; 1994b; van Kaam-Peters et aI., 1998; Srelen et aI., 2000). Some of the models 
assume that these extreme TOC values resulted from increased primary production (e.g., 
Oschmann, 1988; Huc et aI., 1992; Bertrand and Lallier-Verges, 1993; Herbin et aI., 1993; 
Ramanampisoa and Disnar, 1994; Boussafir et aI., 1995; Lallier-Verges et aI., 1997; Srelen et aI., 
2000), whilst other models suggest an enhanced preservation as the primary cause (van Kaam
Peters et aI., 1997; 1998; Sinninghe Damste et aI., 1998c). 

The "productivity" model explains the deposition of TOC-rich sediments by the relatively 
high position of the chemocline and the resulting turbulent entrainment of nutrients which would 
lead to high primary prOduction. However, no shift in the Ol3C values of any of the algal and 
bacterial biomarkers present was observed (van Kaam-Peters et aI., 1998; Sinninghe Damste et 
aI., 1998c), suggesting that a substantially increased primary production can not be the cause of 
the increase in TOC contents. An increased primary productivity may result in a decreased 
isotopic fractionation during photosynthesis (Laws et aI., 1995; Popp et aI., 1998) and 
consequently a similar shift as observed for the Ol3Croc would be expected for the ol3C values of 
biomarkers derived from primary producers. 

The "preservation" models explain the deposition of TOC-rich sediments primarily by a 
decreased remineralisation of the down-ward flux of OM-rich particles. Boussafir et a1. (1995) 
found, using transmission electron microscopy, that sulfurization, of OM by inorganic sulfur, 
could play an important role in the preservation of OM. These authors suggested that primary 
production, sulfate reduction intensity, and lipid sulfurization likely all played a major role in the 
variations in TOe. Based on the increasing abundance of organic S with increasing TOC (and 
o13Croc), van Kaam-Peters et al (1998) suggested that TOC was controlled by the degree of 
sulfurization of OM. Van Kaam-Peters et a1. (1997; 1998) reported that with increasing TOC 
carbon isotopically heavy short-chain alkylated thiophenes become increasingly abundant in the 
pyrolysate of the KCF rock samples. In addition, the material formed upon sulfurization of 
carbohydrates yields high amounts of organic sulfur compounds (OSC) upon pyrolysis 
(Sinninghe Damste et aI., 1998c; Kok et aI., 2000b; van Dongen et aI., 2002b). These products 
were mainly short-chain alkylthiophenes, similar compounds as the OSC found in the 
pyrolysates of the KeF, suggesting that thc isopically enrichcd short-chain thiophenes in the 
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pyrolysates of the KCF are probably derived from sulfur-bound carbohydrates in the kerogen 
(van Kaam-Peters et ai., 1998). Van Dongen et aI. (2002c) showed that the unresolved complex 
mixture (UCM), present in large amounts in rock samples from the KCF, also had it primary 
origin in the preservation of sulfurized carbohydrates making the enhanced preservation model 
more likely. Carbohydrates can be enriched in l3C (up to 16%0) relative to the lipids in a single 
organism (Sinninghe Damste et aI., 2001b; van Dongen et aI., 2002a). This indicates that the 
differences in the preservation of labile carbohydrate carbon through sulfurization may explain 
the high l3C-contents of short-chain alkylated thiophenes and the range in ()13CTOC in the KCF. 

The detailed organic geochemical work done by van Kaam-Peters et ai. (1998) was 
performed on a suite of outcrop samples covering a long period in time (approximately 1.5 Ma). 
Their study, however, did not focus on the mechanism for the observed TOC cyclicity in the 
KCF in relation to the &l3CTOC enrichment. The KCF covers a large number of TOC cycles 
(Morgans-Bell et ai., 2001). We therefore examined a selected set of sediments taken from a core 
section covering a single TOC-cycle, around the Blackstone Band, the main oil shale bed of the 
KCF with extremely high TOC content (Morgans-Bell et aI., 2001; Fig. 7.1). Our results show 
that enhanced preservation of carbohydrates through sulfurization rather than primary 
productivity exerts a primary control on TOC accumulation rates and the &l3CTOC in TOC cycles 
of the KCF. 

7.2. Experimental 

7.2.1. Sample description. Samples were obtained from a core from the Swanworth quarry 1 
borehole [SY 9675 7823], South Dorset, United Kingdom. This core was drilled as part of the 
UK Natural Environment Research Council's Rapid Global Geological Events special topic 
'Anatomy of a Source Rock'. A complete description of the core is given by Morgans-Bell et aI. 
(2001). Eighteen samples were taken, at approximately 20 cm intervals, from 241.7 m to 245.7 m 
depth (Table 7.1). This covers the period around the Blackstone Band (Fig. 7.1). The samples 
were freeze dried and stored frozen (-20°C) prior to use. The extraction scheme as well as the 
methods used are schematically depicted in Fig. 7.2. 

7.2.2. Extraction and fractionation. The Soxhlet extractions, asphaltenes removal and 
separation of the maltene fractions in saturated hydrocarbon, aromatic hydrocarbon and polar 
fractions were performed as described previously (van Kaam-Peters et ai., 1998; Fig. 7.2) and a 
mixture of four standards was added to the total extract for quantitative analysis (Kohnen et aI., 
1990a). Further cleaning of the saturated hydrocarbon fractions was performed with column 
chormatography using a column (Scm x lcm) packed with Ag+-impregnated silica by elution 
with hexane (20 ml). The fractions obtained were analyzed by gas chromatography (GC), gas 
chromatography-mass spectrometry (GCIMS), and, in selected cases, by isotope-ratio
monitoring GCIMS (irm-GCIMS) as described below. The residues after extraction were dried 
and used for Curie-point pyrolysis-gas chromatography / flame ionisation detection (Py-GCIFID) 
and Curie-point pyrolysis-gas chromatography / mass spectrometry (Py-GC/MS). 

7.2.3. Instumental analysis. Carbonate contents were determined by weighing the dry sediments 
before and after decalcification (1M HCl at room temperature). Total Organic carbon (TOC) 
contents were determined on a Fisons Instruments NCS-1500 Elemental Analyzer using flash 
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Figure 7.1 (A) General vertical section of the Upper Kimmeridge Clay in Dorset and (B) 
enlargement of the TOC around the Blackstone Band. The lithology is according to Morgans
Bell et aI. (2001). 

combustion at 1030 DC. The Ol3C values (versus VPDB standard) were measured on bulk 
sediments, after removal of the inorganic carbonates with diluted 1M HCl at room temperature 
for 16 h, on the same machine, connected, via a ConFlo Interface, to a Thermofinnigan Delta 
plus mass spectrometer. C02 was used as the reference gas. Standard deviations of replicate 
measurements were always better than 0.2%0 vs. VPDB. 

GC, GCIMS and irm-GC/MS were carried out as described previously (van Kaam-Peters 
et aI., 1997). Py-GC/FID and Py-GCIMS were conducted on a Hewlett-Packard 5890 gas 
chromatograph using a FOM-5LX or FOM-4LX unit, respectively, for pyrolysis. The powdered 
samples were pressed on a flattened ferromagnetic wire with a Curie-point temperature of 61 O°e. 
The same conditions were used as described previously (van Kaam-Peters et aI., 1997). In case 
of the measurement of the UCM of the flash pyrolysate the gas chromatograph was programmed 
from O°C (5 min) to 300°C (20 min) at a rate of 6°C/min. 

The samples were ground and homogenized in an agate ball mill prior to analysis by x
Ray Fluorescence (XRF) at the University of Oldenburg. Ca. 600 mg of the powder was mixed 
with 3.6 g of LbB407 and pre-oxidized at 500°C for 5 h followed by the addition of 19 of 
NH4N04 and heating at 500°C for 4 h. The samples wen: melted at 1200°C in platinum crucibles 
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Table 7.1 Depth, TOC, &13CTOC, carbonate concentration and XRF 
data for the samples analyzed. 
Sample Depth TOC &13CTOC Carbonate Ba 

(m) (%) (%0) (%) (ppm) 
KCFl 241.7 13.1 -23.1 24.7 13.5 255 
KCF2 241.9 5.0 -25.0 21.3 16.0 298 
KCF3 242.1 3.8 -25.6 19.0 16.8 285 
KCF4 242.4 4.5 -24.5 13.1 15.8 295 
KCF5 242.7 4.4 -24.4 14.7 15.6 301 
KCF6 242.9 3.9 -24.5 13.3 15.3 286 
KCF7 243.2 4.7 -25.1 15.8 16.2 291 
KCF8 243.5 13.5 -23.9 18.1 15.0 247 
KCF9 243.7 15.9 -23.5 17.4 13.5 282 
KCFIO 243.9 31.1 -22.9 15.3 9.0 537 
KCFll 244.1 33.1 -21.3 24.8 5.9 144 
KCF12 244.3 33.6 -21.1 32.6 4.0 211 
KCFI3 244.5 28.7 -21.9 27.8 7.3 165 
KCF14 244.7 5.9 -25.0 40.5 10.1 246 
KCF15 244.9 5.5 -25.7 22.4 13.9 365 
KCF16 245.3 5.4 -26.0 19.3 13.9 301 
KCF17 245.5 9.7 -26.2 20.1 14.4 263 
KCF18 245.7 12.0 -26.8 16.3 16.2 272 

b n.d. = not determined 

and cooled in platinum disk moulds. The disks were analyzed with a Philips PW 2400 X-ray 
spectrometer and analytical precision was verified by preparation and analysis of several in
house and international standards. Precision and accuracy was better than 2%. 

7.2.4. Quantification. The most abundant n-alkanes, pristane and phytane were quantified by 
comparing their peak areas in the FID-trace to that of the internal n-alkane standard. The 
remaining n-alkanes and 3-isopropyltetracosane (I) were quantified by integrating their peak 
areas in the m/z 57 mass chromatogram and comparison with the peak areas of the C23 n-alkane 
with a known concentration. The concentrations of the most abundant derivates of isorenieratene 
(II-XVI), 5a-cholestane (XVII), 4-methyl-5a-steranes (XVII) and the C3o-C31 hopanes (XIX
XX) were determined as described previously (van Kaam-Peters et aI., 1998; Sinninghe Damste 
et aI., 200Ia). The C29-C30 neohop-13(18)-enes (XXI-XXII) and C2S-C26 aromatic hopanoids 
(XXIII-XXIV) were quantified by integrating their peak areas in the m/z 191 (neohopenes), 328 
(hopanoid XXIV) or 346 (hopanoid XXIII) mass chromatograms and compared with the C23 n
alkane in the mlz 57 mass chromatogram. The concentrations were corrected for the different 
relative intensities of their fragment ions, using correction factors determined from mass spectra 
of pure compounds. 

The 2,3-dimethylthiophene over (1 ,2-dimethylbenzene + n-non-1-ene) ratio (Eglinton et 
aI., 1990b), the 2-methylthiophene over toluene ratio, the 2-ethylthiophene + 2,5
dimethylthiophene over (2-ethylthiophene + 2,5-dimethylthiophene + 2,4-dimethylthiophene + 
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extraction 

2,3-dimethyithiopene) and the ratio of 
benzothiophenes over toluene were 
calculated as described by van Kaam-Peters 
et ai. (1998). 

The ratios ofUCM over CI8 to C27 n
alkanes and n-alkenes were calculated from 
the area of the UCM corrected for bleeding of 
the stationairy phase of the capillary column 
and the peak areas of the CI8 to C27 n-alkanes 
and n-alkenes in the FID trace. 

7.3. Results 

column (hexane; 
7.3.1. Bulk analyses. The TOC and 

hexanelDCM; I---,.--j polar fraction carbonate content of the studied sediments 
DCMlMeO~H~)~_,...--, ,,..1...:==:=.::=:::;-----' ranged between 4% and 34% (Fig. 7.3) and 

saturated aromatic 
15 and 41%, respectively (Table 7.1). The 

hydrocarbon hydrocarbon TOC contents showed a systematic variation 
fraction fraction with depth, peaking at 244.3 m depth in the 

Blackstone Band (Fig. 7.3). The Ol3CTQC
GC GC values ranged from -21%0 to -27%0 with most 

GCIMS GCIMS l3C enriched values at peak TOC values (Fig. 
IRM-GC/MS 7.3). The Ab03 and Ba content varied 

between 1.4 and 6.1% and 2.9 and 5.5%, 
Figure 7.2 Analytical flow diagram.	 respectively (Table 7.1). The Ab03 and Ba 

both showed minimum values at peak TOC
contents (Table 7.1). 

7.3.2. Extractable organic matter. 
7.3.2.1. Free, acyclic hydrocarbons. The saturated hydrocarbon fractions of the extracts of all 
sediments were dominated by n-alkanes, pristane and phytane. The concentration (normalized to 
TOC) of pristane, phytane, 3-isopropyltetracosane (I), C21 and C23 n-alkanes as well as the 
summed concentration of the CW C35 (except C2\ and C23) n-alkanes showed a minimum in the 
interval of 243.5 to 244.5 m (Fig. 7.3), exactly at peak TOC-contents. In all sediments the 
distribution of n-alkanes showed distinct maxima at C21 and C23 n-alkanes, in agreement with 
previous reports (Fig. 7.4; e.g., Williams and Douglas, 1980; 1983; van Kaam-Peters et aI., 
1998). The ol3C values of the n-alkanes showed the same pattern as reported by van Kaam
Peters et aI. (1997; 1998), i.e. with substantially enriched values (2%0 to 16%0) for C23 and C21 n
alkanes compared to the CW C35 n-alkanes (Fig. 7.4). The Ol3C values ofthe weighted-average of 
C2\ and C23 n-alkanes varied between -17%0 and -25%0 and showed a similar depth trend as the 
Ol3Croc values, with maximum 13C contents at the interval of 243.5 to 244.5 m depth (Fig. 7.5). 
This trend was not observed, or was relatively small, for the ol3C values of pristane, phytane, the 
other n-alkanes, or 3-isopropyltetracosane (I; Fig. 7.5). This latter component was the most l3C_ 
enriched saturated hydrocarbon biomarker at Ol3C values of ca. -17%0. 
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7.3.2.2. Steroids and hopanoids. 

21 25 29 33 

Concentrations of 5a-cholestane (XVII) and TOC = 3.8% -15 
4-methyl-5a-cholestane (XVIII) varied242.1 m depth 
between 3-35 llg/g TOC and 4-17 llg/g TOC, 
respectively, with a minimum in-25 
concentration at peak TOC values (Fig. 7.6). 50	 . 
The distribution of hopanoids in the saturated 
hydrocarbon fractions were dominated by

-l'-'JU\'-',lJ,~.J,LY-J,U,U,u,u,.L.Y-'JlJpF.'r+'I- -35 '-;;' C29-C30 neohop-(13)18-enes (XXI-XXII),
-15 C (22R)- 17a,21 ~(H)·homohopane (XVII) andu 

r 

17a,21 ~(H)-hopane (XVIII). The summed 

M 
J concentration of the two hopanes (XIX-XX) 

-25 "to varied between 7-43 llg/g TOC and showed a 
concentration minimum at peak TOC values 
(Fig. 7.6). The summed concentration of the 
C29-C30 neohop-(l3) 18-enes (XXI-XXII)MJ,o.o,1J,o,UAUI:~I,e,-,-.,.,..,-1- -35 
varied between 10-76 llg/g TOe. In the 

TOC = 9.7% -15 aromatic hydrocarbon fractions substantial 
245.5 m depth amounts of C2S-C26 aromatic hopanoids 

(XXIII-XXIV) were present and the summed 
-25 concentration varied between 0.3-18 llg/g 

TOC. In contrast to the C30·C31 hopanes 
(XIX-XX), a concentration maximum for the 
C 2S-C26 aromatic hopanoids (XXIII-XXIV) 

50-1~~11::1 

+¥-','-J,I-JI'-'JU,/-',4LJ,LY.J,LY-.!f.Jf-I'-'JU,,e,..,Cf- -15 
17 was observed in this interval (Fig. 7.6). 
-----l.~carbon number 

7.3.2.3. Derivatives of isorenieratene. The 
aromatic hydrocarbon fractions of allFigure 7.4 Concentrations (llg/g TOe) and 
sediments contained abundant derivatives	 ofol3 C values (%0) of individual n-alkanes in 
isorenieratene (II-XVI) as reportedthe saturated hydrocarbon fractions of 
previously by van Kaam-Peters et aI. (1997;sediments from the studied section. 
1998) and Sinninghe Damst6 et aI. (2001b). 
Internal distributions of the derivatives of 

isorenieratene (II-XVI) were similar in most sediments. In the majority of the rocks the most 
dominating components were derivatives II, III, VI, VII and XV. The summed concentrations 
of the isorenieratene derivates (II-XVI) are highly variable, ranging from 35-410 Ilg/g TOC and 
showed a maximum at peak TOC values (Fig. 7.6). 

7.3.3. Kerogens. All flash pyrolysates of the kerogens were characterised by a series of n
alkanes and n-alkenes, alkylated thiophenes and benzothiophenes, and a series of alkylbenzenes 
(Fig. 7.7; c.f. van Kaam-Peters et aI., 1997; 1998; van Dongen et aI., 2002c). Apart from discrete 
peaks a large, S-rich UCM was present in all the kerogen pyrolysates (Fig. 7.7). Although the 
same compound classes were present in the pyrolysates of all the kerogens, their relative 
abundances differed substantially. The ratios of 2-methylthiophene over toluene, C1-C2 alkylated 
benzothiophenes over toluene and 2,3-dimethylthiophene over (1,2-dimethylbenzene + n-non-l
ene) changed substantially with depth (Fig. 7.8). All these ratios were higher in the peak TOe 
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Figure 7.5 The l)13C values (%0) of 3-isopropyltetracosane (I), TOC, n-C21 and n-C23 n-alkanes, 
CWC35 (excluding C2l and C23) n-alkanes, phytane and pristane versus depth. In the case of the 
n-alkanes the l)13C values ofthe weight averages was used. 
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Ineohop-(13) 18-enes 
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Figure 7.6. Concentrations (~g/g TOC) ofhopanoids, steroids and derivatives ofisorenieratene 
(II-XVI) versus depth. 
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TOC=3.9% 
242.9 m depth 

--...Retention time 

Figure 7.7 Gas chromatograms of two typical flash pyrolysates of 
kerogens. Filled circles represent homologous series of n
alkanes/n-alkenes. I = 2-methylthiophene and toluene, 2 = 2,5
dimethylthiophene, m-xylene and p-xylene, 3 = 2-ethyl-5-methyl
thiophene and 4 = 1,2,3,4-tetramethylbenzene. The area between 
the base line of the chromatogram and the stippled line represents 
the unresolved complex mixture (UCM). 

interval. In addition, the (2-ethylthiophene + 2,5-dimethylthiophene)/(2-ethylthiophene + 2,5
dimethylthiophene + 2,4 dimethylthiophene + 2,3-dimethylthiophene) ratio versus depth showed 
substantial changes (Fig. 7.8) and the highest values were found at peak TOe. The ratio of the 
UCM over C1S-C27 n-alkanes and n-alkenes also changed substantially with depth and showed 
higher values at peak TOC (Fig. 7.8). 

7.4. Discussion 

7.4.1. Organic carbon accumulation. The Blackstone Band section of the KCF is characterized 
by high (up to 34%) TOC contents (Table 7.1; Fig. 7.3). These changes can either be caused by 
changes in TOC accumulation rates or by changes in inorganic matter accumulation rates. 
However, since no detailed age model is currently available for these Jurassic rocks to 
discriminate between these two possibilities, an alternative approach needs to be used. To correct 
for the dilution by inorganic matter, TOC values were normalized on the aluminium content. 
This ratio can be used as a proxy for organic carbon (OC) accumulation rates if the delivery of 
clay (the predominant source for aluminium) from the surrounding continents to the basin 
remains constant over time. Although this assumption is probably not realistic, this approach at 
least compensates for dilution of the OC flux by clay and all other inorganic matter. Like the 
TOC content (Fig. 3), the TOC/AI ratio (Fig. 7.9) shows a distinct maximum at 244.3 m depth. 
This maximum is even more distinct than in the TOC profile since the aluminium content in the 
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Figure 7.8 Benzothiophenes over toluene, 2-methylthiophene over toluene, 2,3
dimethylthiophene over (1,2-dimethylbenzene + n-non-l-ene), 2-ethylthiophene + 2,5
diemthylthiophene over (2-ethylthiophene + 2,5-dimethylthiophene + 2,4 dimethylthiophene + 
2,3 dimethylthiophene) and UCM/(C18 to C27 n-alkanes + n-alkenes) in kerogen pyrolysates 
versus depth. BT = benzothiophenes, MT = methylthiophene, DMT = dimethylthiophene, DMB 
= dimethylbenzene, ET = ethylthiophene. 
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TOC-rich interval drops substantially (Table 7.1). This suggests that the OC accumulation rates 
have varied substantially. Based on the TOC/Al ratio profile the studied core-section can be 
divided in 6 different sub-sections (sub-sections A to F in Fig. 7.9). Sub-section C has the 
highest TOC/Al values, sub-section Band E the lowest values and sub-section D shows 
intermediate values. This indicates that these sections comprise one complete cycle with sub
sections Band E being the start and end of the cycle, respectively. The two remaining sub
sections, A and F, show slightly enhanced values in the TOC/Al ratio compared to sub-sections 
Band E and probably represent the start and end of two other cycles. Since these two sections 
are not part of the single TOC cycle they are not included in further discussions. 

From the average TOC/AI ratios of the different sections (Table 7.2) an emichment factor 
based on the average values of sub-section Band E relative to sub-section C can be calculated, 
showing that the TOC/AI ratio was emiched by a factor 19 (Table 7.3). This suggests that an 
increase in TOC-accumulation rate was the primary cause of the increased TOC values in this 
single cycle. Even if the clay accumulation rates decreased by a factor two in the TOC-rich 
section, TOC accumulation must have increased substantially by almost a factor 10. 

Table 7.2 Average values of the TOC/Al ratio, ol3C values of 
TOC (ol3CTOC), phytane (o13CphYtane) and 3-isopropyl
tetracosane (I; 013C isoprop) for the different sub-sections. 
Sub TOC/AI 013CTOC 013Cphytane 013C isoprop 
section (%0) (%0) (%0) 

B 0.9 -25.6 -32.5 -16.2 
C 10.1 -21.8 -31.5 -16.6 
D 2.0 -23.5 -31.8 -16.7 
E 0.4 -24.8 -32.7 -16.8 

Table 7.3 The emichment factor organic carbon and biomarkers over 
aluminium. 
Ratio (vs AI) Enrichment factor" 
TOC 19 
pristane 7 
Phytane 9 
Iderivatives of isorenieratene (II-XVI) 41 
IC30-C3lhopanes (XIX-XX) 12 
IC29+C30 neohop-(13)I8-enes (XXI-XXII) 53 
IC2S+C26 aromatic hopanoids (XXIII-XXIV) 75 
4-methyl-5a-cholestanes (XVIII) 28 
5a-cholestane (XVII) 9 
C2l n-alkane 10 
C23 n-alkane 11 
Cl9 n-alkane 6 
3-isopropyltetracosane (I) 11 

"(average of sub-section C)/(average of sub->:ection B+sub-section E) 
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7.4.2. What causes the large variations in 013CTOC? Besides a cyclicity in TOC contents, the 
Blackstone Band of the KCF is also characterized by relatively enriched o13CTOC values (up to 
-21%0), also showing a cyclicity (Table 7.1; Fig. 7.3). When the TOC/Al ratio is plotted against 
the o 

13CTOC values, the samples are distributed along two lines (Fig. 7.10). For sediments with a 
TOC/Al ratio <2, o13CTOC seems to be independent of the TOC/Al ratio (line I in Fig. 7.10). 
However, for the OM-rich sediments (TOC/Al ratio >2) there is a linear relationship between the 
TOC/AI ratio and 813CTOC with more enriched 813CTOC at higher TOC/AI ratio's, (Line II in Fig. 
7.10). 

Toe 
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 -26 
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Figure 7.10 Cross-plot of the TOC/AI ratio and 813CTOC (filled symbols) and 
0 13Cphytane (open symbols). Line I and II are linear regression lines through the 
samples of sub-sections Band E and C and D, respectively. The sub-sections are 
defined as in Fig. 7.9. 
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Enriched ol3C values can result from an enrichment in l3C of the dissolved inorganic 
carbon (ol3Cmc) in the paleowater column, the carbon source of phytoplankton, or from 
increased primary productivity, which may result in a decreased isotopic fractionation during 
photosynthesis (Laws et aI., 1995; Popp et aI., 1998). In both cases a similar shift as observed for 
the ol3CTOC would be expected for the 013C values of biomarkers derived from primary 
producers. As a general biomarker for primary producers, phytane, likely derived from the side
chain of chlorophyll-a in photoautotrophic organisms (Volkman, 1986), can be used. In contrast 
to the 013CTOC, the 013C value of phytane (oI3Cphytane) shows no substantial shift with increased 
TOC/AI values (Fig. 7.10). In addition, the ol3C for 3-isopropyltetracosane (I; ol3C isoprnp; Table 
7.2), a biomarker with a very specific structure but of unknown marine origin (Schouten et aI., 
1998a), also remains constant with increasing TOC/AI values. This indicates that a shift in 
Ol3Cmc of surface waters as well as a substantially increased primary production, resulting in 
reduced isotopic fractionation during photosynthesis, can not be the primary cause for the 
observed shift in 013CTOC. 

An alternative explanation could be that the changes in 013CTOC at TOC/Al ratio's >2 are 
caused by a mixing of marine and terrestrial OM. In present day systems terrestrial OM is 
relatively depleted in 13C (between 4 and 12%0; Tyson, 1995) compared to marine OM. 
However, the difference between ol3C values ofterrestrial and marine OM in Jurassic times was 
quite different: terrestrial OM was not substantially depleted but slightly enriched in 13C. For 
instance, Jurassic wood has o13C values around -25%0 (Hesselbo et aI., 2000; 2002). This value is 
approximately 3%0 enriched in 13C relative to the estimated average 013C value of the marine 
OM, which is approximately 4%0 enriched in 13C compared to the 013Cphytane (Collister et a!., 
1992; Schouten et a!., 1998c), resulting in values around -28%0. This indicates that the 
differences in o13C values between terrestrial and marine derived material are relatively small 
and cannot account for the observed shifts in 013CTOC. In addition, analysis of kerogen 
pyrolysates of all samples showed only minor contributions of compounds of terrestrial origin 
(Fig. 7.7). These observations are confirmed by microscopic observations on comparable KCF 
sediments, which also reveal a low contribution of terrestrial OM (Hue et aI., 1992; Boussafir et 
aI., 1995; van Kaam-Peters et aI., 1998). This indicates that the observed 3 - 4%0 enrichment in 
013CTOC in sub-section C (Table 7.2) must be due to variation in the marine component of the 
sedimentary OM and can not be the result of varying contributions of terrestrial derived OM. 

The changes in 013CTOCcan potentially be caused by a shift in the relative contribution of 
marine sources with different isotopic compositions. Specifically, an increased contribution of an 
isotopically enriched source in the TOC-rich sediments would then be expected. A large range in 
013C values is apparent for the marine biomarkers in the KCF with two distinct 13C enriched 
sources. The first group of 13C-enriched biomarkers are the derivatives of isorenieratene (11
XVI), originating from Chlorobiaceae (green sulfur bacteria; Koopmans et aI., 1996b) with ol3C 
values of ca. -17%0 (van Kaam-Peters et aI., 1997; 1998). Their enriched ol3C values result from 
the distinct biochemical inorganic carbon fixation pathway of Chlorobiaceae, i.e. the reversed 
tricarboxylic acic cycle (Sirevag and Onnerod, 1970; Summons and Powell, 1986; Sinninghe 
Damste et aI., 1993b; van der Meer et aI., 1998). Another 13C-enriched biomarker is 3
isopropyltetracosane (I), also with o13C values around -17%0 (Fig. 7.5). This biomarker originates 
from an, up to now, unidentified marine organism (Schouten et aI., 1998a). In addition, also 
enriched 013C values for the C2\ and C23 n-alkanes were observed with the most l3C-enriched 
values at peak TOe (Fig. 7.5). Schouten et al. (l998a) postulated on biochemical and isotopic 
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grounds that these n-alkanes also derive from the unknown marine organism responsible for the 
3-isopropyltetracosane (I). Consequently, the n-alkanes from this source would have ol3C values 
around -17%0. Both n-alkanes as the other n-alkanes will also originate from photoautotrophs 
with 013C values around -30%0. A mixed input from both sources is thus the most likely 
explanation for the observed shifts (Fig. 7.5). 

An enhanced contribution of cell material of these 13C-enriched marine organisms could 
explain the enrichment in 013CTOC. If this were the case, an enhanced input of their biomarkers 
would be expected. To verify this, the enrichment factors for the ratios of the individual 
biomarkers over aluminium (Fig. 7.9) were determined in an identical way as described for the 
TOC/AI enrichment factor (Table 7.3). These enrichment factors were compared with the 
enrichment factor of TOC as well as phytane, a general biomarker for non 13C-enriched 
photoautotrophs. 3-Isopropyltetracosane (I) as well as the C2l and C23 n-alkanes show 
enrichment factors which are a factor 2 lower than that ofTOC but comparable to that ofphytane 
(Table 7.3). This suggests that the contribution of biomass of the unidentified organism 
responsible for these relatively 13C-enriched biomarkers remains relatively constant compared to 
the input of photoautotrophic OM and can thus not be responsible for the shift in 013CTOC' 
However, the enrichment factor for isorenieratene derivatives (II-XVI) was approximately 4 to 5 
times higher than for phytane and ca. 2 times higher than for TOC (Table 7.3), suggesting that an 
increased contribution of biomass originating from Chlorobiaceae could cause the enrichment in 
13C of 013CTOC. In that case large amounts of cell material from Chlorobiaceae must be preserved 
and this should be revealed by the composition of the kerogen pyrolysates. Hartgers et ai. 
(1993a; 1993b; 1994b) showed that kerogens pyrolysates of sediments anomalously enriched in 
derivatives of diaromatic carotenoids contain 1,2,3,4-tetramethylbenzene (TMB) as the dominant 
constituent. This product is formed by thermal breakdown of macromolecularly bound 
diaromatic carotenoids in the kerogen. However, isotopic considerations indicated that even 
these sediments, besides these carotenoids, contain no other preserved biomass of these green 
sulfur bacteria (Hartgers et aI., 1993b). In the KCF sediments the abundance of TMB in the 
kerogen pyrolysates is substantially smaller than in the sediments studied by Hartgers et ai. 
(l993a; 1993b; 1994b; Fig. 7.7), This makes the preservation of large amounts of biomass of 
Chlorobiaceae not likely and indicates that it is unlikely that preservation of 13C-enriched 
biomass from marine OM with an enriched 013C signature is the primary cause for the shift in 
013CTOC. 

Since a shift in marine sources seems not to be the cause of the observed shift in 013CTOC, 
it is possible that it was caused by a change in the relative preservation of the different, 
isotopically distinct, compound classes. Clues for such a shift are obtained from the flash 
pyrolysates of the kerogens (Fig. 7.7), which reveal a marked change in their composition with 
increasing TOC/AI ratios. Specifically, the relative contribution of OSC, i.e. the short-chain 
alkylated thiophenes and benzothiophenes and the S-rich UCM, substantially increased in 
sediments with TOC/AI >2 (Fig. 7.11). The summed OSC and the S-rich UCM can make up the 
major fraction of the GC-amenable part of the kerogen pyrolysate and thus likely of the OM. It 
was shown that the short-chain alkylated thiophenes as well as the S-rich UCM were relatively 
enriched in l3C compared to the lipid derived OC (van Kaam-Peters et aI., 1998; van Dongen et 
aI., 2002c). This suggests that a relative increase in the contribution of their precursors in the 
kerogen would cause a substantial enrichment in the Ol3CTOC. It has been shown that these short
chain alkylated thiophenes as well as the S-rich UCM originate from carbohydrates, which 
became incorporated in kerogen during early diagenesis by reaction with reduced inorganic 

123 



Chapter 7 

3 

A 

(l) 2l=< 
(l) 

.E 
0 

ct: 
Eo-< 
:::E 
C"'l 1 

~A 
0 

0 6 12 18 

0 6 18,-., 12 
'" 

0 

3 

• B 

(l) 2
l=< 
(l) 

E 
0 

ct: 
Eo-< 
o:l 

1:j150 
C(l) 

~ 
o:l 

I 
l:: 
+ 
~ 100 a 
~ •~ 
t

is 50 
0.... t00 

u 
'-' 

~ 0u 
~ 0 6 12 18 

• TOC/Al 

Figure 7.11 Cross-plot of TOC/Al ratio and (A) 2-methylthiophene 
over toluene, (B) benzothiophenes over toluene and (C) UCM/(C18 
to C27 n-alkanes + n-alkenes) in kerogen pyrolysates. MT = methyl
thiophene, BT = benzothiophene. Symbols represent sub-sections 
and are defined in Fig. 7.10. 
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species (i.e. sulfurization) in stead of being remineralized (van Kaam-Peters et aI., 1998; 
Sinninghe Damste et aI., 1998c; Kok et aI., 2000b; van Dongen et aI., 2002a; 2002b). 
Carbohydrates can be substantially enriched in l3C, up to 16%0, compared with lipids within 
single organisms (Sinninghe Damste et aI., 2001b; van Dongen et aI., 2002a), which explains the 
l3C-enriched Ol3C values for the short-chain alkylated thiophenes and the S-rich DCM. The more 
l3C-enriched 013CTOC values at peak TOC/Al (Fig. 7.10) can thus be explained by an increased 
contribution of sulfurized carbohydrate carbon. 

Carbohydrates, which form a large part of the organic matter produced during 
photosynthesis (up to 70%) in the upper part of the water column (Romankevich, 1978; Benner 
et aI., 1992; Pakulski and Benner, 1992; Skoog and Benner, 1997) are generally rapidly 
remineralized and are hardly preserved in sediments (Arnosti et aI., 1994; Arnosti and Repeta, 
1994; Arnosti, 1995). However, if carbohydrates would be preserved, this would not only cause a 
enrichment in 013CTOC but also result in a substantial increase in the accumulation rate of 
sedimentary OC. Preservation of carbohydrates could thus explain the observed relationship 
between ol3CTOC and TOC/Al ratio's (Fig. 7.10; line II). In this model primary production rates 
could remain constant. 

7.4.3. Did increased production of OM playa role in the TOe cycle? Sedimentary barium 
(Ba) is generally considered as an indicator for palaeoproductivity since Ba originates from 
barite formed in decaying phytoplankton OM (Dymond et aI., 1992; Francois et aI., 1995), and it 
has been shown that barite formation occurs in the well oxygenated open ocean as well as in 
euxinic basins (Dymond et aI., 1992; Falkner et aI., 1993; Francois et aI., 1995; Dean et aI., 
1997). Thus, the BaJAl ratio may be used as an indicator for primary production (PP). The 
average BaJAl ratio in sub-section C shows an approximately two-fold increase compared with 
the average BaJAl ratio in sub-sections B and E (Table 7.4), suggesting enhanced productivity 
during peak TOC/Al ratio's. 

Table 7.4 The average BaJAl ratio, and calculated sedimentation rate 
(sed. rate), organic carbon accumulation rate (OCaee), primary 
production (PP), and preservation factor (PF) for the different sub
sections. 
sub-section BaJAl 

('104 
) 

sed. rate. 
(cm'ky-') 

OCaee 
(gC·m-2 . il) 

PP PF 
(gC'm-2y') ~ 

B 45.5 2.5 1.8 45 4 
C 75.4 5.5 21.9 64 33 
D 35.3 2.5 4.7 33 14 
E 34.6 2.5 1.3 37 4 

Assuming that the mechanism for Ba enrichment in decaying OM during this Jurassic 
time interval was comparable to that proposed for more recent settings (Bishop, 1988), the 
average marine productivity for the four different sub-sections from Ba accumulation rates can 
be estimated. However, it has to be considered that the productivity values obtained here 
probably represent underestimates since under suboxic to anoxic conditions Ba preservation may 
be reduced (Dymond et aI., 1992; Falkner et aI., 1993; Francois et aI., 1995; McManus et aI., 
1998). Using the equation of Eppley and Peterson (1979) the average primary production (PP) 
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for the different sub-sections was calculated (Table 7.4). To this end the export productivity 
(EP), the OC flux (in gC·m'2f l) transported out of the photic zone, was calculated using 
equations reported elsewhere (Dymond et a!., 1992; Francois et a!., 1995; Nijenhuis and de 
Lange, 2000). The concentration of biogenic Ba was calculated using the Al content of the 
individual sub-sections and assuming a detrital BaJAI ratio of 1.9xlO-3 (van Os et a!., 1994). The 
EP was calculated assuming an average dry bulk density for organic material and inorganic 
material of 1.25 (Hartgers et a!., 1995) and 2.7 g'cm,3 (Kuhnt et a!., 1990), respectively, and an 
average sedimentation rate of 3.2 cm'ky,l throughout the whole cycle (Weedon et a!., 1999). 
Assuming that the Al flux remains constant, the average sedimentation rate can be used, in 
combination with Al concentrations, to estimate the average sedimentation rate in each sub
section (Table 7.4). 

The calculated PP varies between 30 and 70 gC·m·2fl, with PP at peak TOC/AI (sub
section C) approximately 1.5 to 2 times higher than the surrounding sections of low TOC/AI 
(sub-sections B and E). Variations in the rate of TOC accumulation can be caused by either 
increased PP or by an enhanced preservation of OM. The observed increase in the TOC/Al ratio 
(ca. 19; Table 7.4) is, however, much larger than the estimated increase in PP, suggesting that an 
enhanced preservation is the main cause of the large increase in the TOC/Al ratio. The estimated 
increase in PP for sub-section C is likely not large enough to cause a substantial decrease in 
fractionation during photosynthetic carbon fixation, which is in good agreement with constant 
ol3C values of the biomarkers present (Fig. 7.5; Table 7.2). 

To quantify the amounts of OM preserved a preservation factor (PF) can be calculated 
(Table 7.4; Bralower and Thierstein, 1987) using the average PP, and the OC accumulation rates 
(OCaee). The OCaee can be estimated from the estimated sedimentation rates, sediments densities 
and TOC values for the different sections (Table 7.4). The lowest PF's are calculated for sub
sections Band E, both being 4%. These values are comparable to, for instance, those reported for 
euxinic deep water basins, such as the Black Sea (Bralower and Thierstein, 1987; Arthur et a!., 
1994). In contrast, the PF in sub-section C is extremely high, 33%, which is approximately 8 
times higher than in the sub-sections B and E and, for instance, approximately 2 times higher 
than values reported for euxinic shelf seas (Bralower and Thierstein, 1987). The results thus 
suggest that the increased TOC/AI values in the Blackstone Band are mainly caused by increased 
preservation of OM and to a minor extent by increased PP. 

7.4.4. Preservation factors of lipid and carbohydrate carbon. Since on average only 5 % of 
the total carbon in organisms is present as lipid material (Romankevich, 1978), the extremely 
high PF estimated for sub-section C (i.e. 33%, Table 7.4) was not only caused by the 
preservation of diagenetically resistant lipid material (e.g. lipid biopolymers; for a review see de 
Leeuw and Largeau, 1993) but also more 'labile' cell material, like for instance carbohydrates. In 
order to estimate the increase in preservation of lipid and carbohydrate carbon, the proportion of 
these two carbon pools to the TOC is calculated. 

Assuming that lipid and carbohydrate carbon are the main contributors to the sedimentary 
OM, the proportion of both carbon pools to the TOC can be calculated using the ol3CTOC and a 
two endmember mixing model, consisting of the o13C of lipid carbon (013CliPid) and the 013C 
value of carbohydrate carbon (013Cearbohydrate). For the OI3CliPid a value of -28%0 is inferred based 
on an average o13C value of lipid carbon measured as n-alkanes and n-alkenes in the kerogen 
pyrolysates (van Kaam-Peters et a!., 1998). The 013CearbohYdrate is estimated by assuming a 
difference in ol3C values between OI3CliPid and 8 l3CearbOhydrate of 7%0, based on the average 
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difference observed between lipids and carbohydrates within single organisms (Sinninghe 
Damste et aI., 200 Ib; van Dongen et aI., 2002a). Using the average ol3Cmc values of the sub
sections (Table 7.2), the proportions in the case of sub-sections Band E (using an average) and 
sub-section C can be calculated (Table 7.5). These values reveal that in the case of sub-sections 
Band E already a substantial part (40%) of the OC originates from carbohydrate carbon, 
although the major part (60%) originates from lipid carbon (Table 7.5). The high carbohydrate 
carbon proportion may be surprising but it should be realized that these sections already have 
high TOC values (> 4%) and were deposited under anoxic conditions. In addition, kerogen 
pyrolysates already showed the presence of substantial amounts of short-chain alkylated 
thiophenes as well as an S-rich UCM, also pointing to a substantial contribution of carbohydrate 
carbon. In the case of sub-section C calculations show that most (90%) of the OC originates from 
carbohydrate carbon (Table 7.5). 

Table 7.5 The proportion oflipid and carbohydrate 
carbon and estimated preservation factors for the 
lipids (PFlipid) and carbohydrates (PFcarbohydrate) in 
sub-section B/E and C. 

Sub-section 

Proportion oflipid carbon 0.6 0.1 
Proportion of carbohydrate carbon 0.4 0.9 
PFlipids (%) 46 75 
PFcarbohydrates (%1 --e4__-'-73=____ 

aaverages of sub-section Band E 

Typically approximately 40% of the total OM in an organism is present as carbohydrates 
and only 5% as lipids (Romankevich, 1978). Using these percentages as well as the calculated 
proportions of sedimentary lipid and carbohydrate carbon, the PP and the OCacc (Table 7.4), the 
PF of lipid carbon (PF1ipid) and carbohydrate carbon (PFcarbohydrate) can be estimated (Table 7.5). 
Comparison of the PF's for the different sub-sections show that both the PFlipid and PFcarbobydrate 
are substantially higher at an increased TOC/AI ratio. However, in contrast to the PFlipid, which 
increased by a factor up to 2, the PFcarhohydrate increased by factor of ca. 19 in the TOC-rich 
sections. This estimation is in good agreement with the idea that the increased TOC/Al as well as 
the l3C-enriched ol3Croc values are predominantly caused by an increased preservation of l3C_ 
enriched carbohydrates. 

7.4.5. What caused the enhanced preservation of carbohydrates? The KCF Blackstone Band 
TOC cycle can thus be explained by an increase in TOC accumulation rates through a substantial 
increase in the preservation of carbohydrates. This can be visualized in a theoretical model in 
which three stages can be distinguished (Fig. 7.12). In the first stage (Fig. 7.12A) there are no 
euxinic bottom waters and sedimentary pore waters are oxic at the surface. Under these 
conditions (i.e. long oxygen exposure times (OET), the time that OM is exposed to oxygen in 
both the water column and sediment; Hartnett et aI., 1998) carbohydrates are generally not 
preserved and virtually completely remineralized (Arnosti, 1995; Amosti et aI., 1998). In the 
second stage of our model (Fig. 7.12B), there is bottom water euxinia, resulting in substantially 
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reduced OET for settling OM. Most of the carbohydrates are probably still remineralized during 
their transport through the water column, but relatively small amounts of the carbohydrate 
material reach the sediment/water interface. The carbohydrates that reach the sediment/water 
interface can become sulfurized through a reaction with reduced inorganic sulfur species present 
during early diagenesis (Kok et aI., 2000b; van Dongen et aI., 2002b). If these carbohydrates 
become sulfurized, anaerobic bacteria are most likely no longer able to use them. This results in 
preservation rather than remineralization of carbohydrate carbon. In the third stage (Fig. 12C) the 
euxinic conditions extend into the photic zone of the water column, resulting in photic zone 
euxinia (PZE). These conditions further decrease the OET. The OET shows a strong correlation 
with the amount of OC that reach the sediment/water interface (Hartnett et aI., 1998; Sinninghe 
Damste et aI., 2002), indicating that if the length of the part of the water column that contains 
oxygen decreases, the OET of freshly produced carbohydrates are minimized. This will increase 
the possibility that carbohydrates reach the sediment floor and thus may become available for 
sulfurization. 

In the sediments of the TOC cycle comprising the Blackstone Band substantial amounts 
of the derivatives of isorenieratene (II-XVI) were present (Fig. 7.6). These biomarkers reveal the 
presence of Chlorobiaceae, which require both light and sulfide, in the depositional environment 
and thus provide evidence that PZE occurred (Hartgers et aI., 1993b; Sinninghe Damste et aI., 
1993b; 1994b; Koopmans et aI., 1996b; 1996c). In addition, substantial amounts of CZ9-C30 
neohop-13(18)-enes (XXI-XXII) and C ZS-CZ6 aromatic hopanoids (XXIII-XXIV) were present 
(Fig. 7.6), possibly originating from bacteria dwelling at or below the chemocline and thus also 
pointing to a more stratified water column (Sinninghe Damste, 1997). The presence of these 
indicators of PZE throughout the section indicates that the third stage of our model (PZE) was 
common. However, the ratios of the summed concentration of the derivatives of isorenieratene 
(II-XVI)/Al, the CZ9-C30 neohop-13(18)-enes (XXI-XXll)/AI and the C ZS-CZ6 aromatic 
hopanoids (XXlIl-XXIV)/AI, all showed a distinct maximum at peak TOC/Al values (Fig. 7.9). 
In addition, the enrichment factors were substantially higher than the phytane/Al ratio (Table 
7.3). This indicates that during the deposition of the Blackstone Band the relative duration of this 
third stage was probably relatively long, at least substantially longer than during deposition in 
the surrounding sections. Consequently, during the whole TOC cycle alternations between the 
second and third stage occurred but the duration of the third stage during deposition of sediments 
with a lower TOC/AI ratio was relatively shorter. Since the basin was shallow, i.e. only ca. 50 to 
100 m deep (Osehmann, 1988), only a relatively small shift of the chemocline is needed to 
alternate between both stages. These alternations could even have occurred on a seasonal basis. 
The longer duration of the third stage during deposition of the Blackstone Band most likely 
caused the preservation of more carbohydrate carbon through sulfurization and thus resulted in 
enhanced TOC values and l3C-enrichment of the OM (line II in Fig. 7.10). 

This interpretation almost excludes that the first stage of the model would have occured. 
However, Morgans-Bell et aI. (2001) showed that the neighboring sections of the Blackstone 
Band are less laminated than the Blackstone Band section itself. This probably indicates that 
occasional short-lived oxygenation events had occurred in these sections, resulting in occasional 
bioturbution. Such oxygenation events would substantially increase the OET of the deposited 
OM, which in turn could reduce the relative amount of preserved carbohydrates and thus cause a 
shift in Bl3Croc towards more depleted values. This could potentially be an explanation for the 
observed shifts in Ol3Croc for TOC/Al <2 (line I in fig. 7.10). In addition, such oxygenation 
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Figure 7.12 Depositional model. (A) Stage 1; No euxinia in the 
water column; no preservation of sulfurized carbohydrates. (B) 
Stage 2; Bottom water euxinia; slight preservation of sulfurized 
carbohydrates. (C) Stage 3; photic zone euxinia; relatively large 
preservation of sulfurized carbohydrates. 
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events would also lower the Rock Eval hydrogen index, which is reduced substantially at lower 
TOC contents in the KCF (Huc et al., 1992). 

The occurrence of PZE can be caused by a climatically-induced increase in PP, for 
instance by a slight increase in the run-off of the main land, providing more nutrients to the 
basin. This will cause a slightly enhanced productivity and consequently a higher oxygen 
demand in the water column. This higher oxygen demand will result in a shallowing of the 
chemocline in the water column and ultimately PZE, which will minimize the OET and result in 
optimal conditions for the preservation of carbohydrate carbon through sulfurization and 
consequently to enhanced TOC accumulation and l3C-enrichment of OM. Another possibility is 
that the chemocline shifted to shallower depths due to changes of the physical conditions in the 
water column, for instance by an increased influx of denser or colder water. Such water masses 
will push up the original bottom water, causing a shallowing of the chemocline. In this way 
nutrients "locked" below the chemocline will be advected to the photic zone, resulting in a 
slightly enhanced primary productivity. In addition, a shift of the chemocline will also ultimately 
cause PZE, which will minimize the OET and result in optimal conditions for preservation of 
carbohydrates through sulfurization and consequently to enhanced TOC values and l3C_ 
enrichedment of OM. 

7.4.6. Implications for the KCF and other sedimentary environments. Although the TOC 
cycle comprising the Blackstone Band is the cycle in the KCF which reaches the highest TOC 
content, there are numerous other TOC cycles in the KCF that are characterized by substantially 
enhanced ol3Cmc values (Morgans-Bell et a!., 2001). Huc et al. (1992) and van Kaam Peters et 
a!. (1998) also observed a significant correlation between TOC and o13Cmc for sediments from a 
large part of the KCF. In sediments deposited in other Toe cycles also substantial amounts of 
PZE markers as well as high amounts of preserved carbohydrate carbon (short-chain alkylated 
thiophenes and S-rich UCM) have been observed (van Kaam-Peters et al., 1998). In addition, 
Boussafir et al. (1995) concluded based on transmission electron microscopic observations that 
OM sulfurization played an important role in another TOC cycle. Thus, the process proposed for 
the TOC cycle comprising the Blackstone Band most likely also played an important role in the 
remaining part of the KCF, albeit not as extreme as in the Blackstone Band. This indicates that 
the preservation of carbohydrates through sulfurisation rather than changes in the rate of PP 
exerts the primary control on the TOC cyclicity in the KCF. 

Substantial amounts of short-chain alkylated thiophenes as well as an S-rich UCM in 
kerogen pyrolysates have been commonly observed in other sedimentary environments, 
especially in shallow settings (e.g. Sinninghe Damste and de Leeuw, 1992; Sinninghe Damste et 
al., 1992; 1993a; 1999; Hartgers et al., 1995; van Kaam-Peters and Sinninghe Damste, 1997; 
Mongenot et aI., 1999; Riboulleau et aI., 2000). In addition, substantial changes in ol3Cmc are 
observed without a concurrent shift in ol3C of the biomarkers of primary producers, as for 
instance in the Peterborough Member of the Oxford Clay (Kenig et aI., 1994). In these cases it is 
also likely that carbohydrate carbon preservation through sulfurization played an impOliant role 
in the accumulation of TOC. This process, thus, could playa much more important role in the 
preservation of OC than recognized up to now, especially in shallow euxinic shelf seas. 

7.5. Conclusions. The enhanced TOC contents in the cycle comprising the Blackstone Band are 
caused by an increase in the accumulation rates of organic matter, as observed by the TOC/Al 
ratio, and not by a decrease in the accumulation rates of inorganic matter. The calculated primary 
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production rates and preservation factors indicate that an enhanced preservation of carbohydrates 
through sulfurization and not an increase in primary production exerts the primary control on 
TOC accumulation rates and 013Croc values in this TOC cycle. This enhanced preservation is 
most likely caused by a longer duration of photic zone euxinia in the depositional environment, 
conditions which favour the preservation of labile carbohydrate carbon through minimal oxygen 
exposure times and optimal conditions for sulfurisation of organic matter. Enhanced preservation 
of carbohydrate carbon through sulfurization is a dominant control for OC accumulation in the 
KCF and could playa more important role than recognized up to now in the preservation of OC 
in marine sediments, especially in shallow euxinic shelf seas. 
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Appendix continued. Structures of compounds 
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