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Zusammenfassung 

Im Rahmen dieser Dissertation wurden Untersuchungen an Ölschiefern und Phos-

phoriten in einem Profil aus dem Tagebau Mishor Rotem (Efe Synkline) in der Wüs-

te Negev und einem Bohrkern aus dem Shefela Becken in Zentralisrael im Rahmen 

des GIF Projektes Nr. 956-38.8/2007 (GIF The German-Israeli Foundation for Scien-

tific Research and Development) durchgeführt.  

In einer multidisziplinären Kooperation von drei wissenschaftlichen Gruppen wurden 

Untersuchungen an diesen Proben durchgeführt. Die Arbeitsgruppe Mikropaläonto-

logie, am Institut für Geo- und Umweltwissenschaften der Ben-Gurion University of 

the Negev in Be’er Sheva (Israel), befasste sich mit der Untersuchung der plankti-

schen und benthischen Foraminiferen, um Aussagen über die Produktivität und den 

Sauerstoffgehalt in der Wassersäule während der Ablagerung der Sedimente zu tref-

fen. Das Auftreten bestimmter benthischer Foraminiferen in den Proben ließ zudem 

eine grobe Abschätzung der Gewässertiefe zu. Anhand der vorhandenen Foraminife-

ren war auch eine zeitliche Einordnung der Sedimente mittels Biostratigraphie mög-

lich. Die Arbeitsgruppe Geo- und Umweltwissenschaften am Institut für Mineralogie 

und Geochemie am Karlsruher Institut für Technologie (KIT) analysierte die Haupt- 

und Spurenelemente und führte 13C-Isotopenmessungen sowie S-Isotopen-Bestim-

mungen an verschiedenen Schwefelspezies durch. Die Arbeitsgruppe Umweltanaly-

tik am Institut für Atmosphäre und Umwelt der Goethe-Universität Frankfurt am 

Main war mit der organisch-geochemischen Analytik der Proben betraut, um aus der 

Zusammensetzung der Biomarker auf die Sedimentationsbedingungen während der 

Ablagerung der Sedimente zurückschließen zu können.  

Die Ziele der organisch-geochemisch ausgerichteten Arbeitspakete waren:  

1. Rekonstruktion der Paläo-Oberflächentemperatur im Wasser des Upwelling-

Systems während der Ablagerung des analysierten Sedimentprofils aus dem Bohr-

kern des Shefela Beckens und dem Aufschluss in der Efe Synkline.  

2.  Mögliche Gründe für die hohe Anreicherung von Phosphat im Sediment und den 

plötzlichen Übergang von den Phosphoriten zu der Ölschieferfazies zu ermitteln.  

3.  Eine Erklärung für die hohen Gehalte an Schwefel im Sediment sowie die gute 

Konservierung der organischen Substanz zu liefern. 
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Im Rahmen dieser Untersuchungen wurden zwei verschiedene Probensätze bearbei-

tet. Einerseits Proben aus einem frischen Aufschluss im Tagebau Mishor Rotem (Efe 

Synkline) und andererseits ein Bohrkern aus dem Shefela Becken. Der erstgenannte 

Probensatz repräsentiert ein Profil von ca. 50 m Länge, welches in 211 Einzelproben 

unterteilt wurde. Dieses setzt sich aus drei scharf abgegrenzten Fazies-Typen zu-

sammen, der Phosphorit-Fazies (Phosphate Member, PM) an der Basis des Profils 

(5,4 m mächtig), der zur Mishash Formation gehört, der Ölschiefer-Fazies (Oil Shale 

Member, OSM) im zentralen Bereich des Profils (41 m mächtig) und dem anschlie-

ßend abgelagerten Mergel (Marl Member, MM) (2,8 m mächtig), die beide zur 

Ghareb Formation gehören. Die analysierten Sedimente wurden insgesamt über ei-

nen Zeitraum von ca. 1,8 Millionen Jahren, vom späten Campanium bis zum frühen 

Maastrichtium (vor etwa 71,6 bis 69,8 Millionen Jahren) abgelagert. Diese Ablage-

rung fand in einem tropischen küstennahen Auftriebsgebiet in der südlichen Tethys 

zwischen 8° und 15° nördlicher Breite statt.  

Bei dem zweiten Probensatz handelt es sich um einen Bohrkern aus dem Shefela 

Becken, der bis in eine Tiefe von 600 m erbohrt wurde. Davon wurde der Abschnitt 

zwischen 265 m Tiefe und 600 m Tiefe (Länge von 335 m) beprobt. Von den insge-

samt 339 Proben, die im Abstand von etwa 1 m genommen wurden, wurden 102 

Proben mit einem Abstand von 3 m für die vorliegende Arbeit ausgewählt. Das Pro-

benmaterial bestand überwiegend aus einem dunklen, bituminösen Kalk mit wenigen 

dunklen dünnen Mergellagen, welches zur Ein Zeitim Formation gehört. Unterbro-

chen wird diese Formation von einem 8 m mächtigen Einschub der Mishash Forma-

tion bei einer Tiefe von 530 m. Die biostratigraphischen Untersuchungen am gesam-

ten Kern haben gezeigt, dass die Sedimente über einen Zeitraum von etwa 17 Millio-

nen Jahren, vom Santonium bis zum Maastrichtium (etwa 85‒68,3 Mio. Jahre) abge-

lagert wurden. Diese Probenlokation ist im Vergleich zum Tagebau Mishor Rotem in 

einem küstenferneren Bereich des ehemaligen Auftriebsgebietes gelegen (im Bereich 

der Schelfkante oder des Kontinentalhanges). 

In Auftriebsgebieten oder Upwellings steigen nährstoffreiche, kalte Tiefenwasser an 

die Oberfläche und führen zu einer Abkühlung der Temperatur im oberflächennahen 

Meerwasser. Durch die vielen gelösten Nährstoffe, die in diesen aufsteigenden Was-

sermassen enthalten sind, wird die Bioproduktion enorm angeregt. Der Auftrieb in 

Küstengebieten wird durch starke Winde parallel zur Küste hervorgerufen, in diesem 
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Fall Passatwinde aus nordöstlicher Richtung, die am südlichen Rand der Tethys ein 

hochproduktives Auftriebsgebiet entstehen ließen. Dabei bewegen sich die oberen 

vom Wind beeinflussten Wasserschichten im rechten Winkel zur Windrichtung und 

somit von der Küste weg. Es kommen Strömungen zustande, die auf dem sogenann-

ten „Ekman-Transport“ basieren, die nährstoffreiche kühle Tiefenwässer in Küsten-

nähe zur Oberfläche strömen lassen. Ein derartiges Upwelling existierte im Untersu-

chungsgebiet vom Santonium bis zum Maastrichtium über 19 Millionen Jahre lang. 

Für die Rekonstruktion der Meeresoberflächentemperatur und den Vergleich der 

Temperaturen innerhalb des Auftriebsgebietes wurden beide Probensätze eingehend 

untersucht.  

Schouten et al. (2002) hat eine auf der Analytik von organischen Biomarkern basie-

rende Methode zur Bestimmung der Meeresoberflächentemperatur entwickelt. Hier-

bei wird die relative Häufigkeit von Glycerol-Dialkyl-Glycerol-Tetraethern (GDGTs, 

Strukturen der GDGTs befinden sich im Anhang A1-6) mit Hilfe von HPLC-MS 

/MS (Hochdruckflüssigkeitschromatographie gekoppelt mit Tandem Massenspektro-

metrie) ermittelt. Diese Verbindungen stellen Lipide in den Membranen von Archae-

en dar. Der Einbau von Cyclopentan- und Hexanringen in das Molekül ist abhängig 

von den Temperaturbedingungen, unter denen die Archaeen leben. Je höher die Tem-

peratur, desto mehr Cyclopentan-Ringe werden in die GDGTs eingebaut (Schouten 

et al., 2013). Zur Kalibrierung der Methode wurden 40 Oberflächensedimente aus 

verschiedenen Klimazonen eines globalen Probensets untersucht. Dabei fand man 

heraus, dass das Verhältnis der relativen Häufigkeiten der GDGTs (TEX86 = Tetra-

Ether indeX of tetraethers consisting of 86 carbon atoms) linear mit der mittleren 

marinen Jahresoberflächentemperatur im ursprünglichen marinen System korreliert 

(Schouten et al., 2002). Daher kann man mit Hilfe der Analyse von GDGTs die 

Oberflächentemperatur von Meerwasser (SST) rekonstruieren. Die Rekonstruktion 

der Temperatur basiert auf der folgenden von Schouten et al. (2002) vorgeschlagenen 

Formel:  

28,0SST015,0TEX86   Gl. 1

Die Rekonstruktion der Meeresoberflächentemperatur aus den Sedimenten des She-

fela Beckens anhand des TEX86 zeigte einen deutlichen Temperaturrückgang am 

Übergang vom Santonium zum Campanium. Dieser Rückgang um etwa 7 °C wird 
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mit der Öffnung und Vertiefung der Verbindung zwischen Nord- und Südatlantik 

und den dadurch geänderten Strömungsverhältnissen der Mittel- und Tiefenwasser-

ströme mit kälteren Wassermassen aus dem Südatlantik erklärt (EAG = Equatorial 

Atlantic Gateway) (Friedrich et al., 2012). Vor etwa 76 Mio. Jahren kam es dann zu 

einer weiteren massiven Abkühlung der Oberflächentemperatur des Wassers um et-

wa 8 °C im Auftriebsgebiet der südlichen Tethys, die zeitlich mit einem starken An-

stieg der Primärproduktion zusammenfällt. Eine Verstärkung des aufsteigenden nähr-

stoffreichen Tiefenwasserstroms war vermutlich dafür verantwortlich.  

Am Ende des Campaniums vor etwa 70 Mio. Jahren kam es zu einer erneuten welt-

weiten Abkühlung der Meereswasseroberflächentemperaturen. Dieses Phänomen 

wird als „Campanian/Maastrichtian boundary event“ (CMBE) bezeichnet (Koch and 

Friedrich, 2012). Interessanterweise finden sich die Spuren dieser Abkühlung auch in 

den untersuchten Sedimenten aus dem Shefela Becken, allerdings mit einer Verzöge-

rung von etwa 1 Mio. Jahren, bei etwa 69 Mio. Jahren.  

Am Ende des Maastrichtiums, vor etwa 70 Mio. Jahren bis 68 Mio. Jahren kam es zu 

einer globalen Erwärmung der Ozeane um 2 bis 6 °C (Abramovich et al., 2010), die 

mittlere jährliche Oberflächentemperatur in der südlichen Tethys stieg von etwa 25 

°C auf etwa 31 °C.  

Die Kreidezeit gilt in der Erdgeschichte als sehr warme Periode. Frühere Studien zur 

Oberflächentemperatur des Meerwassers in der Kreidezeit kamen zu dem Ergebnis, 

dass es zwischen den Oberflächentemperaturen der äquatorialen und polaren Region 

lediglich einen Unterschied von 15 °C gab bzw. dass dieser sogar noch geringer aus-

fiel (z.B. Huber et al., 2002; Jenkyns et al., 2004). Der Oberflächentemperaturunter-

schied des Meerwassers zwischen der Äquator- und der nördlichen Polregion liegt 

heutzutage bei etwa 30 °C (entsprechend einer Änderung von etwa 0,4 

°C/Breitengrad). Die Lufttemperatur unterscheidet sich heute um etwa 0,6 °C/Brei-

tengrad, zwischen dem Äquator und der nördlichen polaren Region (Amiot et al., 

2004). Bezüglich des Lufttemperatur-Gradienten zwischen Äquator und Pol in der 

Kreidezeit geht man beim derzeitigen Forschungsstand von etwa 0,4 °C/Breitengrad 

aus (Amiot et al., 2004). Unter der Annahme, dass das Verhältnis zwischen der Ober-

flächentemperatur der Luft und des Meerwassers seit der Kreidezeit gleich geblieben 

ist, müsste sich daraus ein Temperaturgradient im Meerwasser von etwa 0,26 

°C/Breitengrad, zwischen der äquatorialen und polaren Region ergeben. Aufgrund 
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der im Rahmen der vorliegenden Arbeit ermittelten Daten aus dem Shefela-Becken 

und Literaturdaten für die polare Region in der Kreidezeit (Amiot et al., 2004; 

Davies et al., 2009) lässt sich für den Äquator-Pol-Gradienten im Zeitraum zwischen 

71,6‒69,8 Mio. Jahren ein Temperaturunterschied von 22 °C (0,3 °C/Breitengrad) 

ableiten, welcher sehr gut mit der Annahme von 0,26 °C/Breitengrad übereinstimmt. 

Die Temperaturänderungen in einem Teilbereich der beiden Profile konnten direkt 

miteinander verglichen werden, da sie im selben Zeitraum im späten Campanium 

und dem frühen Maastrichtium (71,6‒69,8 Mio. Jahren) abgelagert wurden. Diese 

Proben wurden dazu benutzt, den Temperaturunterschied zwischen dem küstennahen 

und küstenfernen Bereich des Auftriebsgebietes zu untersuchen. Aufgrund des kühle-

ren, nährstoffreichen Wassers, welches in Küstennähe aufsteigt, sollte das Oberflä-

chenwasser dort eine niedrigere Temperatur besitzen als dies im küstenferneren Be-

reich der Fall ist. Anhand der TEX86-Daten zeigte sich, dass es einen mittleren Tem-

peraturunterschied zwischen dem inneren und äußeren Schelfbereich des Auftriebs-

gebietes von 1,5 °C gab. Dies ist durchaus mit modernen Auftriebsgebieten wie dem 

vor der Küste Kaliforniens oder dem Benguela Auftriebsgebiet vor Namibia ver-

gleichbar (Zaytsev et al., 2003; Santos et al., 2012). Der Temperaturabfall zu dieser 

Zeit, der sowohl im Shefela Becken als auch im Bereich der Efe Synkline zu be-

obachten ist, lässt sich vermutlich auf einen intensiveren Auftrieb von kühlem Tie-

fenwasser zurückführen.  

Ein weiterer wichtiger Aspekt dieser Arbeit war es den Zusammenhang zwischen der 

von Bakterien betriebenen Sulfatreduktion und Sulfidoxidation und der Ablagerung 

von Phosphat in der PM eingehend zu untersuchen und zu erklären. Diese Vorgänge 

sind darüberhinaus eng mit der Konservierung von organischem Material durch 

Schwefel im Bereich des OSM verknüpft.  

In dem Sediment des OSM aus der Efe Synkline, führten die anhaltende Sulfatreduk-

tion und anoxische Bedingungen zu einer Anreicherung von Schwefel in der organi-

schen Matrix. Die Auftragung des gesamten organischen Kohlenstoffs (Total Orga-

nic Carbon, TOC) gegen den Gesamtschwefel (Total Sulfur, TS) zeigt eine gute Kor-

relation von R2=0,85. Empirisch wurden C/S Verhältnisse für verschiedene Ablage-

rungsmilieus ermittelt. Unterhalb eines C/S Verhältnisses von 2,8 handelt es sich um 

euxinische Milieus, normal marine Systeme zeichnen sich durch ein C/S-Verhältnis 

zwischen 2,8 und 3,6 aus. C/S-Verhältnisse über 10 charakterisieren normalerweise 
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nicht-marine Systeme (Berner and Raiswell, 1983; Berner and Raiswell, 1984; 

Leventhal, 1995). Die Ölschieferproben aus dem Aufschluss von Mishor Rotem 

zeigten einen erhöhten C/S Wert von 6,5. Das H2S, welches durch die Sulfatredukti-

on entstanden ist, wurde aufgrund des geringen Eisengehaltes im Wasser nur zu ei-

nem geringen Teil als Eisenmonosulfid gefällt. Der Eisenmangel führte dazu, dass 

der Schwefel mit der organischen Substanz im Sediment reagierte und dadurch die 

weitere Zersetzung des organischen Materials durch Bakterien verhinderte. Dieser 

Vorgang hat zur weitgehenden Erhaltung des organischen Kohlenstoffs im Sediment 

beigetragen. Aufgrund der Messdaten und aus der Literatur ist von einem organisch 

gebundenen Anteil des Schwefel von etwa 60-90 % des Gesamtschwefels im Sedi-

ment auszugehen (Dinur et al., 1980; Amrani et al., 2005). Die Korrelation dieser 

drei Parameter Eisen, Schwefel und organischer Kohlenstoff zeigt deutlich einen 

Mangel an reaktivem Eisen über den kompletten Ablagerungszeitraum an. Im unte-

ren Bereich der Ölschiefer-Sequenz gab es einen Überschuss an reduzierten Schwe-

felspezies, die mit der organischen Substanz reagierten. Lediglich während der Abla-

gerung des Mergels gab es weniger reaktives organisches Material, als zur bakteriel-

len Sulfatreduktion notwendig gewesen wäre. Aus den Daten zum Schwefelgehalt 

und dem organischem Kohlenstoff kann die vor der Sulfatreduktion vorhandene ur-

sprüngliche Menge an organischem Kohlenstoff bestimmt werden (original Total 

Organic Carbon, TOCOR). Mit Hilfe der Korrelation des Verhältnisses von TOC/ 

TOCOR und dem Gehalt an Phosphor in dem Sediment wird deutlich, dass im Be-

reich der höchsten Sulfatreduktion auch die höchsten Konzentrationen an Phosphat 

zu finden sind. Die modernen Auftriebsgebiete der Ozeane stellen die Hauptentste-

hungsgebiete von phosphatmineralhaltigen Sedimenten dar. Auch in der Efe Syn-

kline fand Phosphatablagerung statt, in signifikant erhöhter Konzentration sind diese 

Mineralien aber nur im Bereich der Phosphorite vorhanden. Zur genaueren Charakte-

risierung der Sedimente wurden der organische Kohlenstoff-, Schwefel-, Eisen- und 

Phosphorgehalt der Proben aus dem Mishor Rotem (Efe Synkline) bestimmt. Der 

TOC der Proben zeigt sehr hohe Variationen im Profilverlauf. In den Phosphoriten 

weist nur eine Probe einen höheren TOC-Gehalt von 17 % auf, alle anderen Werte 

liegen zwischen 1-4 %. In den Ölschiefern liegen die TOC-Gehalte zwischen 10 und 

24 %. Dagegen sinken sie in den Mergeln auf unter 1 %, was vermutlich auf eine 

vollständige Sauerstoffsättigung der Wassersäule und der Sedimentoberfläche zu-
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rückzuführen ist. Aus diesen Daten lässt sich berechnen, dass in den Phosphoriten bis 

zu einem Drittel der organischen Substanz bei der Sulfatreduktion umgesetzt wurde, 

in den Ölschiefern reduzierte sich dieser Anteil auf etwa 15 %. Bei neueren Untersu-

chung an rezenten Sedimenten aus Auftriebsgebieten von Peru und Namibia und 

fossilen Sedimenten der miozänen Monterey Formation (Kalifornien), wurde ein 

Zusammenhang zwischen sulfidoxidierenden Bakterien der Gattungen Beggiatoa, 

Thioploca oder Thiomargarita und der Phosphatdeposition im Sediment entdeckt 

(Schulz and Schulz, 2005; Arning et al., 2009a; Arning et al., 2009b; Brock and 

Schulz-Vogt, 2011; Berndmeyer et al., 2012). Diese Bakterien sind allerdings in re-

zenten und insbesondere fossilen Sedimenten schwierig nachzuweisen, da sie keine 

hochspezifischen Biomarker produzieren. Hervorzuheben ist jedoch, dass verzweig-

te, gesättigte und ungesättigte Fettsäuren auf diese Bakterien im Sediment hindeuten 

(Arning et al., 2008). Aufgrund dessen wurden die Fettsäuren in die Biomarkeranaly-

se der Proben mit einbezogen. Die höchsten Konzentrationen zeigten die einfach 

gesättigten Fettsäuren n-C16:0 und n-C18:0, die mit 67 μg/g Corg und 57 μg/g Corg im 

Phosphorit gefunden wurden. Weiterhin fanden sich Spuren von i-C15:0 und die unge-

sättigten Fettsäuren Ölsäure (C18:1ω9) und Vaccensäure (C18:1ω7). Die hohen Konzent-

rationen an den einfachen Fettsäuren und das Vorhandensein von einfach gesättigten 

und verzweigten Fettsäuren können als Indiz für das Vorhandensein von sulfidoxi-

dierenden Bakterien angesehen werden (Arning et al., 2009a).  

Die organischen Extrakte der Proben aus der Efe Synkline weisen einen durch-

schnittlichen Gehalt von 5,8 % an gesättigten Kohlenwasserstoffen, 3,7 % aromati-

schen Kohlenwasserstoffen und 50 % polare Verbindungen auf. Etwa 40 % entfallen 

auf die Asphaltene, die bei der Säulenchromatographie auf der Säule verbleiben. Die 

Gesamtextrakte der Proben aus der Efe Synkline wurden durch Soxhlet-Extraktion 

über 24 Stunden mit einem Gemisch aus Dichlormethan/Methanol 9:1 erhalten. Die 

Proben aus dem Shefela Becken wurden mit einem SpeedExtractor (Büchi) bei er-

höhtem Druck und Temperatur mit dem gleichen Lösungsmittelgemisch extrahiert. 

Dieses Verfahren wurde aufgrund der effizienteren Extraktion angewendet, da die 

Proben nur in geringer Menge vorhanden waren. Die Auftrennung der einzelnen 

Fraktionen erfolgte durch Säulenchromatographie. Die unpolare Alkanfraktion wur-

de mit Hexan, die Aromatenfraktion mit Hexan/Dichlormethan (9:1) und die polare 

Fraktion mit Methanol eluiert. Zur Analyse wurden die Fraktionen der Hetero-
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komponenten mit BSTFA [Bis-(trimethylsilyl)-trifluor-acetamid] derivatisiert. Dadurch 

werden die funktionellen Gruppen in Form von Trimethylsilylestern und –ethern ge-

schützt und eine leichtere Verdampfbarkeit erreicht. Dazu wurde jeweils 1 mg der Probe 

mit BSTFA sowie Pyridin als Katalysator versetzt und anschließend zwei Stunden bei 60 

°C im Heizblock erwärmt. Nachfolgend wurden die einzelnen Fraktionen mittels Gas-

chromatographie-Massenspektrometrie (GC-MS) analysiert. Bei den n-Alkanen zeig-

te sich ein bimodales Verteilungsmuster mit einem Maximum zwischen n-C15 und n-

C23 und einem zweiten Maximum bei n-C29. Bei den kurzkettigen n-Alkanen domi-

nierten die Verbindungen mit ungeradzahligen Kettenlängen und deuten somit auf 

einen signifikanten Eintrag von marinem Algenmaterial hin. Die Analyse von C27-

C29 Steranen ergab, dass der überwiegende Teil dieser Verbindungen (etwa 90 %) 

auf planktonischen oder marinen Ursprung zurückgeführt werden kann. Der Beitrag 

terrestrischen Materials kann anhand der Biomarkeranalyse als sehr gering eingestuft 

werden. Spiro und Aizenshtat (1977) haben aufgrund der Ergebnisse aus pet-

rographischer Mikroskopie, Röntgendiffraktion, Elektronenstrahlmikroanalyse an 

Foraminiferen sowie der Analyse der n-Alkane an Ölschieferproben der Ghareb 

Formation aus dem Maastrichtium von Nebi Musa (Jordan Tal) eine Ablagerung der 

Sedimente unter anaeroben, sulfatreduzierenden Bedingungen angenommen. In neu-

eren Untersuchungen wurde die relative Häufigkeit von Chromanen in Sedimenten 

verwendet, um die Salinität des Wassers zur Zeit der Ablagerung der Sedimente zu 

bestimmen. De Leeuw und Sinninghe Damsté (1990) haben festgestellt, dass das 

Verhältnis relativer Intensitäten von Methyltrimethyltridecyl-chromanen (MTTC) bei 

Auftragung gegen das Pristan/Phytan Verhältnis dazu benutzt werden kann, die Sali-

nität des Ablagerungsmilieus zu bestimmen. Normalsaline Umweltbedingungen 

werden dabei durch MTTC-Verhältnisse > 0,4 in Kombination mit einem Pris-

tan/Phytan Verhältnis > 0,35 beschrieben. Hingegen weisen hypersaline Bedingun-

gen MTTC-Verhältnisse < 0,45 in Kombination mit einem Pristan/Phytan Verhältnis 

< 0,2 auf. Systeme, die Datenpunkte im Zwischenbereich liefern, bezeichnet man als 

mesosalin. Die Ablagerung der Ölschiefer aus der Efe Synkline fand überwiegend 

unter normalsalinen Bedingungen statt (gemessenes MTTC-Verhältnis zwischen 

0,51 und 0,86 und Pristan/Phytan Verhältnis zwischen 0,14 und 0,71). Vergleichbare 

Ergebnisse sind auch von Sedimenten oligozäner und früher miozäner Hochproduk-

tivgebiete der Paratethys aus Aserbaidschan bekannt (Bechtel et al., 2013).  
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Aus der Häufigkeit und der erhöhten Konzentration pentazyklischer Triterpane kann 

man ableiten, dass bakterielles Leben eine große Rolle während der Ablagerung der 

Sedimente gespielt hat. Diese Verbindungen dienen als Membranstabilisatoren in 

den Zellwänden der Prokaryoten, ähnlich den Steroiden in eukaryotischen Zellen. 

Zahlreiche Hopane mit 27 bis 35 Kohlenstoffatomen konnten in den Sedimenten 

nachgewiesen werden. Zu den häufigsten und in den höchsten Konzentrationen pro 

Gramm organischen Kohlenstoff (TOC) vorliegenden Hopanen gehörten die C30-

17α(H), 21β(H)-Hopane und C31-17α(H),21β(H) bzw. C31-17β(H), 21β(H)-Homoho-

pane. Diese Verbindungen konnten vor allem im unteren Teil der Ölschiefer-Fazies 

nachgewiesen werden und sind ein Indiz für die hohe bakterielle Aktivität in diesem 

Bereich. In den Phosphoriten und den Mergeln konnten diese Verbindungen dagegen 

nicht nachgewiesen werden. Der relativ gute Erhaltungsgrad der Verbindungen mit 

32‒35 Kohlenstoffatomen deutet auf anoxische Bedingungen während der Sedimen-

tation hin. Neuere Untersuchungen haben gezeigt, dass Hopane nicht nur von aero-

ben Bakterien gebildet werden, sondern auch anaerobe Bakterien (ammoniumoxidie-

rende und sulfatreduzierende) zur Bildung von hopanoiden Verbindungen in der La-

ge sind (Blumenberg et al., 2006).  

Aus der GC-MS Analyse der Aromatenfraktionen wird deutlich, dass „natural vul-

canisation“, der Einbau von Schwefel in organische Substanzen während der frühen 

Diagenese ein wichtiger Prozess während der Ablagerung des Ölschiefers war. Die 

zahlenmäßig häufigsten Verbindungen in der Fraktion der Aromaten sind Thiophene 

mit aliphatischer Seitenkette. Diese Verbindungen weisen diagnostische Fragmentio-

nen von m/z 97, 111 und 125 auf. Es konnten Verbindungen mit Seitenkettenlängen 

zwischen 6 und 23 Kohlenstoffatomen nachgewiesen werden. Besonders häufig wa-

ren solche mit 13 bis 18 Kohlenstoffatomen in der Seitenkette. Diese Verbindungen 

konnten weder in der Phosphorit-Fazies noch in den Mergeln nachgewiesen werden. 

Von den Verbindungen mit Thiophen-Rest wurde 2-Methyl-5-tridecyl-thiophen mit 

der höchsten Konzentration (bis zu 38 μg/g TOC) nachgewiesen. Die isoprenoiden 

Vertreter dieser Verbindungsklasse sind höchstwahrscheinlich aus der Phytol-Seiten-

kette des Chlorophylls hervorgegangen und belegen den hohen Eintrag von phyto-

planktonischem Material während der Hochphasen der Primärproduktion.  

Vermutlich ebenfalls auf planktonischen Ursprung zurückzuführen sind Epithioster-

ane. Diese schwefelorganischen Verbindungen mit 27 bis 29 Kohlenstoffatomen sind 
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in allen Proben der Ölschiefer-Fazies vertreten. Sie entstehen bei der Diagenese aus 

der Reaktion von Δ8(14),22 Steradienen mit Schwefelwasserstoff, die wiederum aus 

C28Δ7,22 Sterolen entstanden sein können. Diese Sterole sind in marinen Mikroalgen 

weit verbreitet (Behrens et al., 1997; Volkman, 2003).  

Eine weitere Gruppe schwefelorganischer Verbindungen sind die Schwefelhopanoi-

de, die sehr häufig in den Ölschiefersedimenten zu finden sind. Diese Verbindungen 

wurden von Valisolalao et al. (1984) zum ersten Mal aus kreidezeitlichen Ölschiefer-

Sedimenten Angolas (Deep Sea Drilling Project leg 40) beschrieben. Diese Verbin-

dungen sind Bestandteil der Aromatenfraktion und besitzen einen Thiophen- oder 

Thiolan-Rest in der aliphatischen Seitenkette der Hopane. Sie lassen sich bei der GC/ 

MS-Analyse über das Massenchromatogramm m/z 191 nachweisen und zeigen die 

für die aus den Thiophenresten der Seitenkette hervorgehenden typischen Fragmen-

tionen bei m/z 97 und 111 (2‘-Thienyl- und 2‘-(5-Methylthienyl)- Fragmentionen). 

Von den Thiolanen werden typische Fragmentionen bei m/z 87 und m/z 101 (2‘-

Thiolanyl- und 2‘-(5-Methylthiolanyl)- Fragmentionen) erzeugt. Bis zu zehn ver-

schiedene Verbindungen dieser Gruppe mit einem Thiophenring oder einem Methyl-

thiophen in der Seitenkette konnten in den Proben nachgewiesen werden (Chromato-

gramm in Kapitel 3.4.1.7, Abbildung 23). Diese Verbindungen hatten Molekülmas-

sen zwischen 494 und 522. Sie gehen aus frühdiagenetischen Reaktionen der Bakte-

riohopanepolyole mit Schwefelwasserstoff oder Polysulfid unter anoxischen Bedin-

gungen im Sediment hervor.  

Des Weiteren, um zusätzliche Informationen über die Redox-Bedingungen während 

der Sedimentation zu erhalten wurde das Pristan/Phytan-Verhältnis (Pr/Ph) bestimmt. 

In den Phosphoriten bewegt sich das Pr/Ph-Verhältnis zwischen 0,4 und 0,6, wäh-

rend es in den Ölschiefern zwischen 0,1 und 0,7 schwankt (Schneider-Mor et al., 

2012). Aus den Ergebnissen der Pr/Ph-Daten lässt sich eine Ablagerung der Sedi-

mente unter anoxischen Bedingungen im unteren Teil der Ölschiefer-Fazies ableiten. 

Das ist ein weiterer Grund für die gute Konservierung des organischen Materials. Im 

Bereich des Mergels beobachtet man einen Anstieg des Pr/Ph-Verhältnisses von 0,45 

auf 1,8, was mit einer starken Änderung der Umweltbedingungen vom anoxischen 

zum suboxischen oder gar oxischen Milieu einhergeht.  

Darüber hinaus, um weiteren Aufschluss über den Ursprung des organischen Materi-

als zu erhalten wurde der organisch gebundene Stickstoffgehalt gemessen (TON) und 
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das organische Kohlenstoff/organische Stickstoffverhältnis (C/N) bestimmt. Die C/N 

Verhältnisse in den Phosphoriten (24,9‒29,8) und den Ölschiefern (24,0‒34,5) lagen 

deutlich höher, als man es von marinen Algen erwarten würde (6‒7, Redfield 

(1958)). Lediglich im Mergel waren die Werte vergleichbar mit anderen marinen 

Lebensräumen (6,3‒6,9). Auch die organisch petrologischen Untersuchungen der 

Proben bestätigten die vorherigen Ergebnisse, denn 95 % des morphologisch erkenn-

baren organischen Materials ist marinen Ursprungs. Terrestrisches Material wurde 

nur zu einem sehr geringen Anteil eingetragen. Ein bevorzugter Abbau der stickstoff-

reichen Verbindungen über Denitrifikation oder Anammox in den Phosphoriten und 

den Ölschiefern ist eine mögliche Erklärung für die sehr geringen TON Werte und 

das sehr hohe C/N Verhältnis (Schneider-Mor et al., 2012). Bei der Denitrifikation 

wird Nitrat zu molekularem Stickstoff reduziert. Dieser Prozess läuft in mehreren 

Schritten mit mehreren Zwischenstufen ab (Gl. 2-Gl. 5). In einem ersten Schritt wird 

Nitrat zu Nitrit reduziert. Dieses wird dann zu Stickstoffmonoxid reduziert und in 

einer weiteren Reduktion entsteht daraus Distickstoffmonoxid. Im letzten Schritt 

entsteht aus Distickstoffmonoxid dann molekularer Stickstoff. Bei allen Reduktions-

schritten wird der abgespaltene Sauerstoff als Wasser freigesetzt (Cypionka, 2010).  

Nitratreduktase:  OHNOH2e2NO 223  Gl. 2 

Nitritreduktase:  OHNOH2eNO 22  Gl. 3 

NO-Reduktase:  OHONH2e2NO2 22  Gl. 4 

N2O-Reduktase: OHNH2e2ON 222  Gl. 5 

Bei der Anammox Reaktion wird unter anaeroben Bedingungen Ammonium mit 

Nitrit direkt zu molekularem Stickstoff umgesetzt (Gl. 6).  

Anammox:  OH2NNONH 2224  Gl. 6 

Die Isotopenanalyse am Bulkmaterial ergab δ13Corg Werte von ca. -29 ‰, ein für 

marines Material sehr ungewöhnlicher Wert, der eher zu Landpflanzenmaterial pas-

sen würde. Eine Erklärung hierfür wäre die gezielte Zersetzung von 13C angereicher-
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ten Kohlenhydraten und Proteinen durch Bakterien bei einem Sauerstoffdefizit. For-

schungsergebnisse haben gezeigt, dass es bei dieser Zersetzung zu einer Veränderung 

der δ13C-Werte hin zu leichterem Kohlenstoff im Vergleich zum Bulkmaterial der 

Algen kommt (Jenkyns and Clayton, 1986; Hedges et al., 1988; Meyers, 1994). Der 

im Vergleich zum OSM angestiegene δ13C-Wert in den Mergeln ist möglicherweise 

spezifisch für Degradation unter oxischen Bodenwasserbedingungen. Die durchweg 

niedrigen δ13C Werte im Profil sind vermutlich eine Folge der hohen Konzentration 

von CO2 in der Atmosphäre während der Kreide, wodurch es zu einer stärkeren Frak-

tionierung durch das Phytoplankton kommen kann. 

Weiterhin wurden δ15Norg Untersuchungen an dem Probenmaterial vorgenommen, 

um zwischen terrestrischem und marinen Material zu unterscheiden. Während der 

Proteinhydrolyse kann es zu einer selektiven Anreicherung von 15N und 13C im ver-

bleibenden organischen Material kommen. Allerdings sprechen die Ergebnisse aus 

dem oberen Bereich der Phosphat- und Ölschiefer-Fazies gegen eine Proteinhydroly-

se. Der wahrscheinlichste Mechanismus, der die hohen C/N Verhältnisse und niedri-

gen δ15N Werte erklärt, ist eine selektive Zersetzung der Aminosäuren über Denitri-

fikation oder Anammox.  
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Summary 

The Late Cretaceous is known to be mostly affected by warm periods interrupted 

temporarily by a number of cooling events. The atmospheric CO2 level for the Late 

Cretaceous is expected to be twice as high as the modern CO2 level of around 400 

ppmV. The reconstruction of the paleoclimatic conditions during a period of high 

concentration of CO2 in the atmosphere is of great importance for the creation of 

future climate models. The reconstruction of sea surface temperatures (SST) during 

the Late Cretaceous has previously been subject of several studies. Most of the avail-

able SST data are based on oxygen isotopic data obtained from foraminifera, but the 

calcareous shells of the foraminifera are prone to re-mineralization and the resulting 

SSTs can be cold-biased, especially for the equatorial region. Furthermore, data from 

the southern Tethys were rarely available and only roughly dated. To prevent prob-

lems with the SST calculation, we applied the recently developed method recon-

structing the SST from the TEX86 (TEX86, TetraEther indeX of tetraethers consisting 

of 86 carbon atoms).  

The sample material used for the present study was obtained from the tropical Late 

Cretaceous southern Tethys upwelling system (paleolatitude 8‒15°N, Israel). This 

upwelling system lasted from the Late Santonian to the Early Maastrichtian (~ 85 to 

68 Ma). On the core samples from the Shefela basin, representing the outer belt of 

the upwelling system and the outcrop profile from the open mine Mishor Rotem (Efe 

Syncline), representing the inner belt, various bulk geochemical and biomarker stud-

ies were performed in this thesis. The outcrop profile from Mishor Rotem covers 

approximately 50 m and consists of three facies types. The underlying Phosphate 

Member (PM), belonging to the Mishash Formation and subsequent the Oil Shale 

Member (OSM) and the overlying Marl Member (MM) belonging to the Ghareb 

Formation. The core from the Shefela basin covers 335 m and consists mainly of the 

Ein Zeitim Formation intercalated by a small tongue of the Mishash Formation.  

Derived from TEX86 data, a significant long-term SST cooling trend from 36.0 to 

29.3 °C is recognized during the Late Santonian and the Early Campanian in the 

southern Tethys margin. This is consistent with the opening and deepening of the 

Equatorial Atlantic Gateway (EAG) and the intrusion of cooler deep water from the 

southern Atlantic Ocean, which had probably influenced the global SSTs and also the 
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Tethys Ocean. Based on the data from the present study and by comparison with lit-

erature data for the SST of the polar region we were able to re-assess the equator to 

pole SST gradient to 22 °C, which is closer to the modern ocean equator-to-pole SST 

gradient (30 °C) as suggested from previous studies. Furthermore, the cooler near 

shore SST usually found in modern upwelling systems could be verified in case of 

the ancient upwelling system investigated in the present study. The calculated mean 

SST in the inner belt (27.7 °C) represented in the Efe Syncline was 1.5 °C cooler in 

comparison to the more seaward located outer belt (Shefela basin). 

Moreover, geochemical and biomarker analyses were used to identify both the accu-

mulation of high amounts of phosphate in the PM and good preservation of organic 

matter (OM) in the lower part of the OSM section. Total organic carbon (TOC) con-

tents are highly variable over the whole profile reaching from 0.6 % in the MM, to 

24.5 % in the OSM. Total iron (TFe) varies from 0.1 % in the PM to 3.3 % in the 

OSM and total sulfur (TS) varies between 0.1 % in the MM and 3.4 % in the OSM. 

Different correlations of TS, TOC and TFe were used to identify the conditions dur-

ing the deposition of the different facies types. Natural sulfurization was found to 

play a key role in the preservation of the OM particularly in the lower part of the 

OSM. Samples from the OSM and the PM were deposited under dysoxic to anoxic 

conditions and iron limitation lasted during the deposition of the OSM and the PM, 

which effected the incorporation of sulfur into OM. Biomarkers indicating photic 

zone euxinia, could not be detected by GC-MS analyses.  

Phosphorus is highly accumulated in the sediments of the PM with a mean propor-

tion of 11.5 % total phosphorus (TP). This proportion is drastically reduced to a 

mean value of only 0.9 % in the OSM and the MM. From the correlation of the bulk 

geochemical parameters TOC/TOCOR ratio and TP a major contribution of sulfate 

reducing bacteria to the phosphate deposition is concluded. This interrelation has 

previously been investigated in recent coastal upwelling systems off Peru, Chile, 

California and Namibia. This was further supported by the analysis of branched and 

monounsaturated fatty acids indicating the occurrence of sulfate reducing and sulfide 

oxidizing bacteria during the deposition.  
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According to the results from the analysis of n-alkanes and C27- to C29-steranes there 

was only a minor contribution of terrestrial material to the sediments. Up to 95 % of 

the OM was of marine origin. 

Organic sulfur compounds (OSC) were a major compound class in the aromatic hy-

drocarbon fraction. n-Alkyl and isoprenoid thiophenes were the most abundant 

among the OSC, with highest amounts found for 2-methyl-5-tridecyl-thiophene (28 

μg/g TOC). The relatively high abundance of ββ-C35 hopanoid thiophenes and 

epithiosteranes is equivalent to an incorporation of sulfur during the early stages of 

diagenesis.  

Moreover, the geochemical parameters δ13Corg, δ15Norg, C/N and the pristane/phytane 

(Pr/Ph) ratio, were studied for reconstruction of seafloor and water column deposi-

tional environments. Our records indicate a gradual decrease with time in surface 

water productivity in the OSM and a marked weakening at the overlying Marl Mem-

ber. The high C/N ratio along with relatively low values of δ15Norg (4 ‰ to 6 ‰) and 

δ13Corg (-29 ‰ to -28 ‰) are consistent with a significant preferential loss of nitro-

gen-rich organic compounds during diagenesis. Oxygen-depleted conditions lasted 

during the deposition of the PM and the bottom of the OSM, reflected by the low 

Pr/Ph ratio of 0.11–0.7. In the upper part of the OSM and the MM the conditions 

changed from anoxic to dysoxic or oxic conditions. This environmental trend is con-

sistent with co-occurring foraminiferal assemblages in the studied succession and 

implies that the benthic species in the Negev sequence were adapted to persistent 

minimum oxygen conditions by performing complete denitrification as recently 

found in many modern benthic foraminifera.  

Furthermore, the anammox process could have influenced the nitrogen composition 

of the sediments. In this anaerobically process nitrite and ammonia are converted to 

molecular nitrogen. In recent studies of e.g. the Benguela upwelling, it was found 

that this process has a significant influence on the nitrogen cycle in the OMZ of 

coastal upwelling systems. It accounts for an enormous loss of nitrogen to the atmos-

phere. 

 



Introduction 

 
28 
 

Introduction 

Climate 

The climate during the Late Cretaceous was highly variable and changed between 

warm and cold periods (e.g. Barrera and Savin, 1999; Takashima et al., 2006; 

Moriya, 2011). The Turonian was the warmest period with equatorial sea surface 

temperatures (SSTs) of 31 to 37 °C (Forster et al., 2007b), possibly even up to 42 °C 

(Bice et al., 2006). For the polar regions mean annual temperatures above 4 °C were 

modeled (Sijp et al., 2014). Moreover, from the analysis of the vertebrate assemblage 

from the high Canadian Arctic a mean annual temperature above 14 °C was suggest-

ed (Tarduno et al., 1998). But even in this period of greenhouse conditions there is 

evidence for a short-term ice shield building in the Antarctic region, approximately 

60 % of the modern size. This was suggested from the results of δ18O isotopic anal-

yses on planktic foraminifera from an organic-rich marlstone (Turonian to Santonian 

age) from the western equatorial Atlantic at Demerara Rise (Ocean Drilling Program, 

ODP Site 1259) (Bornemann et al., 2008). A global cooling trend started in the San-

tonian and several periods of cooling and warming followed until the Maastrichtian 

(Barrera and Savin, 1999; Li and Keller, 1999; Abramovich et al., 2010). During the 

Late Campanian to Middle Maastrichtian the equatorial air temperature was similar 

to modern conditions and even in the polar region temperatures below 0 °C were 

limited to paleolatitudes above 80° (Amiot et al., 2004). Figure 1 shows the distribu-

tion of the continents and oceans during the Cretaceous at 80 Ma and 69 Ma (accord-

ing to Hay et al. (1999) and Scotese (2002)). It illustrates the movement of the conti-

nental plates with the increasing opening of the connection between the northern and 

southern Atlantic Ocean together with the location of the study area during the two 

epochs of the Cretaceous. The changes in the oceanic circulation of the middle and 

deep waters due to the opening and deepening of the connection between the north-

ern and southern Atlantic Ocean (Equatorial Atlantic Gateway, EAG) during the Late 

Cretaceous had an enormous influence on the global climate (Friedrich and Erbacher, 

2006; Friedrich et al., 2012).  
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Figure 1: Distribution of the continents and oceans during the Cretaceous at 80 Ma and 69 
Ma, modified after Hay et al. (1999) and Scotese (2002). The Equatorial Atlantic Gate-
way (EAG) is marked with a white asterisk. The location of the study area during the two 
epochs of the Cretaceous is shown with a white circle. 

In the post-Turonian epoch the cooling of the earth’s climate lasted until the Maas-

trichtian (Clarke and Jenkyns, 1999). Several cooling and warming events of global 

scale occurred during this period. At the end of the Santonian the cooling of the glob-

al SST began (e.g. Friedrich et al., 2005; Liu, 2009). Between the Campanian and 

Maastrichtian a further global cooling event (CMBE = Campanian/Maastrichtian 

boundary event) occurred with a cooling of 3‒4 °C (Jung et al., 2012; Koch and 

Friedrich, 2012). At the end of the Maastrichtian during a warming period the ocean 

temperature rose by 3‒4 °C (Abramovich et al., 2010). For a better understanding of 

the global climate in the past it is essential to collect paleoclimatic data from all cli-

mate zones. The reconstruction of SSTs is essential for the understanding of ancient 

marine paleoenvironments and allows detecting climatic changes. Recently a method 

was developed to reconstruct the SST of ancient marine environments from organic 

biomarkers called GDGTs (glycerol dialkyl glycerol tetraethers) (Schouten et al., 

2002). These are membrane lipids, biosynthesized by archaea such as Crenarchaeo-

ta, with ether-linkages forming a lipid monolayer in the membrane (Schleper et al., 

2005). Archaea are one of three domains of living organisms together with eukary-

otes and bacteria (Woese et al., 1990). They were originally thought to live only un-

der extreme conditions (e.g. acidic, anoxic, hypersaline or extremely warm), but they 

are also widespread distributed in moderate terrestrial, lacustrine and marine habitats 

(Schleper et al., 2005). The integration of pentane or hexane rings in these molecules 

is an adaption to the ambient temperature (Macalady et al., 2004). With increasing 

amounts of cyclopentane moieties archaea are able to live under high temperature 

conditions. Especially, the integration of the cyclohexane moiety in the crenarchaeol 

molecule results in a higher flexibility of the structure and allows an adaption to 
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cooler environments. The molecular composition of the Crenarchaeota membrane 

lipids is highly depending on the ambient temperature (Schouten et al., 2013). The 

analysis of sediments from different geographic settings showed that the ratio of the 

relative abundance of the GDGTs defined as TEX86 (TEX86, TetraEther indeX of 

tetraethers consisting of 86 carbon atoms, Schouten et al. (2002)) is proportional to 

the annual mean SST (the structures of the GDGTs are given in the Appendix A1 to 

A6). The TEX86 index is defined as followed (Eq. 1): 

6A5A4A3A
6A5A4ATEX86  

Eq. 1 

The annual mean SST is linearly correlated with the TEX86 (Eq. 2): 

28.0SST015.0TEX86  Eq. 2 

This initial formula from Schouten et al. (2002) was modified several times to better 

adjust the calculated to the measured SSTs (e.g. Schouten et al., 2003; Kim et al., 

2008; Lee et al., 2008; 2010) and to overcome biases resulting from seasonality, 

depth or terrestrial influence. For description in more detail see Chapter 1.5. This 

method was applied to determine the SST in ancient oceans up to the middle Jurassic 

(~160 Ma) due to the relative high stability of these biomarkers during diagenesis 

(Jenkyns et al., 2012).  

 

Upwelling 

During the Late Cretaceous a coastal upwelling established at the southern margins 

of the Tethys Ocean (Figure 1). Nowadays, the major coastal upwelling systems are 

located on the western site of North and South America (California, Peru and Chile) 

and the western coast of North and South Africa (Morocco and Namibia) and the 

upwelling off Oman and Somalia. Modern coastal upwelling systems with their high 

biological productivity are of enormous economic and ecological importance. Alt-

hough they cover only one percent of the ocean surface they contribute to 50 % of 

the global fisheries landings (Gaines and Airame, 2013). These environments are 

usually associated with silica-, organic- and phosphate-rich sediments (e.g. Soudry et 

al., 2006). Ancient upwelling environments are important phosphorite deposits 

(Parrish and Curtis, 1982), which provide useful resources for the fertilizer industry.  
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During the formation of the Syrian Arc system NE-SW directed anticlinal ridges and 

synclinal basins developed (Krenkel, 1924). The upwelling system established within 

these synclines and anticlines. The Shefela basin was situated in the outer belt of the 

upwelling system, which is a more open marine environment (Almogi-Labin et al., 

1993; Edelman-Furstenberg, 2009). From the Jurassic to the early Cretaceous a 

strong NNE-SSW depositional trend is observable within the Dead Sea Rift system. 

The studied sediments of the Efe Syncline belong to the Maastrichtian Ghareb For-

mation (the Marl Member [MM] and the Oil Shale Member [OSM]), which were 

deposited in NE-SW directing synclines. Subjacent to the Ghareb Formation the sed-

iments of the Campanian Mishash Formation has been deposited, consisting mainly 

of phosphorites with intercalated organic rich sediments (Phosphate Member [PM]). 

The phosphorites belong to the upper Cretaceous-Eocene phosphate belt that devel-

oped from South America to North Africa.  

A strong westward flowing surface and deep water current, the Tethys Circumglobal 

Current (TCC) influenced the southern margins of the Tethys during the latest Creta-

ceous and transported water masses from the Pacific Ocean into the Tethys (Soudry 

et al., 2006). A cooling in the Late Cretaceous possibly intensified the strength of the 

easterly trade winds and established an extremely productive upwelling at the south-

ern margin of the Tethys (Almogi-Labin et al., 1993; Pucéat et al., 2005; Soudry et 

al., 2006). Coastal upwelling is induced when winds are blowing parallel to the 

shoreline moving the upper water layer (Figure 2). Due to the Coriolis force the re-

sulting Ekman transport moves the water masses in right angels to the wind direction 

away from the shore, to the right in the northern hemisphere and to the left in the 

southern hemisphere (Stewart, 2008). This water is replaced by cold nutrient rich 

deep water and causes a cooling of the water masses near to the shoreline (Figure 2). 

The transport of nitrate, phosphate, silicate and other nutrients to the photic zone 

increases the high primary productivity in these upwelling environments. 
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Figure 2: General illustration of the development of upwelling systems at continental margins 
(modified after Williams (2011). Easterly trade winds move the upper water layers and 
due to the Coriolis force the water masses are moved to right angels of the wind direction. 
The transport of the upper water layer is away from the coast and the warm surface water 
is replaced by colder, nutrient rich deep water.  

Below these high productivity centers, the decomposition of the planktonic biomass 

by the use of dissolved oxygen proceeds and oxygen minimum zones (OMZ) estab-

lished (e.g. Schunck et al., 2013). At the continental margins of modern oceans the 

OMZ occurs between 200 and 700 m (Levin, 2003). The thickness of the OMZ is 

highly variable and depends on both, the oxygen content of the ocean region and 

circulation of oxygen rich water. From recent studies variation in thickness between 

< 400m and over 1000 m are known. There have been fundamental changes in the 

horizontal and vertical distribution and intensity of the OMZ related to the upwelling 

over thousands of years (Levin, 2003).  

 

Phosphorous cycle 

Phosphorus (P) is an essential element for life as a part of the DNA and in the energy 

transfer through adenosine triphosphate (ATP) (Ruttenberg, 2003; Paytan and 

McLaughlin, 2007). In the marine environment P is considered to be the limiting 

factor of primary production, because it cannot be fixed from the atmosphere. The 

major source for P is the erosion and (bio-) chemical weathering of continental soil 

and rocks and it is mainly transported via rivers to the ocean as particulate or dis-

solved organic and inorganic phosphate (Föllmi, 1996). For a schematic overview of 
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the phosphorous cycle see Figure 3. Due to the terrigenous influence of coastal wa-

ters the continental shelf and slope receives more P. Furthermore, eolian transport of 

phosphate is of significant importance for marine environments farther away from 

the shore although the transported amounts are smaller compared to the riverine in-

put (Föllmi, 1996). Most of the riverine transported P is bound to particulate matter 

and is largely deposited in the estuaries and shelf area. Only up to one third of the 

total riverine transported P is available for biological uptake (Paytan and 

McLaughlin, 2007). The major sink for this phosphate is the deep ocean where P is 

aggregated to organic matter (OM) or as dissolved inorganic phosphate. From these 

deposits P is mobilized and transported by deep and intermediate currents and comes 

up to the photic zone in upwelling areas where it is again integrated in the biotic cy-

cle (Föllmi, 1996). 

Figure 3: Schematic overview of the global phosphorus cycle (modified after Ruttenberg 
(2003); Paytan and McLaughlin (2007). Igneous rocks and terrestrial soils are the main 
sources of phosphate, which is mobilized by physical and (bio)-chemical weathering. The 
phosphate is taken up by terrestrial biomass or is mainly transported via rivers to the 
ocean. Eaolian transport is important for offshore oceanic environments. Photoautotrophic 
organisms take up P and the biomass is decomposed and eventually sedimented in the 
deep ocean. From the Abyssal sediments, P is reintroduced in the biotic cycle by benthic 
fluxes to coastal upwelling.  
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During early diagenesis in the marine environment phosphate is precipitated and 

forms the mineral francolite (carbonate fluorapatite) which can be represented ap-

proximately due to the complex composition with this formula (Jarvis et al., 1994):  
 

2zy3zyx3x64baba10 F)4SO()FCO()CO()PO(MgNaCa  

A supersaturation of phosphate with respect to phosphate fluorapatite in the porewa-

ter of marine sediments is a prerequisite for phosphogenesis (Föllmi, 1996). Phos-

phorites consist of considerable amounts of authigenic and biogenic phosphate min-

erals with more than 18 % P2O5 (Jarvis et al., 1994). 

The carbon, nitrogen and phosphorus cycles are closely related and the growth of the 

marine phytoplankton depends on these nutrients. Their correlation in the marine 

phytoplankton is expressed by the Redfield ratio (106C:16N:1P) (Redfield, 1958). 

Photoautotrophic organisms take up P dissolved in the upper layers of the marine 

environment. For this reason, the P in upwelling environments is mainly organically 

bound when the dead biomass is deposited in the sediment. In reducing sediments P 

cannot be effectively retained in the sediment and is released easily from the OM 

(Paytan and McLaughlin, 2007). Bacteria influence the precipitation of phosphorus 

in modern and ancient coastal upwellings. This precipitation mechanism was basis of 

intensive studies (e.g. Schulz and Schulz, 2005; Arning et al., 2009a; Brock and 

Schulz-Vogt, 2011; Berndmeyer et al., 2012). 

These studies from the modern upwelling systems off Peru, Chile and Namibia have 

shown that the process of phosphate deposition is closely related to microbial sulfate 

reducing and sulfide oxidizing activity. P is deposited as carbonate fluorapatite in a 

microbial mediated process. The large sulfur bacteria Thiomargarita, Thioploca and 

Beggiatoa are involved in this process and are responsible for the authigenic produc-

tion of phosphorites in the suboxic to anoxic marine upwelling environments 

(Föllmi, 1996). Under oxic sediment surface conditions, dissolved phosphate is pre-

cipitated as Fe-oxyhydroxide. In the OMZ or oxygen-depleted sediments these Fe-

oxyhydroxides are dissolved and reduced. P is then deposited as carbonate fluorapat-

ite. In sediments below high productivity centers reactive OM is ubiquitously availa-

ble and sulfate reduction is the most important anaerobic degradation process (e.g. 

Thamdrup and Canfield, 1996). Recent studies on the phosphorite generation from 

modern upwelling regions show that both sulfate-reducing bacteria and sulfide-
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oxidizing bacteria play key roles in the sedimentation of authigenic phosphorites 

(Arning et al., 2009a). The marine environment is rich in sulfur, mainly present in 

form of sulfate. Hydrogen sulfide is present in anoxic marine environments or bound 

in metal complexes and it is rapidly oxidized in seawater via oxygen or iodate 

(Radford-Knȩry and Cutter, 1994). The big sulfur bacteria Beggiatoa populate the 

sediment/water interface and are able to live in the oxygen-sulfide interface (Schulz 

and Jørgensen, 2001). With internally stored sulfur, nitrate and polyphosphate, these 

large bacteria can overcome sulfide free periods. Nitrate, stored in vacuoles, is used 

as an electron acceptor for the oxidation of sulfide or internal sulfur to sulfate, during 

periods of complete anoxia (Schulz and Jørgensen, 2001). If the bottom water is ox-

ygenated and the sulfide concentration in the sediment is low Beggiatoa are able to 

accumulate phosphate as polyphosphate. Under anoxic bottom water conditions with 

high concentrations of sulfide in the sediment, the polyphosphate is decomposed and 

released as phosphate to the sediment (Brock and Schulz-Vogt, 2011). As strictly 

anaerobic organisms Thioploca retreat deeper into the sediment and escape higher 

concentrations of oxygen if the bottom water becomes more oxygenated (Schulz and 

Jørgensen, 2001). For the oxidation of sulfide they use nitrate, stored in a central 

vacuole. Thiomargarita are the only species that can survive higher concentration of 

oxygen and use oxygen and nitrate for the oxidation of sulfide or internally stored 

sulfur. Figure 4 shows the suggested environmental conditions during the deposition 

of the three different facies types. During the deposition of the PM the sulfide pro-

duced by sulfate reducing bacteria was mainly consumed by sulfide oxidizing bacte-

ria and thereby phosphate minerals were deposited. In the OSM, nitrate was not 

available in sufficient amounts for the sulfide oxidation, possibly due to the compet-

ing denitrification/anammox process. The possibly temporal anoxic conditions above 

the sediment/water interface suppressed the sulfide oxidizing bacteria and the sulfide 

was scavenged by the OM. Due to the sea level rise during the deposition of the MM 

the higher bottom water oxygenation results in a decomposition of most of the OM. 
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Figure 4: Illustration of the suggested environmental conditions during the deposition of the 
three different facies types: A) the Phosphate Member, B) the Oil Shale Member and 
C) the Marl Member. OMZ = oxygen minimum zone 

Dale et al. (2009) analyzed the influence of the sulfur bacteria Thiomargerita namib-

iensis in the related C, N and S cycles in the organic-rich sediments of the highly 

productive upwelling system off Namibia. These bacteria control the sulfur cycle by 

oxidizing the produced sulfide back to sulfate. The in situ production of 2
4SO  also 

affects the methane production in the sediment and shifts the sulfate-methane transi-

tion zone deeper in the sediment. The nitrate in the sediment is almost completely 

consumed by the sulfide oxidizing bacteria (Dale et al., 2009) and it was previously 

shown that the denitrification process is of minor importance in sediments populated 

by Thioploca (Thamdrup and Canfield, 1996). The reaction mechanism of the sulfide 

oxidation is not completely understood. For Thioploca a two-step oxidation mecha-

nism is suggested because of the S0 found in vacuoles in these bacteria (Dale et al., 

2009 and references therein). In a recent study by Dale et al. (2013) of sediment 

samples from the Baltic Sea, the reaction mechanisms influencing the phosphate 

deposition by sulfide oxidizing bacteria was further analyzed. They concluded that 

these bacteria “act as phosphorus capacitors in systems with oscillating redox condi-

tions” and they are the driving force in the deposition of phosphate (Dale et al., 

2013).  
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Figure 5: Illustration of the geochemical reactions in sulfide oxidizing bacteria populated sed-
iments modified after (Dale et al., 2009; Dale et al., 2013). POM (particulate organic 
matter is according to Dale et al. (2013) a composition of organic C, N and P fractions. 
(N:C)i and (P:C)i are the defined ratios of organic N and organic P to particulate organic 
carbon. The scheme describes possible decomposition reaction pathways for the POM and 
the role of sulfate reducing and sulfide oxidizing bacteria in this cycle.  

  Solutes:  dissolved inorganic carbon 2
2
332 COCOHCOTCO  

   total phosphate 2
4424 HPOPOHTPO  

   total hydrogen sulfide HSSHSTH 22  
   iron-bound P (Fe-P), depth-dependent fraction of Fe–P to Fe(OH)3 (Θ), reduced 

during dissimilatory iron reduction and by reaction with dissolved sulfide (A) 

Microbial mediated processes and early diagenesis 

In anoxic marine environments the preservation of OM by incorporation of sulfur is 

an important, mainly abiotic diagenetic pathway (Sinninghe Damsté and de Leeuw, 

1990). The inorganic sulfur species, including sulfate )SO( 2
4 , sulfide ( HS and  

2S ), elemental sulfur ( 0S ), polysulfides )SO( 2
x  and thiosulfate )OS( 2

32  involved 

in these reactions can either be products of abiotic reactions or of microbial activity 

(Werne et al., 2008). An important process is the oxidation of OM by bacteria by use 

of sulfate. Sulfate reducing conditions in oxygen-depleted environments with a lack 

of iron availability and the presence of reactive OM are prerequisite for the formation 

of organic sulfur compounds. In these environments the OM is an important sink for 

sulfide. Otherwise, if reactive iron is present in sufficient amounts, sulfide is scav-
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enged as iron monosulfide and is further transformed to pyrite (Berner, 1984; Berner 

et al., 1985). Functional groups of organic compounds can incorporate reduced sulfur 

species. Even labile organic compounds, like functionalized biolipids or carbohy-

drates are preserved against microbial decomposition through sulfurization 

(Sinninghe Damsté et al., 1998b). Low molecular weight organic sulfur compounds 

(OSCs) with thiolanes or thianes moiety originate from intramolecular reactions. 

With further diagenesis the more stable thiophenes arise from these compounds. The 

intermolecular reaction results in large macromolecular compounds cross-linked by 

sulfide bridges, which are mainly insoluble.  

Another important microbial activity in the OMZ beneath the high productivity zones 

of upwellings is the denitrification. This process accounts for 30‒50 % of the total 

nitrogen loss from the ocean to the atmosphere (Kuypers et al., 2005). In a sequential 

process nitrate is reduced via nitrite, nitric oxide and nitrous oxide to molecular ni-

trogen. In the first step of the nitrification ammonium is aerobically oxidized by a 

microbial process. The reaction can be described as: 

22236126 N12OH42CO30HNO24OHC5  Eq. 3

This process occurs at the oxic-anoxic interface at the OMZ. In most cases denitrifi-

cation is a heterotrophic respiratory process and anammox bacteria are autotrophic. 

Denitrification is primarily controlled by the availability of reactive OM (Capone and 

Hutchins, 2013). Another very important process in the oceanic nitrogen cycle is the 

direct oxidation of ammonium to molecular nitrogen, using nitrite under anaerobic 

conditions (anammox), by bacteria of the order Planctomycetales (Eq. 4).  

OH2NNONH 2224  Eq. 4

In the major upwellings off Namibia and Peru, anammox is a dominant nitrogen re-

moval process. The nutrient nitrate is removed from the aquatic environment and 

these organisms compete with the bacteria of the genius Thioploca needing the ni-

trate for sulfide oxidation (Høgslund et al., 2008). In a study of sediment and bottom 

water samples Høgslund et al. (2008) analyzed population density, nitrate turnover, 

and oxygen respiration of benthic foraminifera in the OMZ off the Chilean coast. 

The benthic foraminifera Nonionella cf. stella and Stainforthia sp. strongly accumu-

late nitrate and were the dominating species in these sediments and additionally 

OMZs of other upwelling environments (Høgslund et al., 2008 and references 
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therein). The foraminifera and Thioploca share the same living habitat at the sedi-

ment/water interface of the upwelling system (Figure 6). The exact way of nitrate 

uptake by these organisms is still not fully understood (Høgslund et al., 2008). 

Figure 6: Foraminifera and Thioploca filaments in the oxygen minimum zone off Chile. This 
picture illustrates the coexistence of foraminifera (illustrated with white arrows) and Thi-
oploca bacteria, visible as white filaments at the sediment/water interface of the Chilean 
upwelling system. Scale bar 500 μm.” Adopted from Høgslund et al. (2008) with permis-
sion of Elsevier.  
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1 Sea surface temperature record of a Late Cretaceous tropi-

cal southern Tethys upwelling system 

1.1 Abstract 

Late Cretaceous sea surface temperatures (SSTs) were reconstructed based on TEX86 

data from the unique high productivity upwelling system in the southern Tethys mar-

gin, Israel. SSTs were determined from two oil shale sequences of the Santonian‒

early Maastrichtian (~ 85 to 68 Ma) in southern (Efe Syncline) and central (Shefela 

basin) Israel (paleolatitude 8‒15°N). These two sampling sites represent the inner 

and outer belts of the upwelling system. Our TEX86 data indicate a significant long-

term SST cooling trend from 36.0 to 29.3 °C during the Late Santonian and the Early 

Campanian in the southern Tethys margin consistent with the opening of the Equato-

rial Atlantic Gateway (EAG).  

Based on our data from the equatorial region and literature data from the polar region 

we reassessed the equator to pole SST gradient to 22 °C. This value is closer to the 

modern ocean equator-to-pole SST gradient (30 °C) than suggested from previous 

studies. 

Furthermore, the SST data suggests the presence of cooler surface water in the inner 

belt (27.7 °C) caused by the upwelling system and warmer surface water (29.2 °C) 

further seaward in the outer belt. 

1.2 Introduction 

The climate during the Middle to Late Cretaceous (Aptian to Maastrichtian) experi-

enced significant changes from warm to colder periods with highest sea surface tem-

peratures (SSTs) in the Turonian (Takashima et al., 2006; Moriya, 2011). The Late 

Cretaceous was characterized by a long-term cooling trend of several degrees that 

started in the Santonian (86 Ma) and lasted into the Maastrichtian (66 Ma), assumed 

to be caused by a change in oceanic circulation and a transfer of intermediate to deep 

water sources to high northern and southern latitudes based on δ18O data from foram-

inifera (Barrera and Savin, 1999; Abramovich et al., 2003; Friedrich et al., 2005; 

2012; Koch and Friedrich, 2012). Recently, it has been suggested that this cooling 

trend is related to the establishment of a deep water passage between the North and 
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South Atlantic Oceans through the Equatorial Atlantic Gateway (EAG) (Friedrich et 

al., 2012). 

A lot of Late Cretaceous SST records are based on δ18O analyses of foraminifera 

whereby it is essential that their carbonate shells are well preserved (Pearson et al., 

2001). However, the δ18O composition of foraminifera can be affected by the δ18O of 

the ambient water and by early deep sea diagenetic recrystallization that may intro-

duce biases to SST reconstructions (Schrag et al., 1995; Pearson et al., 2001). 

Besides the organic biomarker ratio 'K
37U  (alkenone unsaturation index), based on 

long-chain unsaturated ketones from haptophyte algae (Brassell et al., 1986a), used 

for the reconstruction of SST Schouten et al. (2002) established another organic 

paleo SST proxy. The membrane lipids of marine Crenarchaeota were found to con-

sist of glycerol dialkyl glycerol tetraeders (GDGTs) with varying numbers of cyclo-

pentane moieties and one with a cyclohexane moiety. The composition of the 

GDGTs is a biological adaption of the archaean to the ambient temperature and has 

been used to develop the TEX86 (TetraEther indeX of tetraethers consisting of 86 

carbon atoms) parameter for the reconstructions of former SSTs (Schouten et al., 

2002). Based on the analysis of extracts from more than 40 globally dispersed sur-

face sediments a linear correlation between the TEX86 and the annual mean SST was 

developed as shown in Eq. 5 (Schouten et al., 2002). 

28,0SST015.0TEX86   Eq. 5

The original calibration was further modified and improved for a wide temperature 

range based on the analysis of 223 core top sediments (Kim et al., 2008). This cali-

bration showed a good correlation of the TEX86 with the annual mean water tempera-

ture of the upper mixed layer (Kim et al., 2008). For their analysis of eleven sedi-

ment samples from various sampling points from Eocene to Oligocene age Liu et al. 

(2009) used a non-linear TEX86 calibration modified after Kim et al. (2008). The 

development of the TEX86 as paleo proxy over the last decade was recently reviewed 

by Schouten et al. (2013) 

In a recent study of suspended particulate matter and core top sediments from the 

Benguela upwelling system, the SSTs reconstructed from the TEX86 were cold bi-

ased up to 7 °C compared to in situ measured SSTs (Lee et al., 2008). The discrepan-

cies were explained by a higher production of Crenarchaeota lipids below the mixed 
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layer (Lee et al., 2008) which were uplifted to the surface together with the colder 

water masses.  

Recently, a new proxy based on branched GDGTs (Branched and Isoprenoid Tetrae-

ther (BIT) index), was developed for the determination of terrestrial influence on 

marine systems (Hopmans et al., 2004). Large amounts of terrestrial organic matter, 

possibly derived from fluvial input, could also bias the TEX86 value due to the influ-

ence of terrestrially derived isoprenoid GDGTs (Weijers et al., 2006). A further pos-

sibility of a seasonal bias on the TEX86 value was observed during the analysis of 

particulate organic matter from different marine settings (Wuchter et al., 2005). The 

GDGTs show a higher abundance in the winter and spring month which might also 

affect the TEX86 (Wuchter et al., 2005).  

In face of these limitations, the TEX86 index is thought to be less affected by diage-

netic overprinting (e.g. Schouten et al., 2004; Kim et al., 2009) than δ18O in car-

bonatic (Pearson et al., 2001) or phosphatic minerals (Sharp et al., 2000). SST recon-

structions based on the δ18O of foraminifera of Santonian to Maastrichtian age from 

equatorial regions are relatively sparse mainly due to the limited number of well-

preserved isotopic records from tropical sections (e.g. Maestas et al., 2003; Steuber 

et al., 2005). Additionally, no TEX86 paleotemperature data are available so far from 

Late Cretaceous sediments of the southern Tethyan Ocean.  

Jenkyns et al. (2004) suggested a Late Cretaceous equator-to-pole SST gradient of 

ca. 15 °C, which is just half of the modern value. Their assumption based on SST 

data derived from TEX86 data obtained from core material of sedimentary rocks from 

the Late Cretaceous polar ocean (Jenkyns et al., 2004), and SSTs (up to 32 °C) calcu-

lated from δ18O data of foraminifera from the equatorial Pacific Ocean (Wilson and 

Opdyke, 1996) which might be a problem because of the biases concerning the eval-

uation of SSTs from TEX86 values determined in sediments from polar regions 

(Sluijs et al., 2006).  

Additionally, we compared our data on tropical SSTs with published data from the 

polar region that enable a reassessment of the equator-to-pole gradient during the 

Late Cretaceous. 

We studied sediments from two well-dated oil shale sequences located in central and 

southern Israel. These were obtained from the Aderet 1 borehole in the Shefela basin 

and the PAMA quarry outcrop in the Efe Syncline (Ashckenazi-Polivoda et al., 2011; 
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Meilijson et al., 2012) (Figure 7 A, B). Both sequences cover Late Cretaceous sedi-

ments deposited in the southern Tethys equatorial region (8‒15°N) under the influ-

ence of a major upwelling regime (Edelman-Furstenberg, 2009). Within this up-

welling system, the sediments from the Aderet 1 borehole and PAMA quarry were 

deposited in the outer belt and the inner belt, respectively (Almogi-Labin et al., 1993; 

Ashckenazi-Polivoda et al., 2011; 2012). 

The aim of this study was a reconstruction of southern Tethyan equatorial SSTs 

based on TEX86 from the Late Santonian to the Early Maastrichtian. Trends are dis-

cussed in the context to other SST records. Moreover, the availability of sediment 

profiles from both proximal (PAMA quarry) and distal (Aderet 1 borehole) areas of 

the upwelling belt may allow to investigate whether TEX86 data detect the occur-

rence of cold uplifting water more proximal to the coast and warmer water further 

seawards, similar to common patterns in recent and modern upwelling systems.  

1.3 Materials and methods 

1.3.1 Paleogeographical setting 

The studied sediment samples were deposited during the Late Cretaceous in a highly 

productive upwelling regime lasting for nearly 20 Myr. from the Santonian to the 

Late Maastrichtian in the southern part of the Tethys Ocean at a paleolatitudinal posi-

tion of 8‒15°N (Figure 7) (Almogi-Labin et al., 1993; Edelman-Furstenberg, 2009). 

This upwelling system belongs to the Upper Cretaceous-Eocene phosphate belt 

which extends from South America (Colombia) over North Africa to the Middle East 

consisting of organic-rich carbonates, cherts and phosphates (Almogi-Labin et al., 

1993; Pufahl et al., 2003). 

A driving force of the Late Cretaceous upwelling system was the westward-flowing 

Tethys Circumglobal Current (Soudry et al., 2006). The prevailing trade winds gen-

erated the upwelling systems along the continental margins (Edelman-Furstenberg, 

2009). 

This study investigates two sequences, which were deposited during the Late Santo-

nian to the Early Maastrichtian (85‒66 Ma) in the Shefela basin and the Late Cam-

panian to Early Maastrichtian (ca. 71.8‒69.9 Ma) in the Efe Syncline. The sediments 

from the Shefela basin were deposited at a further seaward located continental slope 
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(Gvirtzman et al., 1989) or outer belt region of the Late Cretaceous upwelling system 

(Almogi-Labin et al., 1993; Almogi-Labin et al., 2012; Schneider-Mor et al., 2012). 

Depending on the faunal composition and abundance of biogenic silica the spatial 

classification of the depositional environments was expected to be a near open ocean 

environment (Edelman-Furstenberg, 2009; Ashckenazi-Polivoda et al., 2010). Fur-

thermore, based on this classification the sediments from the Efe Syncline were de-

posited closer to the shore, representing the inner belt of the upwelling system 

(Edelman-Furstenberg, 2009; Ashckenazi-Polivoda et al., 2011; Schneider-Mor et 

al., 2012). The paleodepth of the depositional environment was located between the 

middle bathyal to upper abyssal according to the analysis of the foraminiferal assem-

blage (Ashckenazi-Polivoda et al., 2011). 

1.3.2 Material and study sites 

Samples from Shefela basin near Jerusalem derive from the Aderet 1 borehole, which 

has been drilled by Israel Energy Initiatives (Figure 7). The oil shale sequence in the 

Shefela basin is ca. 300 m thick from Late Santonian to Early Maastrichtian age (~85 

to 68 Ma) (Meilijson et al., 2012). The core samples cover the depth between 265‒

600 m. The whole core was divided into 339 pieces of approximately 1 m length. 102 

samples were selected to cover the whole length of the core with a sampling interval 

of 3 m and out of these samples 64 were chosen for the analysis of the TEX86 data 

with a temporal resolution of approximately 180 ka. The core covers mainly the up-

per Cretaceous Ein Zeitim Formation (250‒520 m and 538‒600 m), which is pre-

dominantly composed of relatively soft, dark bituminous chalk with few thin lamina 

of dark marl (Figure 8 A). This formation is interrupted by a small hiatus (~ 8 m) of 

the upper Cretaceous Mishash Formation (the Mishash tongue) consisting of bitumi-

nous chert and phosphate material.  
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Figure 7: Location map for the two studied areas. A) Position of the PAMA quarry (Efe Syn-
cline) and Aderet 1 borehole (Shefela basin) in a local map of Israel (UTM Coordinate 
system). Base topography is given in a structural map showing Syrian Arc structures 
(modified after Gardosh et al. (2008) and Almogi-Labin et al. (2012)). B) Inferred posi-
tion of the PAMA quarry and Aderet 1 borehole within a paleogeographic map showing 
the upwelling belts that developed along the southern Tethys margin during the Late 
Campanian and Early Maastrichtian (from Ashckenazi-Polivoda et al. (2011)). C) Loca-
tion of Israel shown on a political map of the Middle-East. 

Samples from the Efe Syncline (31°04′51.82″N;35°10′02.85″E, northern Negev, Is-

rael) have been obtained from the PAMA quarry outcrop. The sampling material 

covers ~ 49.6 m and was divided into ~220 samples with a length of 0.2 m and a 

temporal resolution of 20 ka. Out of these samples 111 were selected for the SST 

reconstructions. The actual distance between the two sampling points is ca. 80 km 

which would have not changed significantly since the Late Cretaceous. The sample 
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material was not weathered due to ongoing mining activities. The oil shale section is 

considerably thinner (~ 40 m) and represents a shorter age interval between Late 

Campanian and Early Maastrichtian, (~ 71.6–69.8 Ma) (Ashckenazi-Polivoda et al., 

2011). The sampled section covers a sequence of about 50 m including a short sec-

tion of the Mishash Formation representing 3.6 m of the Phosphate Member (PM) 

and a longer section of the Ghareb Formation composed of 42 m of the Oil Shale 

Member (OSM) followed upwards by a short sequence (~3 m) of the overlying Marl 

Member (MM) (Figure 8 B).  

The stratigraphic correlation of the profiles is based on biostratigraphic dating from 

previous studies (Ashckenazi-Polivoda et al., 2011; Meilijson et al., 2012) and is 

used here for the correlation with global records. 

1.4 Sample preparation 

20 g of dried and ground rock samples (< 200 μm) from the PAMA quarry were 

Soxhlet-extracted for 30h using a dichloromethane/methanol mixture (9:1 v/v). For 

the removal of elemental sulfur, a piece of activated copper (previously activated 

with 6 N HCl) was added to the extract during the Soxhlet-extraction. 

The samples from the Aderet 1 borehole in the Shefela basin were extracted with an 

accelerated solvent extractor (Büchi SpeedExtractor E-916) because of the limited 

amounts of available sample material. To verify the equality of the glycerol dialkyl 

glycerol tetraether (GDGT) composition in the solvent extracts from the SpeedEx-

tractor and the Soxhlet extracts, 20 test extractions of a laboratory internal reference 

material with known TEX86 values and analyses of the extracts by use of high-

performance liquid chromatography (HPLC) coupled with tandem mass spectromet-

ric (MS/MS) detection (HPLC-MS/MS) were carried out and results from the Speed-

Extractor were compared with those of the Soxhlet-extraction. The determined 

TEX86 for 18 samples were within a 2σ confidence band with the known TEX86 val-

ue. For the extraction of the samples with the SpeedExtractor, 10 g of dried grounded 

rock samples (< 200 μm) were mixed with an equal amount of quartz sand (Büchi 

0.3-0.9 mm) prior to extraction to avoid clogging of the extraction cells. The sam-

ple/sand mixture was filled in a 20 ml stainless steel extraction cell and then heated 

to 75 °C at 100 bar. Two extraction cycles were performed with a dichloro-
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methane/methanol mixture (9:1 v/v). Subsequently the tubes were rinsed for two 

minutes with dichloromethane/methanol (9:1 v/v) followed by flushing the cells with 

nitrogen gas for 4 min to remove the solvent mixture. For the removal of elemental 

sulfur, a piece of activated copper (previously activated with 6 N HCl) was added to 

the extract which was kept for 12h at 4 °C. After removing the copper by filtration, 

the solvent mixture was evaporated using a rotary evaporator.  

10 mg of the obtained extracts were separated into four fractions by column chroma-

tography using 18 g of silica gel 60 (Merck) and a glass column with 15 mm inside 

diameter. Fraction F1 was obtained by elution with 80 ml hexane, fraction F2 was 

eluted with 100 ml hexane/dichloromethane (9:1 v/v), fraction F3 was eluted with 80 

ml of dichloromethane/methanol (95:5 v/v) and fraction F4 was eluted with 60 ml 

methanol. The F3 fraction was further analyzed by HPLC-MS/MS for determination 

of the TEX86 index.  

1.5 TEX86 analysis 

The extracts of fraction F3 were dissolved in hexane/isopropanol 99:1 and then fil-

tered through a 0.45μm PTFE filter prior to the measurement with the HPLC-

MS/MS. The analyses were performed on a AB Sciex 3200 Q Trap LC/MS/MS sys-

tem with an autoinjector and Analyst® chromatography software. Separation was 

achieved on a Cyano column (150*2.1 mm, 3μm; Grace, Waukegan, Il, USA), main-

tained at 30 °C. The GDGTs were eluted isocratically with 99 % hexane and 1 % 

isopropanol for 5 min, followed by a linear gradient to 10 % isopropanol in 45 min at 

a flow rate of 0.2 ml/min. After each analysis the column was cleaned by back-

flushing hexane/isopropanol (90:10, v/v) at 0.2 mL/min for 10 min.  

Detection of the GDGTs was achieved using atmospheric pressure positive ion 

chemical ionization mass spectrometry (APCI-MS) of the HPLC-eluents. Conditions 

for APCI-MS were as follows: nebulizer pressure 60 psi, vaporizer temperature 300 

°C, drying gas (N2) flow 6 L/min and temperature 250 °C, capillary voltage 3 kV, 

corona 5 mA (3.2 kV). Positive ion spectra were generated by scanning m/z 950–

1450 in 1.9 s (a representative partial HPLC/MS base peak chromatogram of sample 

SAOS 27 is given in the appendix Figure A-1 along with the GDGTs and their struc-

tures indicated by A1-A6 are shown in the appendix A1-A6, respectively). 
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Figure 8: Age, stratigraphic data, lithology and sea surface temperature (SST) based on TEX86 
data plotted against depth for studied sections from (A) Aderet 1 borehole and (B) 
PAMA quarry. SSTs are based on TEX86 calculated according to equation 12 from Kim 
et al. (2008) (compilation of all data in Table A-2). The fine dashed line shows the SST 
trend in the time parallel sequence of the Late Campanian to Early Maastrichtian (column 
A and B). The coarse dashed line highlights the SST cooling of the Late Santonian to 
Middle Campanian. Analytical error is ± 0.5 °C. The chronostratigraphy is modified after 
Meilijson et al. (2012) and Eshet and Almogi-Labin (1996) and in the PAMA quarry sec-
tion after Ashckenazi-Polivoda et al. (2011). 
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The analytical method has been adopted from Schouten et al. (2002). For our study, 

TEX86 values were converted to SSTs according to Eq. 6, which is based on the core 

top calibration of Kim et al. (2008). 

86TEX2.5678.10SST  Eq. 6

We decided on the calibration model developed by Kim et al. (2008) based on the 

temperature range covered by this equation and the expected SST. Moreover, this 

calibration provides a low standard error and a good determination coefficient with a 

great data basis (Kim et al., 2008). We analyzed our data based on different calibra-

tion methods to compare these with published data and to further filter the most rea-

sonable results (cf. results in the appendix Table A-2 calculated according to the dif-

ferent calibrations). 

Schouten et al. (2003) analyzed sediments from three different locations of the Atlan-

tic Ocean and the Pacific Ocean of Middle Cretaceous age. For their studies they 

used a modified calibration based on Holocene surface sediments with annual SSTs 

> 20 °C (Eq. 7). 

016.0SST027.0TEX86  Eq. 7

Another calibration was applied by Jenkyns et al. (2004) for their analysis of Late 

Cretaceous Arctic Ocean sediments. 

29.0SST015.0TEX86  Eq. 8

The correlation between GDGTs and SST was intensively studied by Kim et al. 

(2010). Based on 255 samples from various sampling sites, without the subpolar and 

polar regions, a different calibration model was established. For SSTs between 5 and 

30 °C they suggested a new calibration based on a logarithmic correlation with 

TEX86.  

6.38TEXlog4.68SST 86  Eq. 9 

A linear approach with an reciprocal TEX86 was used by Liu et al. (2009) for the 

reconstruction of SSTs from Eocene-Oligocene sediments from 11 globally dispersed 

sampling sites.  

)TEX/1(332.16475.50SST 86  Eq. 10 
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Table 1 SST ranges of the Shefela basin and the Efe Syncline sampling site calculated using 
different calibration models. 

Used calibration a b c d e f 

Calculated SST (°C )  20.8 22.5 22.5 20.1 23.0 22.9 

range Shefela basin 37.0 36.1 31.5 36.3 33.2 30.9 
       
Calculated SST (°C)  22.0 23.5 23.2 21.3 23.9 23.7 

range Efe Syncline 32.1 32.0 28.8 31.5 30.5 29.0 

a(Schouten et al., 2002), b(Kim et al., 2008), c(Schouten et al., 2003), d(Jenkyns et al., 2004), 
e(Kim et al., 2010), f(Liu et al., 2009) 

Our samples were analyzed in duplicate and analytical precision was determined by 

replicate injections of laboratory internal reference material with known TEX86 val-

ues. The analytical error derived from these repeated analysis was < 0.5 °C.  

The marine TEX86 index could be biased by GDGTs derived from soil organic mate-

rial, known as the branched and isoprenoid tetraether (BIT) index (Weijers et al., 

2006). This is the case if large amounts of terrestrial material is transported to the 

marine environment especially by large rivers (Weijers et al., 2006). Even the sam-

ples from the proximal Efe Syncline contain only minor amounts of terrigenous ma-

terial (Schneider-Mor et al., 2012). For the samples from the more distal Shefela ba-

sin an even lower influence from terrigenous material can be assumed. Therefore a 

negative bias from the BIT GDGTs could be excluded.  

1.6 Results 

For the reconstruction of the SSTs from the two sampling sites of the ancient 

upwelling systems different calibration models were applied (Schouten et al., 2003; 

Jenkyns et al., 2004; Kim et al., 2008; Liu et al., 2009; Kim et al., 2010) (cf.  

Table 1). We decided to use the calibration developed by Kim et al. (2008) because 

of the good agreement with other available data for the Late Cretaceous equatorial 

ocean. Over the whole profile of the Shefela basin core, covering the time from the 

Late Santonian to the Maastrichtian, the SSTs varied in a range between 22.5 and 36 

°C. The sampled profile from the Efe Syncline covers sediments from the Late Cam-

panian to the Early Maastrichtian with a temperature range between 23.5 and 32.0 
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°C. The variation in the SST recorded in the Shefela basin sequence can be divided 

into three main sections (Figure 8 A). 

The highest SST (36.0 °C) has been determined from Late Santonian sediments at 

the lowermost part of the Shefela profile (595 m) (Figure 8 A). A significant cooling 

trend of approximately 7 °C is recorded in the sediments from the Late Santonian 

and Early Campanian deposited between 85 and 75.57 Ma. The further decreasing 

temperatures at the Early Maastrichtian and an increasing of SST towards the middle 

Maastrichtian is reflected in the third interval < 69 Ma. 

Subsequently, upwards in the sequence (595–520 m, 84–77 Ma), towards the sedi-

ments deposited during the middle Campanian, the SST significantly declines down 

to 29.3 °C (Figure 8 A). A short-term marked decrease in the SST to 22.5 °C at 

around 510 m depth (~ 76 Ma) can be observed. This period of cooling passed into a 

period of relatively stable temperatures with only moderate cooling between 75.57 

and 69.62 Ma. During deposition of the sediments (450–265 m), representing Maas-

trichtian age (~71.5–68 Ma), the SST decreases to a local minimum of 25 °C at a 

depth of 316 m and finally increases again to ≥29 °C in the uppermost part of the 

studied sequence (Figure 8 A). 

For the section analyzed from the PM (48.2 m – 46 m) at the Efe Syncline a mean 

SST of 26.5 °C was reconstructed. The SSTs of the PM are ~1.5 °C lower compared 

to the SSTs reconstructed from the sediments of the lower part of the OSM up to 

approximately 40 m depth. In the upper part of the OSM profile, representing Maas-

trichtian age sediments (38 m to 3.8 m, 71.4 Ma to 69.85 Ma, Figure 8 B and Table 

A-2) the TEX86 data provide a mean value of the SST of 27.7 ± 1.3 °C. Within the 

OSM the SST did not change significantly (indicated by the dotted line Figure 8 B). 

In the MM GDGTs could not be detected for a reconstruction of SSTs. 

For an analysis of the SST difference between the inner and outer belt of the former 

upwelling system the part of the sequences from both localities representing the peri-

od from 71.6 to 69.8 Ma were used (Figure 8). The difference between the mean SST 

values for the two sampling sites is 1.5 °C, with lower values being obtained from 

the inner belt sampling site (Figure 8 B). 

The temperature shift determined from the time-parallel section of the two sampling 

locations is close to each other. 
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1.7 Discussion 

1.7.1 Late Cretaceous SSTs and cooling history 

The SSTs reconstructed from the sediments of the Shefela basin and the Efe Syncline 

are in general agreement with the SSTs obtained from other low latitude sampling 

sites of the Late Cretaceous (Pearson et al., 2001; Wilson and Norris, 2001; Maestas 

et al., 2003; Steuber et al., 2005; Forster et al., 2007a). From the Late Santonian to 

the early Maastrichtian the SSTs varied in a range between 23.7 and 36 °C in the 

Shefela basin and from 23.5 to 32 °C in the Efe Syncline.  

Only a few SST data are available for the southern margins of the Tethys in the Late 

Cretaceous, based on δ18O records from the analysis of fish bones and teeth from 

various locations in Israel, including Efe Syncline (Kolodny and Raab, 1988). These 

data indicate a prominent decrease in SSTs from 32 °C in the Late Santonian to 20 

°C in the early Maastrichtian (Kolodny and Raab, 1988). These data support the ob-

served cooling trend during the early Campanian, although the temperatures are 4‒6 

°C lower than those calculated in the present study and a detailed correlation along 

the profile was difficult because of the limited temporal resolution of the index fos-

sils (Kolodny and Raab, 1988). 

Tropical SSTs values between 27 to 35 °C, consistent with our data, were obtained 

from analysis of the δ18O isotope composition of shells of rudist bivalves in Mid-

Campanian/Maastrichtian sediments from similar paleolatitudes in the northern At-

lantic Ocean (8–14°N) (Steuber et al., 2005).  

The SSTs up to 36 °C derived from the sediments of the Late Santonian upwelling 

system are 7‒8 °C higher compared to SSTs of the recent tropical region (Dowsett et 

al., 2012).  

In agreement with our data, Clarke and Jenkyns (1999) extrapolated paleo SSTs from 

δ18O data for the low latitudes between 31–36 °C. Additionally, these values are in 

agreement with TEX86 based SSTs of ~35 °C for the Late Santonian reported from 

Demerara Rise (Ocean Drilling Program Leg 207, Sites 1259) deposited at a similar 

paleolatitude (Forster et al., 2007a) (Figure 9), although these SSTs were obtained 

based on different calibration models (Kim et al., 2008). Furthermore, the onset of 

this significant Late Santonian cooling trend has previously been derived from TEX86 
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data obtained from the Ocean Drilling Program Leg 207 (site 1259, Demerara Rise, 

western equatorial Atlantic Ocean (Forster et al., 2007a)). A rapid SST cooling by 2 

°C was recorded (Forster et al., 2007a). 

Additionally, the recorded cooling trend is in agreement with the cooling previously 

shown for the Late Santonian to Early Campanian Mooreville Chalk sequence (84.5 

to 80 Ma) in the northeastern Gulf of Mexico (Liu, 2009) (Figure 9). Here, SSTs 

were calculated from δ18O measured on bulk material and revealed a continuous de-

crease of SSTs 31 °C to 24 °C based on the calibration of Erez and Luz (1983). De-

pending on the calibration models used, the SST varies between 29–23 °C (Epstein et 

al., 1953) and 28–22 °C (Anderson and Arthur, 1983).  

The temperature offset of 5‒8 °C (depending on calibration) compared to our data 

(Figure 9) can be explained by the deposition of the Moorville Chalk in a more 

northern paleolatitude (30°N) (Liu, 2009). Furthermore, a difference in the response 

to the SST between the TEX86 and the δ18O from bulk carbonates is possible.  

Based on Nd isotope studies of fish tooth enamel from various sampling localities 

within the Tethyan realm, the southern Tethyan margins were suggested to be influ-

enced by a weakening of Pacific Ocean water masses accompanied with a strength-

ening of a westward Tethys surface current resulting in increased upwelling (Pucéat 

et al., 2005). This is also supported by a study of Ca and Nd isotopes on phosphatic 

minerals from the Negev (Soudry et al., 2006). Additionally, a recent study from the 

Pacific Ocean (Deep Sea Drilling Project Sites 305 and 463; 8°N and 5°S, respec-

tively) and southern high latitudes of the Atlantic Ocean (Deep Sea Drilling Project 

Site 511, 58°S) (Friedrich et al., 2012) further support the major cooling trend in the 

Late Santonian (Figure 9). δ18O isotope data of benthic foraminifera indicate a cool-

ing of intermediate- to deep water from 20 to 8 °C that occurred from the Santonian 

to the middle Campanian. This intensive global cooling process has been attributed 

to the opening and deepening of the EAG and intrusion of cooler Atlantic water 

masses from higher southern latitudes (Friedrich and Erbacher, 2006; Friedrich et al., 

2012).  
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Figure 9: Distribution of reconstructed SSTs covering the Santonian to early Maastrichtian 
from this study and other published data (all values given in appendix Table A-3).  

 This study: PAMA quarry, Efe Syncline (8-15oN; paleo inner belt) 
● This study: Aderet 1 borehole, Shefela basin (8-15oN; paleo outer belt) 
○ Forster et al. (2007a), SST calculated from TEX86 values of samples from western 
 equatorial Atlantic (ODP Leg 207 Site 1259), 5°N 

 Jenkyns et al. (2004), SST calculated from TEX86 values of samples from the Arctic 
Ocean (Fl-437 and Fl-533 ), 80°N 

■ Liu (2009), SSTs calculated based on the calibration of Erez and Luz (1983) from δ18O 
 of bulk material from the Mooreville Chalk of the eastern Gulf Coastal Plain, U.S.A, 30-

35oN 
□ Friedrich et al. (2012), water temperatures from δ18O values of benthic foraminifera  
 from the subtropical south Atlantic, Walvis Ridge, Deep Sea Drilling Project (DSDP) 
 525, 30°S 
◊  Friedrich et al. (2012), water temperatures from δ18O values of benthic foraminifera 
 from the South Atlantic (Maud Rise, ODP Leg 113 Site 690 C, 65°S; Falkland Plateau 
 DSDP 511, 51°S) and Indian Ocean, Wombat Plateau, ODP Leg 120 Site 750, 57°S 
x Friedrich et al. (2012), SSTs from δ18O values of benthic foraminifera from the tropical 
 Pacific Ocean at Shatsky Rise and (DSDP 305 and 463), 10°N and 5°S respectively 

  Friedrich et al. (2012), water temperatures from δ18O values of benthic foraminifera 
 from the North Atlantic, Demerara Rise, 5°N 
▲ Friedrich et al. (2004), SSTs from δ18O values of planktic foraminifera from the Blake  
 Plateau western Atlantic DSDP Leg 74 Site 390 A, 30oN 
+ Li and Keller (1999), SSTs range calculated from δ18O values of planktic foraminifera 
 and from the equatorial Pacific DSDP Site 463, 5oS 

 Wilson and Opdyke (1996) SSTs range calculated from δ18O values of planktic  
 foraminifera from Leg 144 of the Ocean Drilling Program (ODP), Hole 877A, equatorial 
 Pacific, 8oS 
 Pearson et al. (2001), SSTs range calculated from δ18O values of planktic foraminifera
 from Lindi, Tanzania (19°S) 
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Due to the good agreement of this data with the significant cooling of 7 °C resulting 

from the reconstructed SSTs in the Shefela basin from the Late Santonian/Mid-

Campanian we suggest that this change in the circulation of ocean water masses 

probably also affected the SST of the southern margins of the Tethys. 

The significant decline in SST observed in the Aderet 1 borehole profile at 510 m (~ 

76 Ma) correlates with maximum productivity in the upwelling system (Almogi-

Labin et al., 1993) and is probably accompanied with an increase of upwelling cool 

waters. Millennial-scale cooling events up to 3‒4 °C have been reported form Holo-

cene upwelling systems off West Africa (20°N, ODP Hole 658C), also caused by an 

increased upwelling activity (de Menocal et al., 2000). The further moderate decline 

of the mean SST (by approximately 1 °C) during the Campanian and early Maas-

trichtian (74 to 69.7 Ma) recorded from the Aderet 1 borehole is much less prominent 

than the 4–5°C cooling of SST recorded in the Late Campanian (73 to 70 Ma) in the 

southern Atlantic Ocean DSDP 525A (paleolatitude 36°S) (Li and Keller, 1999). The 

δ18O data from planktic foraminifera in Maastrichtian sediments from Mid-Pacific 

Mountains (DSDP Site 463), of a paleolatitude (5°S) similar to our study area, pro-

vided SSTs in the range from 17 to 19 °C (Li and Keller, 1999) underestimating the 

SSTs by around 10 °C probably due to early diagenetic overprinting in bottom wa-

ters (Figure 9).  

At the beginning of the Maastrichtian (316m, ~ 69 Ma) the SST in the Shefela basin 

decreased significantly by approximately 3 °C within a relatively short period of time 

(cf. Figure 9). A comparison with other studies from globally dispersed sampling 

sites (Figure 9) shows that the ocean water temperatures considerably decrease at the 

beginning of the Maastrichtian, around 70 Ma. Exemplarily, the bottom water tem-

peratures reconstructed from δ18O values of benthic foraminifera from the subtropi-

cal south Atlantic, Walvis Ridge, Deep Sea Drilling Project (DSDP) 525, 30°S, show 

a significant decrease of ca. 3 °C (Friedrich et al., 2012). 

The cooling of the SSTs, recorded in the sediments of the Shefela basin, can be in-

terpreted as a delayed response to this globally recognized temperature drop, which 

is superimposed on the long-term cooling and is known as the Campanian-

Maastrichtian Boundary event (CMBE). Recent dating indicates that this event lasted 

1.5 million years between 71.5‒70 Ma and is marked by a positive excursion in ben-

thic foraminiferal δ18O values and coincident change in benthic assemblages from 
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southern high latitudes near Antarctica (ODP Site 690, Leg 113, south Atlantic 

Ocean, paleolatitude 65°S) (Koch and Friedrich, 2012). These changes have been 

attributed to a shift in the sources of intermediate- to deep water masses from low to 

high latitudes (Koch and Friedrich, 2012).  

Table 2 Equator-to-pole SST gradients of the modern earth climate system and suggestions 
for the Late Cretaceous. 

Modern Previous This  

(Huber et al., 2002) (Jenkyns et al., 2004) study  

Equator-to-pole SST 0.4 0.2 0.3  

gradient (°C/°Latitude)     

 

After this global cooling phase a period of oceanic warming began at ~70 Ma and 

lasted until ~68 Ma. This is the first of two warming events during the Maastrichtian 

(Li and Keller, 1998; Li and Keller, 1999). We determined a SST increased from 25 

°C to 31 °C in the sediment records from the Shefela basin (approximately 69 to 68.8 

Ma, 316‒280 m, see Figure 8 A and Figure 9). A sudden increase of ~2 °C ‒ 3 °C in 

SSTs was reported from the δ18O analysis of North Pacific sediments from Shatsky 

Rise (ODP Leg 198, Sites 1209, 1210 and 1212, ~10°N) (Frank et al., 2005). Fur-

thermore, the SST increase recorded in the sediments of the Shefela basin during the 

Middle Maastrichtian (< 69 Ma) is supported by the δ18O stable isotopic composition 

of pristine planktic foraminifera in sediment samples from Tanzania (19°S) of Late 

Maastrichtian age (67±2 Ma) showing high SST between 26‒32 °C (Pearson et al., 

2001) (Figure 9). 

Additionally, a significant SST increase of 6 °C was reported from the analysis of 

δ18O isotopes of planktic foraminifera on Maastrichtian sediments of the North At-

lantic (Blake Nose, ODP Site 390 and DSDP Sites 1050 and 1052, paleolatitude 

30°N) (MacLeod et al., 2005). It was suggested that the warming was caused by an 

transport of warm water masses from the South to the North Atlantic (MacLeod et 

al., 2005). This is in accordance with a similar temperature increase in the Tethys 

sediments of the Shefela basin, which were probably affected by these warm water 

masses of the Atlantic Ocean.  
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1.7.2 Late Cretaceous equatorial to polar SST gradient  

We compared our SST data from the equatorial region (71.8‒69.8Ma) with published 

data from the polar region to calculate an equatorial to polar SST gradient. Recently, 

a mean annual SST of 15 °C (Figure 9) was calculated based on TEX86 data from 

Campanian to Late Maastrichtian sediment samples of a piston core from the Alpha 

ridge, northern polar Atlantic Ocean (80°N) (Jenkyns et al., 2004). These data would 

imply the total absence of polar ice at that time. Jenkyns et al. (2004) uses the δ18O 

data from the western equatorial Pacific Ocean (Wilson and Opdyke, 1996) for their 

suggestion of an equator-to-pole SST gradient of approximately 15 °C (cf. Table 2). 

This calculated gradient appears to be too low, compared to the modern SST gradient 

between these two regions of approximately 30 °C (Dowsett et al., 2012). For the 

Campanian (75.5‒74.5 Ma) an even lower SST gradient of ~ 0.13 °C/° Latitude was 

calculated by Huber et al. (2002) based on the analysis of δ18O data from planktic 

and benthic foraminifera from the Blake Nose sampling site and the DSDP Sites 511 

and 690. 

Additionally, these TEX86 and δ18O based SSTs are in disagreement with micropale-

ontological and sedimentological investigations of the Late Campanian sample set 

from Alpha ridge (CESAR-6 and FI-437) which suggest the occurrence of intermit-

tent sea ice in winter (Davies et al., 2009). Furthermore, statistical studies of plant 

fossils from northeastern Russia and northern Alaska indicate that the mean air tem-

perature in the Maastrichtian did not exceed 12 °C at higher latitudes (70–80°N) 

(Spicer and Herman, 2010), from which a SST close to freezing temperature has 

been estimated (Amiot et al., 2004). These discrepancies may derive from seasonal 

growth of Crenarchaeota resulting in reconstructed SSTs different from the annual 

mean (Wuchter et al., 2006a; Wuchter et al., 2006b). From Late Paleocene–Early 

Eocene sediments of the Arctic basin sample site IODP Hole 302-4A (near the North 

Pole) Sluijs et al. (2006) hypothesize that the TEX86 data provide the summer SST 

(range 18–23 °C) rather than the annual mean SST in the arctic region.  

Wuchter et al. (2006b) analyzed recent sediment trap samples collecting particulate 

matter from the northeastern Pacific Ocean (33°N and the upwelling area near the 

California coast (36°N). Additionally, sediment trap samples were taken from the 

Arabian Sea (17°N). The GDGTs containing the TEX86 signal reaching the deep wa-
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ter sediments reflect the annual mean SST, although seasonal variations in SST cal-

culated from TEX86 and in situ measured SST were detectable in the upper water 

layers (Wuchter et al., 2006b). Based on these data we expect that the TEX86 derived 

SSTs from the Shefela basin reflect the annual mean SSTs. 

From δ18O values of biogenic apatite of continental vertebrates from Late Cretaceous 

sediments at paleolatitudes ranging from 83°N (Alaska) to 32°S (Madagascar) a ter-

restrial air temperatures equator to pole gradient of 0.4 °C ± 0.1 /°Latitude (modern: 

0.6 °C/°Latitude (Amiot et al., 2004)) was calculated. By comparison, the modern 

SST gradient is approximately 0.40 °C/°Latitude (Huber et al., 2002). From these 

data a Late Cretaceous SST gradient of 0.26 °C/°Latitude can be calculated, based on 

the assumption that the differences in air temperature between the Late Cretaceous 

and the present are also valid for SSTs. Based on our TEX86 data, from the more 

seaward located Shefela basin, we calculated a Late Cretaceous (~ 71.5–69.5 Ma, 

sampling interval 450–331 m) equatorial mean SST of 29.2 °C, which is in agree-

ment with zonally averaged SSTs from an ocean general circulation model for the 

Campanian (80 Ma) (Brady et al., 1998). Amiot et al. (2004) calculated a polar mean 

SST of 7 °C. Based on these data, we calculate an equator-to-pole gradient of 22 °C 

(ca. 0.3 °C/° Latitude), which is slightly higher than the previous assumption of 0.26 

°C/°Latitude. Additionally, this is further supported by a Late Cretaceous ocean cli-

mate model, which indicates an annual mean SST gradient of approximately 26 °C 

between the equatorial and polar regions (Otto-Bliesner et al., 2002).  

Based on literature data for the polar region and our study, a SST gradient of approx-

imately 0.3 °C/°Latitude appears more suitable for the Late Cretaceous, and is in 

between the modern equator-to-pole SST gradient of 0.4 °C/°Latitude (Huber et al., 

2002) and the gradient of 0.2 °C/°Latitude suggested previously for the Late Creta-

ceous by (Jenkyns et al., 2004). 

1.7.3 Comparison of SSTs in inner and outer belts of the southern Tethyan 

upwelling system 

The sequences representing the period from 71.6 to 69.8 Ma from the two investigat-

ed localities were used for the analysis of the SST differences between the inner (Efe 

Syncline) and outer belts (Shefela basin) of the Tethyan upwelling system (Figure 7).  



Chapter 1 

 
59 

 

The SSTs reconstructed from TEX86 data of suspended organic matter from recent 

studies of the Benguela upwelling system were suggested to reflect mainly colder, 

deeper water temperatures (Lee et al., 2008). The variances between in situ deter-

mined SSTs and the TEX86 based reconstructed temperatures were up to 7 °C. We 

suggest a relatively minor influence on the TEX86 reconstructed SSTs in both studied 

locations, because the temperatures are in the range of other tropical locations with-

out upwelling (Wilson and Opdyke, 1996; Wilson and Norris, 2001; Forster et al., 

2007a).  

The phenomenon of lower SSTs and elevated nutrient concentrations in inner belt 

areas relative to outer belt areas is the basic principle of upwelling systems and has, 

for example, been reported for the coastal upwelling system of the Santa Barbara 

channel south of Point Conception (eg. McPhee-Shaw et al., 2007). The SSTs ob-

tained from high resolution radiometer measurements of the modern California 

upwelling system also revealed the upwelling of cooler deep water closer to shore-

line and higher SSTs at greater distance from the shoreline (Zaytsev et al., 2003). 

Here, temperature gradients between both areas are in the range of 2‒3 °C on a scale 

of 80‒100 km (Zaytsev et al., 2003). From the Benguela upwelling a SSTs differ-

ences between inner and outer belts of 3‒4 °C on a scale up to 100 km are reported 

due to the persistent coastal upwelling (Santos et al., 2012). We calculated the SST 

difference between the outer and inner belt of the Tethyan upwelling system to 1.5 

°C, which is more comparable to the California upwelling system. These data were 

collected between 1970 and 2009 by the UK Meteorological Office (Hadley Center 

HadISST1 dataset) (Santos et al., 2012). The evaluation has also shown that the tem-

perature of the Benguela coastal waters decreased by 0.13 °C in ten years due to 

strengthening of the upwelling while the oceanic SST increased by 0.06 °C per dec-

ade (Santos et al., 2012). The moderate decrease of the temperature recorded in the 

inner belt area of the upwelling system in the southern Tethyan margin studied here 

is probably not associated with an increasing intensity of the upwelling because the 

intensity and productivity of the upwelling decreased towards the Maastrichtian 

(Almogi-Labin et al., 1993). The overall decrease of the SST recorded in both, the 

inner and outer belts is probably related to intensification of the global cooling trend 

in the Campanian and early Maastrichtian (cf. Figure 9) (Barrera and Savin, 1999; Li 

and Keller, 1999). 
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1.8 Conclusion 

Our high resolution SST study derived from TEX86 data from the southern margins 

of the Tethys Ocean provide a detailed reconstruction of the paleoceanographic 

changes from the Late Santonian to Early Maastrichtian. The onset of the Late San-

tonian cooling is recorded in the sediments from the Shefela basin. The further cool-

ing in the Late Campanian was less prominent as observed in the Atlantic or Pacific 

Ocean. This cooling is associated with the opening and deepening of the Equatorial 

Atlantic Gateway. The significant short-time SST decrease in the Shefela basin 

around 76 Ma can be correlated with an increased productivity and upwelling activi-

ty. 

Based on our data from the Shefela sequence and published data, we suggest an 

equatorial to polar SST gradient of about 22 °C for the Late Campanian to Early 

Maastrichtian that is closer to the modern value than suggested from previous studies 

of Late Cretaceous sediments. 

In the contemporaneous sequences a SST difference documents the influence of the 

upwelling system. A temperature shift of approximately 1.5 °C reflects the influence 

of colder water masses closer to the shoreline. 

Overall, the reconstruction of the SST record of the Shefela basin sheds light on the 

evolution of the Late Cretaceous climate. The impact of the changing climate condi-

tions during the Late Cretaceous with global cooling and warming events on the Te-

thys Ocean is reflected by TEX86 data of the present study.  
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2 Geochemical evidence for the link between sulfate 

reduction, sulfide oxidation and phosphate accu-

mulation in a Late Cretaceous upwelling system  

2.1 Abstract 

On Late Cretaceous Tethyan upwelling sediments from the Mishash/Ghareb For-

mation (Negev, Israel), bulk geochemical and biomarker analyses were performed to 

explain the high proportion of phosphates in the lower part and of organic matter 

(OM) preserved in upper parts of the studied section. The profile is composed of 

three facies types; the underlying Phosphate Member (PM), the Oil Shale Member 

(OSM) and the overlying Marl Member (MM).  

Total organic carbon (TOC) contents are highly variable over the whole profile 

reaching from 0.6 % in the MM, to 24.5 % in the OSM. Total iron (TFe) varies from 

0.1 % in the PM to 3.3 % in the OSM. Total sulfur (TS) ranges between 0.1 % in the 

MM and 3.4 % in the OSM, resulting in a high C/S ratio of 6.5 in the OSM section. 

A mean proportion of 11.5 % total phosphorus (TP) in the PM changed abruptly with 

the facies to a mean value of only 0.9 % in the OSM and the MM.  

The TOC/TOCOR ratios argue for a high bacterial sulfate reduction activity and in 

addition, results from fatty acid analyses indicate that the sulfide-oxidizing activity 

of bacteria was high during deposition of the PM, while decreasing during the depo-

sition of the OSM.  

The upwelling conditions effected a high primary productivity and consequently 

abundant ability of OM. This, in combination with high sulfate availability in the 

sediments of the PM resulted in a higher sulfide production due to the activity of 

sulfate-reducing bacteria. Iron availability was a limiting factor during the deposition 

of the whole section, affecting the incorporation of S into OM. This effected the 

preservation of a substantial part of OM against microbial degradation due to natural-

ly-occurring sulfurization processes expressed by the high C/S ratio of 6.5 in the 

OSM. 

Further, the abundant sulfide supported the growth of sulfide-oxidizing bacteria pro-

moting the deposition of P, which amounted to as much as 15 % in the PM. These 
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conditions changed drastically from the PM to the OSM, resulting in a significant 

reduction of the apatite precipitation and a high concentration of reactive S species 

reacting with the OM.  

2.2 Introduction 

In most anoxic environments, hydrogen sulfide (H2S) originating from sulfate reduc-

tion will preferentially react with reduced iron (Fe) to form Fe monosulfides, which 

are transformed during diagenesis to pyrite (Berner, 1970). However, when the sup-

ply of reduced Fe in the water column and pore water of the sediments is limited and 

organic matter (OM) is abundantly available, both sulfate reduction by one part of 

the OM and quenching of the reduced sulfur (S) species by the remaining part of the 

OM will occur, leading to formation of S-rich sedimentary OM (Hartgers et al., 

1997; Schaeffer et al., 2006). Such conditions are typical of highly productive 

upwelling systems on continental margins with restricted inputs of Fe from terri-

genous systems (Eglinton and Repeta, 2011).  

Many studies have been carried out to elucidate the mechanism of S reactions with 

OM in sediments (e.g. Werne et al., 2000). Bacterially-produced inorganic S species, 

like H2S, polysulfides or elemental S, are potential agents for the reaction with the 

OM (e.g. Adam et al., 1993; Aizenshtat et al., 1995; Amrani and Aizenshtat, 2004). 

Incorporation of elemental S and polysulfides into OM is known to occur in associa-

tion with two types of chemolithothrophic organisms, the green and purple sulfur 

bacteria living in photic zone euxinia (e.g. Tang et al., 2009) and sulfide-oxidizing 

bacteria such as Thiomargarita, Thioploca and Beggiatoa living at sediment surfaces 

in upwelling areas (e.g. Arning et al., 2008; Arning et al., 2009a; Goldhammer et al., 

2010). Upon reaction of these S species with the biomass during early diagenesis, 

low amounts of S are able to preserve high amounts of OM from microbial degrada-

tion. Therefore, incorporation of reduced S into the humic matrix of anoxic sedi-

ments will result in an increase of the C/S ratios compared to sediments deposited 

under normal marine conditions (Nissenbaum and Kaplan, 1972; Francois, 1987).  

Dinur et al. (1980) investigated oil shale samples from the Ghareb Formation from 

different sites in Israel and found that 50-95 % of the total S was organically bound. 

More recently, Amrani et al. (2005) found a similar value (85 %) for an immature 
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organic-rich limestone from the Ghareb Formation containing Type-II-S kerogen. 

Upon hydrous pyrolysis of these samples the early released H2S formed secondary 

pyrite, which was isotopically 21‰ lighter than the bulk organic S, indicating that 

the system was not in equilibrium (Amrani et al., 2005). Large S-isotopic discrimina-

tion comparing S incorporated in the oil and in its source kerogen indicated more 

open system conditions (Amrani et al., 2005), meaning that fresh sulfate was intro-

duced while sulfate reduction proceeded (Schwarcz and Burnie, 1973). 

Results from elemental analysis (C and S) of sediments from the Ghareb Formation, 

which have been reported in several studies before (e.g. Bein et al., 1990; Minster et 

al., 1992), are rather characteristic of freshwater sediments, despite the fact that dep-

osition took place in a marine environment. Two different reasons were given to ex-

plain this discrepancy. The deposition of the Ghareb Formation took place under 

normal marine conditions and the H2S generated in the sediment escaped partly into 

the atmosphere (Minster et al., 1992). This would imply that the water column was 

entirely euxinic. Bein et al. (1990) provided a different explanation by proposing that 

deposition of the oil shale took place in the marine environment under a limited flux 

of sulfate into the sediment, which served to limit the availability of sulfate for OM 

consumption during sulfate reduction. 

More recently, the importance of the chemolithoautothrophic bacteria such as Thio-

margarita, Thioploca and Beggiatoa for S cycling in upwelling environments was 

recognized (Sievert et al., 2007; Zopfi et al., 2008). These organisms, which obtain 

their energy from oxidizing sulfide by using either molecular oxygen or nitrate 

(Schulz and Jørgensen, 2001), accumulate elemental S in their biomass and are en-

riched particularly in anoxic sediments, characterized by a high rate of sulfate reduc-

tion (Schulz et al., 2005; Arning et al., 2008).  

In sediments from the Namibian shelf, large populations of the sulfide-oxidizing bac-

teria Thiomargarita were found, which are also responsible for the accumulation of 

phosphorite in the sediments (Schulz and Schulz, 2005). Recently, the accumulation 

and deposition of phosphate of a marine Beggiatoa strain was documented under 

laboratory conditions (Brock and Schulz-Vogt, 2011). The investigation of shelf sed-

iments from central Chile showed that Thioploca influenced the mineralization of P 

in costal upwelling systems (Holmkvist et al., 2010). A close relationship between 

phosphorite formation and sulfate-reducing and sulfide-oxidizing bacteria has also 
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been shown for other phosphogenic sediments, phosphatic laminites and phospho-

rites (Schulz and Schulz, 2005; Arning et al., 2008; Arning et al., 2009a). The greater 

availability of P in coastal upwelling regions has been associated with their higher 

biological productivity (Ruttenberg, 2003). Modern phosphogenesis is predominantly 

located in the upwelling regions off Namibia, Chile, Peru, in the Gulf of California 

and the Arabian Sea (Föllmi, 1996) under suboxic to anoxic conditions. 

The biomarker pattern of the sulfide-oxidizing bacteria is not very specific (mono-

unsaturated n-C16 and n-C18 fatty acids are dominant) and, as such, it is difficult to 

trace back their presence in ancient sediments (Arning et al., 2008; Arning et al., 

2009a). 

In the present study, the proportions of several elements (C, S, Fe and P) and the fat-

ty acid composition were determined in Late Cretaceous sediments from the 

Mishash/Ghareb Formation (Negev/Israel), covering the facies types of phosphate, 

oil shale and marls to distinguish between the different depositional environments 

and explain the facies changes in the upwelling system. 

2.3 Material and methods 

2.3.1 Location and samples 

During the Late Cretaceous, a highly productive upwelling regime existed along the 

southern margins of the Tethys, lasting nearly 20 million years (Myr) from the San-

tonian to the late Maastrichtian (Almogi-Labin et al., 1993). The sampled sedimen-

tary profile was deposited during the late Campanian to the early Maastrichtian (71.6 

to 69.85 Ma). The sediments, consisting of organic-rich carbonates and phosphorites, 

belong to the Upper Cretaceous-Eocene phosphate belt, which extends from South 

America (Colombia) over North Africa to the Middle East (Almogi-Labin et al., 

1993; Pufahl et al., 2003).  

The samples were obtained from a fresh section within the PAMA quarry at Mishor-

Rotem in the northern Negev, Israel (Efe Syncline; 31°04′51.82″N; 35°10′02.85″E). 

The samples, unaltered by weathering, were obtained during mining activities. The 

sampling site is shown on a local map of Israel with topographical information 

(Figure 10 A) and a paleogeographical reconstruction shows the settings during the 

Cretaceous (Figure 10 B). 
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The sampled profile (Figure 11) of ca. 50 m is composed of a short sequence of the 

Mishash Formation [phosphate member (PM) 5.6 m] and the Ghareb Formation, 

mostly belonging to the oil shale member (OSM, 42 m) and a short sequence of the 

overlying marl member (MM, ca. 3 m). 

The brownish-gray PM is mainly composed of peloids, bone fragments and fecal 

pellets (Ashckenazi-Polivoda et al., 2011; Meilijson et al., 2014). The condensed 

layer consists of approximately 20 % dolomite, 45 % fluorapatite, 30 % calcite, and 

1–2 wt.% TOC, previously reported in Bein et al. (1990). The OSM is composed of 

dark gray organic-rich carbonate mudstone with decreasing TOC content from the 

base to the top.  

 

Figure 10: Location map for the studied area. A) Position of the PAMA Quarry (Efe Syncline) in a 
local map of Israel (UTM Coordinate system). Base topography is given in a structural 
map showing Syrian Arc structures (modified after Gardosh et al. (2008) and Almogi-
Labin et al. (2012)). B) Inferred position of the PAMA Quarry within a paleogeography 
map showing the upwelling belts that developed along the southern Tethys margin during 
the late Campanian and early Maastrichtian (from Ashckenazi-Polivoda et al. (2011)). C) 
Location of Israel shown on a political map of the Middle-East 
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The MM is a light-yellow marly chalk with TOC values below 1.0 wt.%. The lithol-

ogy of the whole section has been described in detail by Ashckenazi-Polivoda et al. 

(2011) and Meilijson et al. (2014).  

The TOC, total S (TS), total Fe (TFe) and total P (TP) values were determined on up 

to 211 samples of the profile.  

2.3.2 Sample preparation and analysis 

For the measurement of TOC, the samples were analyzed using a LECO RC-412 

carbon analyzer. Total Carbon (TC) was determined by combustion of the untreated 

sample material and TOC was determined after removing carbonate by acidification 

with hydrochloric acid (10 %). The instrument was calibrated with the synthetic car-

bon standard 502-029 from LECO Corp. and an in-house CaCO3 standard. Approxi-

mately 100 mg of finely ground sample (< 200μm) were weighed into a quartz glass 

vessel before combustion.  

The TS, TFe and TP contents were determined by means of energy dispersive X-ray 

fluorescence spectrometry (ED-XRF) on a selected set of samples (ca. every 0.2 m; 

197 samples) at the Institute of Mineralogy and Geochemistry of the Karlsruhe Insti-

tute of Technology, Germany. For this, ca. 5 g of powdered sample material (<63 

μm) was loaded into a Spectro-cup before sealing with 6 μm Mylar film. As radiation 

source, the instrument (Epsilon 5, PANalytical) used a tungsten X-ray tube, whereas 

detection and quantification was carried out with a Ge-detector. Detection limit for S 

was 100 mg kg-1. Analytical precision, based on repeated measurement of reference 

materials (AGV-1P, GXR-2, GXR-3, GXR-4,GXR-5, GXR-6, SCO-1, SDO-1P, 

SCO-1, SL1, SOIL V, SOIL VII) was generally better than ±5 % for S and P and 

±0.6 % for TFe content (expressed as Fe2O3), respectively. 

The TOC and TS values were used to calculate the TOCOR. The TOCOR can be used 

for the estimation of the TOC before the loss of OM via sulfate reduction during dia-

genesis. It is calculated from Eq. 11 according to Vető et al. (1994). 

SROR TOCTOCTOC  Eq. 11

TOCSR is the loss of TOC by sulfate reduction and has been calculated using Eq. 12 

(Vető et al., 1994): 
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)SqH1(
75.0TSTOC
2

SR   
Eq. 12 

The value qH2S describes the reoxidation by sulfide oxidizing bacteria or escape of 

H2S. With a value of 0.35 an intense sulfide re-oxidation by chemolithotrophic bacte-

ria such as Thioploca spp. is assumed (Ferdelman et al., 1997). 

Bacterial sulfate reduction can be simplified described by Eq. 13: 

SHHCO2OCH2SO 232
2
4  Eq. 13

A reduction of 1 % of S is equivalent to a loss of 0.75 % of TOC. 

For the analysis of lipid biomarker 20 g dried grounded rock sample (< 200 μm) 

were Soxhlet extracted for 30 h with dichloromethane/methanol (DCM/MeOH) 9:1. 

The solvent was evaporated using a rotary evaporator. An aliquot (10 mg) of the ex-

tract was separated into fractions of saturated hydrocarbons, aromatic hydrocarbons 

and polar N-, S-, O-containing compounds via column chromatography (20 g silica 

gel 60, Merck; glass column, 15 mm i.d). The composition of saturated and aromatic 

hydrocarbon fractions will not be discussed in the present paper. The fatty acids in 

the polar fractions were derivatized to trimethylsilylesters using 35 μl N,O-

bis(trimethylsilyl)trifluoracet-amide (BSTFA) and 7 μl pyridine at 70 °C for 1 h. The 

polar fractions were analyzed using gas chromatography-mass spectrometry (GC-

MS) with a Trace GC Ultra gas chromatograph coupled to a dual stage quadrupole 

(DSQ II) mass spectrometer (Thermo Fisher Scientific). The system was equipped 

with a TR5-MS column (30 m, 0.25 mm i.d., 0.25 μm film thickness; Thermo Fisher 

Scientific). The diluted fractions were injected in splitless mode with a splitless time 

of 1 min. The GC oven temperature was programmed from 40 to 320 °C at 3 °C  

min-1.  

The mass spectrometer was operated in electron ionization (EI, 70 eV) and full scan 

mode. Helium was used as carrier gas. The data were recorded, processed and quan-

tified with Xcalibur® software. As internal standard 3 μl of 1,1-binaphthyl (1μg μ1-1) 

was added to the polar fraction. 
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2.4 Results and discussion 

2.4.1 TOC, TFe, TS and TP 

TOC was determined in 211 samples and the data are shown in Figure 11 (all data 

are compiled in appendix Table A-4). 

Within the PM, the mean value of TOC was 2.7 %. At 48.2 m a thin section with a 

very high TOC value of 17.2 % is intercalated (Figure 11 a). The transition from the 

Ghareb Formation to the Mishash Formation is represented by a substantial hiatus 

visible as a condensed interval of 1 m thickness, which separates the PM from the 

OSM. A sharp increase in TOC from 1.9 % to 17.7 % is apparent between the con-

densed layer and OSM. Within the OSM the TOC values tend to decrease from the 

bottom to the top of the section. In the lower part of the OSM section (42.8‒35 m), 

the mean TOC values tends to decrease from 18.0 % at the bottom to 10.3 % at the 

top. One exceptional high value is observed at 35.6 m depth (24.5 %). The facies 

change from the OSM to the MM is characterized by a sharp decrease of the TOC to 

1.4 %. In the MM section the TOC values are in a range between 0.6 to 1.4 % 

(Figure 11 a).  

The TOC/TOCOR ratio reflects the proportion of remaining TOC after bacterial sul-

fate reduction. The original TOC (TOCOR) and the TOC/TOCOR ratios are plotted in 

Figure 11 b and c together with the contents of TFe (Figure 11 d), TS (Figure 11 e) 

and TP (Figure 11 f) determined in 197 samples. The TOCOR (Figure 11 b) varies 

largely parallel with the TOC content along the total profile. The lowest TOC/TOCOR 

ratios, with a mean value of 0.72, are observed in the PM, indicative of a higher de-

gree of sulfate reduction here compared to the OSM and MM sections. In the OSM, 

the TOC/TOCOR is very homogeneous, with values varying between 0.68 and 0.88 

(mean 0.85), implying stable environmental conditions during sedimentation. Fur-

thermore, this indicates an intensive bacterial consumption of the originally deposit-

ed OM for sulfate reduction during deposition of most parts of the OSM. Similar 

reduction rates were reported from the recent upwelling system in the northeastern 

Arabian Sea (Lückge et al., 1999). In the MM the ratio of TOC/TOCOR (Figure 11 c) 

varies between 0.75 and 0.99, with high fluctuation indicating changing environmen-
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tal conditions. The effect of sulfate reduction on the precipitation of phosphate is 

discussed later. 

The TFe content along the profile shows a trend largely opposite to that observed for 

TOC (Figure 11 d). The lowest abundance is in the PM (between 0.1 % and 0.2 %), 

interrupted by only one sharp maximum of 0.7 % at 48.2 m. Within the hiatus the 

TFe content increases from 0.1 % to 0.6 %. The TFe content varies between 0.5 and 

3.1%  for the OSM and between 1.4 and 2.4 % for the MM, demonstrating a slightly 

increasing trend in concentrations towards the OSM.  

 

Figure 11: Stratigraphy, age, depth and lithological profile (cf. Ashckenazi-Polivoda et al. 
(2011)). MM, Marl Member; OSM, Oil Shale Member; CL, condensed layer; PM, Phos-
phate Member)of the sampled section with (a) variation in TOC, (b) calculated original 
TOC (TOCOR), (c) TOC/TOCOR ratio, (d) TFe, (e) TS and TP. 

Within the PM, the TS content (Figure 11 e) fluctuates slightly around a mean value 

of 0.8 %, with the exception of one sample at 48.2m, which also shows a maximum 

in TOC and TFe content. At the transition to the adjacent OSM, the TS content in-

creases significantly from 1.1 to 2.5 %. The TS values vary somewhat in parallel 

with the TOC values. Within the OSM it follows the same trend as observed for 

TOC. The proportion of TS is higher in the lower part of the profile (mean value 2.6 

%) compared to the upper part (mean value 1.5 %). The TS content (Figure 11 e) in 

the MM fluctuates between 0.1 % and 2.9 %, with two high outlier values at 1 m (2.9 

%) and 2 m (1.4 %). 

TP is significantly enriched in the PM and fluctuates between 3.9 % and 15.0 % with 

a mean proportion of 11.5 % (Figure 11 f). With the facies change from the 

PM/hiatus to the OSM the proportion of TP in the sediments decreases drastically. 



Chapter 2 

 
70 
 

Further upwards along the profile, the amount of TP is low with a mean value of only 

0.9 % in the OSM and the MM. 

2.4.2 Correlation of TOC and TS 

Figure 12 (all data in appendix Table A-4) shows the correlation diagram of TOC 

and TS, which was previously introduced by Berner and Raiswell (1983) and 

Leventhal (1995). The dashed lines indicate the field for sediments deposited under 

normal marine conditions, with C/S values between 2.8 (Berner and Raiswell, 1983) 

and 3.6 (Leventhal, 1995). C/S values for freshwater sediments will plot close to the 

dotted lines, with values between 10 (Berner and Raiswell, 1984) and 25 (Leventhal, 

1995). As expected, the values obtained for samples from the three different facies 

types plot in different areas of the diagram. The values from the PM plot between the 

lines of 2.8 and 3.6, suggestive of normal marine conditions (Berner and Raiswell, 

1984).  

These results are in contrast to organic geochemical and micropaleontological inves-

tigations of this section. According to the very low pristane/phytane ratio (Schneider-

Mor et al., 2012) and investigations based on the foraminifera assemblage 

(Ashckenazi-Polivoda et al., 2011), this part of the sequence should have been depos-

ited under oxygen deficient conditions. These conditions would imply a higher TOC 

content of the sediment and hence resulting in a higher C/S ratio. This discrepancy in 

the C/S ratio may be attributed to an intensive bacterial decomposition of the OM, 

due to sulfate reduction and sulfide oxidation, in combination with the deposition of 

phosphate in the PM (e.g. Schulz and Schulz, 2005; Algeo and Ingall, 2007; Arning 

et al., 2009a; Berndmeyer et al., 2012; Dale et al., 2013).  

The TS values for the OSM correlate strongly (R
2
= 0.85) with TOC values and pro-

vide a slope of 0.12. In general, this is a characteristic value for euxinic environments 

(Minster et al., 1992). However, biomarkers such as aryl isoprenoids, indicating pho-

tic zone euxinia were absent in the GC-MS analyses of all sediment extracts. The 

samples from the OSM plot between the freshwater and normal marine field had a 

mean C/S ratio of 6.5. Similar C/S ratios have previously been reported for samples 

from the Ghareb and the Mishash Formation in Mishor Rotem (Minster et al., 1992) 

and boreholes from the Zin Valley and Shefela (Bein et al., 1990). This reflects the 
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higher primary productivity (Almogi-Labin et al., 1993) and preservation of the OM 

during deposition of this section. C/S ratios previously found in sediments from the 

Benguela, Peru and Oman upwelling zones are 1.3, 1.8 and sometimes even 2.8 

times higher, compared to C/S ratios determined from sediments deposited under 

normal marine conditions (Morse and Emeis, 1990). 
 

 

Figure 12:  Plot of TS vs. TOC according to Berner and Raiswell (1983) with modifications 
adopted from Leventhal (1995). The fine dotted line indicates non-marine (freshwater) 
environments of deposition. Data points from normal marine environments usually plot 
between both dashed lines. The samples from the MM and the PM plot along the line in-
dicating normal marine conditions, whereas data points of the OSM plot in the field be-
tween normal marine and freshwater conditions.This provides further evidence for 

an enhanced preservation of OM in upwelling environments, due to naturally occur-

ring sulfurization processes. The C/S ratio of the OSM in the present study is be-

tween that of the Peru and Oman upwelling system (2.3 times higher than expected 

for normal marine conditions as shown in Figure 12). Comparable results with C/S 

values of more than twice as high as expected from normal marine sediments were 

also reported for marine upwelling sediments from the Arabian Sea (Lückge et al., 

1999; Schenau et al., 2002). 

The low amount of TFe, particularly in the PM and the lower section of OSM 

(Figure 11 d), also supports that a significant proportion of  TS has been fixed in the 

organic matrix, due to the limited Fe availability in the depositional environment. 

The OM becomes more resistant against microbial degradation, whereupon high 

amounts of OC can be preserved by low amounts of reduced S (Sinninghe Damsté et 

al., 1989b; Morse and Emeis, 1990). This was previously attributed to a low tempera-
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ture vulcanization process, in which macromolecular organic compounds are gener-

ated through sulfide bridges, preserving the OM in environments where reduced S is 

not rapidly consumed by Fe
2+

 in the water column or porewater (Adam et al., 1993). 

This is well reflected by the geochemical data in Figure 11 showing an inverse trend 

for S/C and Fe in the OSM.  

This is largely consistent with the previously reported proportion of 85 % organically 

bound S in the Ghareb Formation (Amrani et al., 2005). Consequential, OSM sam-

ples with ca. 15 % TOC contain about 2 % organically bound S. This gives a 

TOC/Sorg ratio of 7.5, which can be compared with TOC/Sorg values for kerogen form 

the Peruvian upwelling system (6.6 to 33; Mossmann et al. (1991)) and from the 

Monterey oil shale (15 to 50; Orr (1986)). The degree of OM sulfurization in the 

Mishash/Ghareb Formation therefore tends to be slightly higher than in recent sedi-

ments from the Peruvian upwelling area and much higher than in the Miocene Mon-

terey Formation, which was also deposited in an upwelling environment.  

However, the excess H2S in Fe-limited environments might not only react with or-

ganic compounds but might also be re-oxidized. According to Goldhaber et al. 

(1977) and Jørgensen (1978), up to 90 % of the H2S produced in the shelf sediments 

with concomitant high rates of bioproduction and high bioturbation might be lost due 

to re-oxidation after transport to the surface. 

2.4.3 Correlation of TOC, TS and TFe 

Figure 13 (data shown in appendix Table A-4) shows a ternary correlation diagram 

for TOC, TS and TFe introduced by Dean and Arthur (1989) for the reconstruction of 

paleoenvironmental conditions during deposition of sediments. Fine dotted lines 

were used to illustrate environments of sediment deposition under oxic, dysoxic and 

anoxic conditions (Ross and Bustin, 2009). Samples plotting below the line of 100 % 

Fe fixation as pyrite are characterized by an excess of S and organically bound S 

compounds (OSC) (Dean and Arthur, 1989; Arthur and Sageman, 1994). The data 

from the MM samples plot with two exceptions in the field of oxic conditions, which 

is consistent with the low amount of organic carbon in this section. In contrast, data 

from the OSM samples argue for deposition under dysoxic to anoxic conditions (see 

Figure 13). Samples from the base of the OSM plot in the field indicating excess of S 



Chapter 2 

 
73 

 

during sedimentation. This is consistent with the observations from the analysis of 

the pristane/phytane ratio (Schneider-Mor et al., 2012) and micropaleontological 

investigations (Ashckenazi-Polivoda et al., 2011) of this section indicating a low sea 

floor aeration.  

Also included in Figure 13 is the empirically found relationship between TOC and 

TS for sediments deposited under "normal” marine conditions (Berner and Raiswell, 

1983), shown by the fine dashed line indicating a C/S ratio of 2.8. For the three dif-

ferent facies types three different trends in the diagram are apparent. The samples 

from the PM show a fluctuating C/S ratio between 2.8 and 6.5. The PM samples 

clearly plot in the field below the pyrite line, indicating Fe limitation and an excess 

of S availability. OM is still available, but in highly biodegraded form, as indicated 

by results from GC-MS analysis of the saturated hydrocarbon fraction of samples 

from those sections. Short to long chain n-alkanes in the PM section are completely 

degraded, while in the OSM section these n-alkanes are present. 

In accordance with Dean and Arthur (1989), the mean C/S ratio of 6.5 in the OSM, 

indicated by the coarse dashed line, suggests that a high proportion of S is not pre-

sent as pyrite. Similar values were found by Lückge et al. (1996) in samples from the 

Oman upwelling region, likely due to an increased incorporation of S into OM as a 

result of iron-limiting conditions. An abundance of reactive OM is associated with 

highly productive upwelling systems, which increases the rate of sulfate reduction to 

H2S (Berner and Raiswell, 1983). This, in combination with a limited incursion of Fe 

increases the amount of organically bound S.  

In the ternary diagram (Figure 13), the OSM samples neither plot along the 100 % 

pyrite line nor along the C/S 2.8 line; instead the data points crosscut the 100 % py-

rite line, with samples from the OSM base plotting below, and samples from the 

OSM top plotting above, this line. However, this cannot be interpreted as a result of 

changing environmental conditions from Fe-limited conditions to OM-limited condi-

tions during deposition of the sediments going from the bottom to the top of the pro-

file. Instead, Fe-limited conditions prevailed throughout deposition of the whole sec-

tion but were more apparent during deposition of the bottom part of the OSM com-

pared to the upper part. This particular situation will develop when the highly abun-

dant OM in upwelling sediments is degraded by sulfate-reducing bacteria and more 

H2S is generated than can be quenched by the reduced Fe in the sediment. In this 
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case, refractory sulfurized OM is produced, which cannot be utilized by sulfate-

reducing bacteria. 

 

Figure 13: Ternary plot of TOC, TS and TFe according to Dean and Arthur (1989). The fine 
dashed line represents a C/S ratio of 2.8 which is indicative for samples deposited under 
normal marine conditions according to Berner and Raiswell (1983). The coarse dashed 
line results from the measured data on samples from the OSM with a mean C/S ratio of 
6.5. The different facies types are marked with elliptical labels. The OSM samples are 
separated in an upper part of the section labeled as OSM and a lower part of the section 
labeled “Base of OSM”. The fine dotted line (100 % pyrite) represents conditions where 
all reactive iron in the sediment would be present as pyrite. Fine dotted lines are further 
used to separate different oxygenation levels according to Ross and Bustin (2009) 

A similar situation has been found in Late Albian samples from the North Atlantic 

studied by Hofmann et al. (2000), by way of TOC-TS-TFe relationships comparable 

to those in the OSM facies. 

The samples from the MM also show high variability in the C/S ratio. A mean C/S 

ratio cannot be derived from these data. With one exception, the samples plot above 

the pyrite line which indicates restricted availability of degradable OM during sedi-
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ment deposition. This was probably effected on the one hand by the reduced produc-

tivity in the upwelling system and on the other hand by an increasing sea floor aera-

tion (Ashckenazi-Polivoda et al., 2011). Such OM-limited conditions were previous-

ly described by Hofmann et al. (2000) from the western North Atlantic drilling Site 

386. 

2.4.4 Correlation of phosphate precipitation with sulfate reduction 

In recent publications it was demonstrated that sulfate-reducing and sulfide-oxidizing 

bacteria force the precipitation of phosphate in ancient and modern upwelling sys-

tems (e.g. Schulz and Schulz, 2005; Algeo and Ingall, 2007; Arning et al., 2009a; 

Arning et al., 2009b; Brock and Schulz-Vogt, 2011; Berndmeyer et al., 2012; 

Lepland et al., 2014). 

Figure 14 (data shown in appendix Table A-4) shows the correlation of the 

TOC/TOCOR ratio and the proportion of TP [%] according to Lückge et al. (1999). 

The correlation of TOC/TOCOR and TP was used to determine whether the phosphate 

deposition was influenced by the sulfate reducing process. Sulfate reduction and sul-

fide oxidation played a crucial role in the accumulation of phosphate in modern 

upwelling systems, like those of Peru and Namibia (Brock, 2011). 

This close relation between the precipitation of phosphate and the reduction of sul-

fate is reflected by the geochemical data of the analyzed profile. The mean 

TOC/TOCOR ratio of 0.73 in the PM section indicates an intensive sulfate-reducing 

process and is in accordance with the accumulation of TP up to 15% (Figure 11 c and 

11 f). The PM and OSM sections were analyzed separately because of the clearly 

different environmental conditions which prevailed during their sedimentation. In 

contrast to the OSM section, the phosphates in the PM segment significantly corre-

late with the TOC/TOCOR ratio (R2=0.53). 

Further support for the interaction between sulfide oxidation and phosphate precipi-

tation comes from Schulz and Schulz (2005), who analyzed Namibian shelf sedi-

ments, populated by the sulfide-oxidizing bacterium Thiomargarita. They found a 

correlation between the occurrence of these sulfide-oxidizing bacteria and increased 

deposition of phosphate. Goldhammer et al. (2010) used organic rich sediments from 

the Benguela upwelling system to analyze the role of sulfide-oxidizing bacteria in the 
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sequestration of P. With 33P radiotracer the accumulation of P in these bacteria was 

observed and the release of inorganic phosphate under anoxic conditions from which 

apatite can precipitate. Goldhammer et al. (2010) found that the large sulfide-

oxidizing bacteria gain their energy from nitrate which directly influences the precip-

itation of P under anoxic conditions.  
 

 
Figure 14: Correlation diagram of TP[%] and TOC/TOCOR ratio. The data points belonging to 

the OSM and PM are marked. The sulfate reduction and proportion of TP show a strong 
correlation (R2 = 0.53).  

Brock and Schulz-Vogt (2011) cultivated sulfide-oxidizing bacteria of the species 

Beggiatoa and demonstrated that these bacteria store large amounts of phosphate 

under oxic conditions. These bacteria live at the oxygen-sulfide interface of the sed-

iment (Schulz and Jørgensen, 2001). The sulfide is produced in the deeper sediment 

by bacteria reducing sulfate and oxidizing organic material to gain their energy. The 

large sulfide-oxidizing bacteria use oxygen or nitrate to re-oxidize the sulfide to sul-

fate and gain energy out of this process (Schulz and Jørgensen, 2001; Arning et al., 

2009a). The nitrate is stored in vacuoles which is used under the euxinic conditions 

in the sediment for the oxidation of sulfide (Schulz and Jørgensen, 2001). Under 

conditions of low sulfide concentrations, bacteria like Beggiatoa store polyphos-

phates in vacuoles within their cells (e.g. Arning et al., 2009a; Brock and Schulz-

Vogt, 2011; Brock et al., 2012). When switching from oxic to anoxic conditions with 

high sulfide concentrations, the stored polyphosphate is hydrolyzed by these bacteria 
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and phosphate is released to the sediment and precipitates as apatite (Brock and 

Schulz-Vogt, 2011) (Figure 15).  

 

 
Figure 15: Schematic illustration of bacterial sulfate reduction and sulfide oxidation under 

changing redox conditions and the effect on the phosphate deposition (Modified after 
Brock and Schulz-Vogt (2011) and Dale et al. (2013)) 

Figure 15 illustrates the link between the interaction of sulfate reduction, sulfide oxi-

dation and phosphate precipitation during the deposition of the PM and the OSM.  

The left side of Figure 15 shows the conditions that prevail in Fe-poor sediments 

when the oxygen-sulfide interface is below the sediment-water interface. In this case 

the availability of sulfate for sulfate-reducing bacteria is low since diffusion of sul-

fate from the sea water into the porewater of the sediment is hindered. As a conse-

quence, H2S production and the activity of sulfide-oxidizing bacteria will also be low 

due to the restricted availability of oxygen and nitrate deeper in the sediment. Under 

these conditions sulfide-oxidizing bacteria re-oxidize H2S to sulfate will take up 

phosphate and accumulate polyphosphate in their cell walls for energy storage (e.g. 

Schulz and Schulz, 2005; Goldhammer et al., 2010; Brock and Schulz-Vogt, 2011). 

Abundant benthic foraminifera will colonize the sediment-water interface. When the 

oxygen-sulfide interface interferes with the sediment-water interface, the situation 

shown in the middle of Figure 15 will establish. More sulfate will be available in the 

sediment and sulfate reduction will increase. High sulfide concentrations in the sed-

iments will force the sulfide-oxidizing bacteria to release S and polysulfides as well 

as phosphate into the sediment (Berg et al., 2014) and the phosphate will be precipi-
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tated as apatite. Benthic foraminifera can survive under these conditions and will co-

exist with sulfide-oxidizing bacteria (Høgslund et al., 2008). The elemental S and the 

polysulfides will react with OM in the sediment under formation of OSC (Brassell et 

al., 1986b; Vairavamurthy and Mopper, 1987; de Graaf et al., 1992). When the oxy-

gen-sulfide interface is moving further upwards into the water column (Figure 15 

right side) sulfide-oxidizing bacteria cannot survive in the sediment due to the ab-

sence of molecular oxygen. The H2S from sulfate reduction generates sulfidic bottom 

water conditions and accounts for the increasing amounts of OSC generated in the 

Fe-poor depositional environment.  

During deposition of the PM the situation shown on the left side and in the middle of 

Figure 15 prevailed with the oxygen-sulfide interface moving temporarily from the 

surface into the sediment which is in accordance with the high abundance of benthic 

foraminifera (Ashckenazi-Polivoda et al., 2011). Under these oscillating redox condi-

tions the sulfide-oxidizing bacteria have their greatest phosphate storing ability (Dale 

et al., 2013). This forced an accumulation of P, which is 7 to 10 times higher in con-

centration compared to the OSM. 

During deposition of the OSM the oxygen sulfide interface remained close to the 

sediment interface and the abundance of both sulfide-oxidizing bacteria and benthic 

foraminifera decreased. The data obtained in the present study do not support the 

establishment of an euxinic water column during deposition of the OSM (Figure 15 

right side) since benthic foraminifera are still present throughout the whole section 

although in lower abundance compared to the PM. Within the OSM sea floor aera-

tion was lower in the bottom section and increased towards the top of the OSM sec-

tion and even further in the MM section according the composition of planktic and 

benthic foraminifera (Ashckenazi-Polivoda et al., 2011). 

The elevated primary productivity of the upwelling system supports the development 

of an OMZ in the mean water (Almogi-Labin et al., 1993). During the deposition of 

the OSM, conditions in the sediment became anoxic due to the expansion of the 

OMZ to the sediment-water interface, as indicated by the accumulation of OM and 

the high abundance of organically bound S (up to 90 %) in this section (Dinur et al., 

1980; Bein et al., 1990). The more anoxic and sulfidic conditions during the sedi-

mentation of the OSM lead to more resistant OM being preserved as organic S com-

pound (OSC). Various of these compounds like thiophenes, thiolanes, hopanoid thio-
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phenes and further compounds originating from these environmental conditions were 

detected by our GC-MS analyses. The diagenetic pathways and conditions of their 

origin were in detail described previously by different authors from the geologically 

corresponding Jurf ed Darawish in Jordan (e.g. Sinninghe Damsté et al., 1989b; 

Kohnen et al., 1990b; Hofmann et al., 1992; Sinninghe Damsté et al., 1995b; 

Sinninghe Damsté et al., 1998a). 

The large sulfide-oxidizing bacteria decreased in abundance compared to the PM and 

were not further able to accumulate polyphosphate for energy storage. The deposi-

tion of P would no longer be promoted by these bacteria. This is reflected by the 

comparably low amounts of P (ca. 1%) in this section, values which are common for 

marine sediments (Ruttenberg, 1992).  

Soudry and Champetier (1983) analyzed Campanian phosphorite sediments from the 

Negev/Israel with microscopic and SEM techniques. They found filamentous, tubular 

structures in the phosphatic matrix and suggested an algal or cyanobacterial origin. 

However, similar structures are also known from sulfur bacteria like Beggiatoa and 

Thioploca living in upwelling environments of the modern oceans (Jørgensen and 

Gallardo, 1999) and it seems very likely that the intertwined filamentous structures 

described by Soudry and Champetier (1983) derive from sulfide-oxidizing bacteria 

like Beggiatoa or Thioploca. In recent studies the sulfide-oxidizing bacteria were 

described as colorless filaments (Schulz and Jørgensen, 2001; Schulz and Schulz, 

2005; Arning et al., 2008; Brock, 2011). 

More recently, Soudry et al. (2006) analyzed sediments from the Negev of Mid-

Cretaceous to Eocene age and demonstrated that the P accumulation rates reach their 

maximum during the Campanian/Maastrichtian, which is in agreement with our data. 

The major source of the P was located in the Northern Pacific ocean indicated by the 

analysis of Nd isotopes (Soudry et al., 2006). 

2.4.5 Fatty acid analysis 

The analysis of the polar fraction after derivatization was further used to provide 

evidence for the influence of sulfate-reducing and sulfide-oxidizing bacteria in the 

sediments of the former upwelling system. The polar fraction of the sediment ex-

tracts contains fatty acids in the range from C9 to C30. They are mostly the dominat-
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ing compound class of the polar fraction. Over the whole profile several samples 

show a sigmoidal distribution of the fatty acids with a first maximum at C16:0 or C18:0 

and a second at C24:0. In most cases the C16:0 and C18:0 fatty acids are the dominating 

compounds (concentration of the saturated fatty acids C16:0 and C18:0 and the mono-

unsaturated fatty acids C18:1ω7 and C18:1ω9 over the profile are shown in the appendix 

Table A-5), although long chain fatty acids (C20‒C30) show a greater resistance to-

wards degradation (Arning et al., 2008). Generally, the even numbered fatty acids 

predominate.  
 

 

Figure 16:  Distribution of the saturated fatty acids C16:0 and C18:0 and the monounsaturated 
fatty acid C18:1ω9 over the profile. Concentrations are shown in μg/g Corg. 

The longest of these fatty acids (C26‒C30) were present in low to trace amounts and 

could be determined in a few samples over the whole profile. This further supports 

the previous suggestion of a minor contribution of terrestrial organic matter to the 

upwelling sediments derived from the low total organic nitrogen (TON) content and 

high C/N ratios (Schneider-Mor et al., 2012). The C24:0 fatty acid shows the highest 

abundance among the long chain fatty acids. The source of this fatty acid is wide-

spread in marine sediments and likely originates from phytoplankton in upwelling 

environments, as other, especially land plant derived biomarkers are missing.  
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The most dominating components in the polar fraction are the n-C16:0 and n-C18:0 

fatty acids (mass spectra and structures in appendix Figure A-3 and Figure A-6) with 

highest amounts of 67 μg/g TOC and 57 μg/g TOC determined in the PM section 

(Figure 16). The abundant appearance of these lipids reflects the phytoplanktonic 

origin and the very high productivity in the upwelling system during the sedimenta-

tion of the PM. This is in supported by the results of micropaleontological analyses 

on the foraminiferal assemblages (Almogi-Labin et al., 1993; Ashckenazi-Polivoda 

et al., 2011), whereupon the high productivity was derived from the planktonic fora-

minifers. Recently, the molecular biomarker and elemental composition of phospho-

rites from the Miocene Monterey Formation were investigated (Berndmeyer et al., 

2012). In accordance with our results, the fatty acid composition was also dominated 

by C16:0 and C18:0 fatty acids (Berndmeyer et al., 2012). Further support comes from a 

recent study of the fatty acid composition from sediments of the Chilean coastal 

upwelling (Niggemann and Schubert, 2006). The analyzed sediments showed a com-

parable composition of fatty acids and a predominance of the C16:0 (Niggemann and 

Schubert, 2006). 

 

Trace amounts of the branched fatty acid i-C15:0 determined in several samples of the 

PM and OSM section indicate the expected activity of sulfate-reducing bacteria dur-

ing the sedimentation. The occurrence of this branched fatty acid in phosphatic lam-

inites from Beggiatoa populated sediments was previously reported from the Peru 

upwelling (Arning et al., 2009a) and from phosphorites from the Miocene Monterey 

Formation where their appearance was also explained with the occurrence of sulfate-

reducing bacteria (Berndmeyer et al., 2012).This further supports our conclusion 

from the bulk geochemical data and the TOC/TOCOR ratio that abundant OM was 

consumed by sulfate-reducing bacteria. Additionally, it supports the co-occurrence of 

phosphate deposition and sulfate-reducing and sulfide-oxidizing processes as report-

ed in previous studies (Schulz and Schulz, 2005; Arning et al., 2008; Arning et al., 

2009a; Brock and Schulz-Vogt, 2011). 

Moreover, the detection of the monounsaturated fatty acids oleic acid (C18:1ω9) and 

vaccenic acid (C18:1ω7), which were detected over the whole profile except in the 

condensed layer (Figure 16), provides additional evidence that the sedimentation of 

the PM and OSM was influenced by Beggiatoa and Thioploca. These monounsatu-
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rated fatty acids were previously reported from the Beggiatoa and Thioploca popu-

lated sediments from the upwelling regions off Namibia, Peru and Chile (McCaffrey 

et al., 1989; Arning et al., 2008) and recently from the Miocene Monterey Formation 

(Berndmeyer et al., 2012). Highest concentrations of these substances in the PM are 

in accordance with highest intensities of sulfate reduction derived from the geochem-

ical data (Figure 11 & 16). Upwards in the profile, the concentration of these fatty 

acids decreased significantly. 

Recent analysis of sediments from the Chilean upwelling shows that the concentra-

tion of these monounsaturated fatty acids decreased significantly with depth, due to 

the habitat of these sulfur bacteria in the upper sediment level. The relatively low 

amounts of the detected unsaturated fatty acids is possibly due to their increased sen-

sitivity towards degradation (Niggemann and Schubert, 2006).  

The analysis of the fatty acid composition of the PM and OSM samples supports the 

suggestion that these sediments were deposited under the influence of both sulfate-

reducing bacteria and sulfide-oxidizing bacteria. 

2.5 Conclusions 

The geochemical analyses of the phosphorites and oil shales from the Late Creta-

ceous Tethyan Ghareb and Mishash Formation provide evidence for a link between 

sulfate reduction, sulfide oxidation and phosphate accumulation during the sedimen-

tation process. Changing environmental conditions influence the uptake and release 

of phosphate via sulfide-oxidizing bacteria. When anoxic conditions prevail deeper 

in the sediment, less sulfide will be available in the pore water and bacteria like Beg-

giatoa will store polyphosphates in vacuoles within their cells. When the oxygen-

sulfide interface approaches the sediment-water interface, more oxygen and nitrate 

become available for sulfide-oxidizing bacteria, which then store large amounts of 

nitrate to further oxidize the sulfide produced by sulfate-reducing bacteria. This will 

cause the liberation of phosphate into the pore water followed by its precipitation as 

apatite.  

The high abundance of benthic foraminifers present in the PM provides evidence that 

the oxygen-sulfide interface did not expand beyond the sediments into the water dur-

ing the deposition of this section. 
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The oscillating redox conditions present during the deposition of the PM changed to 

permanently anoxic porewater conditions and the activity of sulfide-oxidizing bacte-

ria became locally restricted to the area close to the sediment-water interface. An 

expansion of the anoxic zone over the upper zone of the sediment into the water col-

umn and displacement of the oxygen would result in the complete extinction of the 

sulfide-oxidizing bacteria. This did not happen for longer times during deposition of 

the OSM. The low abundance of Fe avoided the effective scavenge of sulfide and 

reduced S species played a crucial role in the sedimentation process. 

The OM was the only available sink for the excess sulfide produced, resulting in an 

accumulation of S in the organic matrix and a preservation of this material against 

microbial degradation. This process, known as natural vulcanization, is mainly re-

sponsible for the high accumulation of organic material in the sediments of the OSM 

and the abundant appearance of organic S compounds. 
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3 Geochemical characterization of the Campanian/Maas-

trichtian upwelling system from Negev (Israel) and influence 

of natural sulfurization on the preservation of organic mat-

ter 

3.1 Abstract 

Late Cretaceous Tethyan sediments from the Mishash/Ghareb Formation (Negev, 

Israel), deposited in an upwelling environment, were investigated using geochemical 

methods to explain the high proportion of organic matter (OM) preserved in parts of 

the study section. Geochemical analyses were performed on 99 samples from three 

facies, the overlying Marl Member (MM), the Oil Shale Member (OSM) and the 

underlying Phosphate Member (PM). The abundance and distribution patterns of n-

alkanes and C27- to C29-steranes indicating an input of mainly marine OM into the 

sediments with a minor contribution of terrestrial material. The most abundant organ-

ic sulfur compounds in the analyzed sediments were the n-alkyl and isoprenoid thio-

phenes. Highest amounts were found for 2-methyl-5-tridecyl-thiophene with up to 28 

μg/g TOC. The distribution and abundance of these compounds is comparable and 

often observed in modern and ancient marine upwelling systems. Up to 60 % of the 

total sedimentary sulfur is organically bound. The relatively high occurrence of ββ-

C35 hopanoid thiophenes and epithiosteranes is equivalent to an incorporation of sul-

fur during the early stages of diagenesis. The abundance of C35 hopanoid thiophenes 

along the profile is independent of the total sulfur abundance, which is indicative for 

a diagenetic origin and emphasized the significant contribution of bacteria to the OM 

of the sediments.  

3.2 Introduction 

Besides reactive iron species, organic matter (OM) is an important sink for sulfur in 

the environment (Aizenshtat et al., 1995). Incorporation of reduced sulfur into the 

humic matrix of anoxic sediments has been reported by Nissenbaum and Kaplan 

(1972) and later by Francois (1987) using bulk analysis (C/S values). An enormous 

amount of organically bound sulfur in ancient sediments was generated via diagenet-
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ic and catagenetic pathways (Aizenshtat et al., 1995). The first molecular investiga-

tions, using gas chromatography-mass spectrometry (GC-MS), provided further evi-

dence for the incorporation of sulfur into OM during early diagenesis (Valisolalao et 

al., 1984; Brassell et al., 1986b; Sinninghe Damsté et al., 1989b). Reactive inorganic 

sulfur species like the sulfide anion HS and polysulfides 2
xS  were recognized as 

sulfurizing agents in inter- and intramolecular sedimentary sulfurization processes 

during diagenesis (Kohnen et al., 1990b; ten Haven et al., 1990; Kohnen et al., 

1991a; Kohnen et al., 1992; Aizenshtat et al., 1995). Many investigations have been 

carried out to elucidate the mechanism of reaction of sulfur with OM in sediments. 

At first only functionalized lipid hydrocarbons were suggested to be susceptible to 

reaction with reduced sulfur species in a process called “natural sulfurization” 

(Sinninghe Damsté et al., 1986; Kohnen et al., 1991a). Through intramolecular reac-

tion of polyunsaturated hydrocarbons with H2S and polysulfides, cyclic products 

such as thianes, thiolanes and thiophenes are generated (Sinninghe Damsté et al., 

1989a), while intermolecular reactions link different molecules by sulfide and poly-

sulfide bridges (Kohnen et al., 1991b). Organic molecules react with H2S or polysul-

fides and resulted in complex macromolecular molecules, prone against microbial 

degradation (Sinninghe Damsté et al., 1989a). Later, carbohydrates were also sug-

gested to be sulfurized in anoxic sediments, based on pyrolysis–GC-MS studies and 

measurements of δ13C-values of individual thiophenes in pyrolysates from an exper-

imentally sulfurized alga (Phaeocystis sp.) and in the Jurassic Kimmeridge Clay 

Formation (Sinninghe Damsté et al., 1998a). Dinur et al. (1980) investigated oil shale 

samples from the Ghareb Formation from different sites in Israel and found that 50-

95 % of the total sulfur was organically bound. More recently, Amrani et al. (2005) 

found a similar value (85 %) for an immature organic-rich limestone from the 

Ghareb Formation containing Type-II-S kerogen. Upon hydrous pyrolysis of these 

samples Amrani et al. (2005) found that the early released H2S forms secondary py-

rite, which was isotopically 21 ‰ lighter than the bulk organic sulfur, indicating that 

the system was not in equilibrium. Large isotopic discrimination between the oil and 

its source kerogen indicated more open system conditions (Amrani et al., 2005), 

meaning that fresh sulfate was introduced to the system while sulfate reduction pro-

ceeds (Schwarcz and Burnie, 1973). 
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Organic geochemical studies of the Maastrichtian oil shale sequence of the Ghareb 

Formation (Negev, Israel) are scarce. The depositional environment has been sug-

gested to be anoxic and non-euxinic, based on C/S ratio and pristane/phytane ratio 

(Bein and Amit, 1982). Moreover the predominance of even numbered n-alkanes in 

extracts was suggested to be indicative of deposition of the bituminous Ghareb oil 

shale in a hypersaline environment (Spiro and Aizenshtat, 1977). Biomarker ratios 

(hopanes and steranes) were used to interpret the maturity of the shale as “low” 

(Rullkötter et al., 1984a). Spiro et al. (1983) investigated the tetrapyrrole pigments 

(Ni and V=O) in the Ghareb Formation from various locations and found regional 

differences in the concentration of the porphyrins, probably caused by variation in 

the redox conditions during sedimentation.  

More detailed organic geochemical investigations were carried out on the Maas-

trichtian Jurf ed Darawish (JED) Formation in Jordan, the stratigraphic equivalent of 

the Ghareb Formation. The JED oil shale was revealed to be very rich in organic 

sulfur compounds (OSCs), which were identified as alkyl thiophenes, alkyl thiolanes 

and alkyl thianes (Kohnen et al., 1990a; 1990b). Additionally, more complex com-

pounds such as benzothiophene hopanoids (van Kaam-Peters et al., 1995), thiophene 

and thiolane hopanes (de las Heras et al., 1997) and alkyl thiochromanes (Schouten 

et al., 1995) were found. These compounds can be explained as resulting from the 

early diagenetic sulfurization of biohopanoids, phytol or highly branched isopre-

noids. Moreover, the incorporation of sulfur into the side chain of C35 hopanoids in-

creases significantly the preservation of the C35 carbon skeleton (Sinninghe Damsté 

et al., 1995b).  

Until now, JED samples were analyzed with the aim of identifying individual OSCs 

but only few sections of the sequence have been studied to investigate compositional 

changes along the sequence.  

The aims of the present study were to (I) determine whether the OSCs found in JED 

were also present in the Ghareb Formation (Negev, Israel) and (II) study their con-

centration variations along a profile of the Ghareb oil shale, including the underlying 

Campanian phosphorites and the overlying Maastrichtian marls, both separated from 

the oil shale by a sharp facies change. 
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3.3 Material and methods 

3.3.1 Location and samples 

The samples were obtained from the PAMA quarry at Mishor Rotem in the northern 

Negev, Israel (Efe Syncline; 31°04′51.82″N; 35°10′02.85″E, Figure 17 shows a de-

tailed presentation of the sampling area). The samples were obtained from a profile 

(Figure 21) of ca. 50 m, which is composed of a short sequence of the Mishash For-

mation [Phosphate Member (PM) 5.6 m] and the Ghareb Formation mostly belong-

ing to the Oil Shale Member (OSM, 42 m) and a short sequence of the overlying 

Marl Member (MM, ca. 3 m). Sampling was carried out at a fresh quarry, not altered 

by weathering, during mining activities. From 211 samples of the profile 99 were 

collected at ca. 20 cm to 1 m intervals for organic-geochemical investigation. 

 

Figure 17: Location map for the studied area.  A) Detailed map of Israel in UTM Coordinate sys-
tem with the position of the PAMA quarry (Efe Syncline). Base topography is given in a 
structural map showing Syrian Arc structures (modified after Gardosh et al. (2008) and 
Almogi-Labin et al. (2012)). B) Inferred position of the PAMA quarry within a paleoge-
ography map showing the upwelling belts that developed along the southern Tethys mar-
gin during the Late Campanian and Early Maastrichtian (from Ashckenazi-Polivoda et al. 
(2011)). C) Location of Israel shown on a political map of the Middle-East. 
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3.3.2 Sample preparation and analysis 

20 g dried grounded rock sample (< 200 μm) were Soxhlet extracted for 30 h with 

dichloromethane/methanol (DCM/MeOH) 9:1. The solvent was evaporated using a 

rotary evaporator and an aliquot of the solvent extract (10 mg) was separated into 

three fractions, saturated hydrocarbons (F1), aromatic hydrocarbons (F2) and polar 

hydrocarbons (F3) via column chromatography (20 g silica gel 60, Merck; glass col-

umn, 15 mm i.d). The F1 fraction was obtained by elution with 40 ml hexane. F2 was 

eluted with 100 ml hexane/DCM (9:1) and F3 with 40 ml MeOH. The F1 and F2 

fractions were analyzed using gas chromatography-mass spectrometry (GC-MS) with 

a Trace GC Ultra gas chromatograph coupled to a dual stage quadrupole (DSQ II) 

mass spectrometer (Thermo Fisher Scientific). The system was equipped with a TR5-

MS column (30 m, 0.25 mm i.d., 0.25 μm film thickness; Thermo Fisher Scientific). 

The diluted F1 and F2 fractions were injected in splitless mode with a splitless time 

of 1 min. The GC oven temperature was programmed from 40 to 320 °C at 3 °C/min. 

The mass spectrometer was operated in electron ionization (EI, 70 eV) and full scan 

mode. Helium was used as carrier gas. The data were recorded, processed and quan-

tified with Xcalibur® software. As internal standards, 3 μl of perdeuteriated tetraco-

sane (1 μg μl-1) were added to the F1 fraction and 3 μl of 1,1-binaphthyl (1μg μ1-1) 

to the F2 fraction, respectively. 

3.4 Results and discussion 

According to a study by Rullkötter et al. (1983) maturity parameters such as vitrinite 

reflectance and spore coloration measurements could not be determined on samples 

from the oil shale due to the absence of terrigenous OM, but the level of maturity 

was suggested to be low, based on the distribution of biological markers like hopanes 

and steranes. The C29 sterane 20S/20S+20R ratio obtained by Rullkötter et al. 

(1984a) with values between 0.35 and 0.40 would be equivalent to a vitrinite reflec-

tance of 0.65 using the proposed correlation diagram of Mackenzie (1984) for calcu-

lating vitrinite reflectance from biomarker ratios. However, a calculated vitrinite re-

flectance of 0.65 is too high and not in accordance with the low maturity of the study 

samples here. Vitrinite reflectance measurements of a limestone from the Ghareb 
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Formation at El Lajjun, Jordan provided a value of 0.39 % Ro (Koopmans et al., 

1998), which coincides with the expected maturity for the section studied here. 

3.4.1 Molecular composition of hydrocarbons 

On average the fractions of the saturated hydrocarbons have an amount of 5.8 % of 

the total extractable organic matter, the aromatic hydrocarbon fractions were 3.7 % 

on average and the polar hydrocarbon fractions 50 %. 

3.4.1.1 Straight chain alkanes 

n-Alkanes are the most abundant compound class in the saturated hydrocarbon frac-

tion of all extracts of the OSM. Their distribution ranges in C-chain length from C9 

to C43. They also appear in some extracts of the MM and PM, but most of these sam-

ples do not show an n-alkane distribution comparable to the OSM section probably 

due to biodegradation or oxidation of the OM. The total ion current of sample SAOS 

95 shows exemplarily the bimodal distribution of the n-alkanes in the sediments of 

the OSM section (Figure 18). The analysis of the mass chromatograms shows that 

most of the samples have a maximum at C15‒C23 and a second maximum at C29. The 

short chain n-alkanes show an odd-over-even predominance demonstrating the pre-

dominant contribution of algal material to the OM. Bein and Amit (1982) also men-

tioned a major contribution of marine algal matter derived from their analysis of Up-

per Cretaceous phosphorites from the Negev. Nevertheless there was a minor contri-

bution from terrestrial material to the sediments. This is demonstrated by the strong 

odd-over-even predominance of the long chain alkanes. The carbon preference index 

(CPI) (calculated after Bray and Evans (1961), appendix Eq.-A1) fluctuates between 

1.5 and 4.4 with a mean value of 3.0 ± 0.4 (appendix, Table A-4). These values are 

significantly higher compared to those previously reported from the Zin Valley (CPI 

values between 1.1 and 3.4 (mean 1.5)) by Bein et al. (1990). The results further em-

phasize the thermally immature character of the analyzed sediments (Peters et al., 

2007). Input of terrestrial higher plant material is indicated by CPI values exceeding 

4.0 according to Sinninghe Damsté et al. (1995a and references therein). The domi-

nant C29 n-alkane is mostly located in samples from the lower parts of the OSM pro-

file between 42.8 and 20.6 m. Eolian dust is a probable source of this leaf wax n-
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alkanes. Although, Rullkötter et al. (1984b) reported elevated CPI values from their 

analysis of sediment samples of Albian‒Cenomanian to Early Pliocene age from 

DSDP Hole 530A in the Angola Basin. They suggested that bacterial reworking was 

responsible for the higher CPI values. This would be in accordance with the 

hopanoid biomarkers identified in the sediments of the Ghareb Formation (chapter 

3.4.1.4). Furthermore, biomarker evidence for higher terrestrial plants, neither satu-

rated nor aromatic hydrocarbons like cadalene were found in the samples of the ana-

lyzed profile.  

Spiro and Aizenshtat (1977) analyzed the mineralogical and chemical composition of 

bituminous shales of the Ghareb Formation of Maastrichtian age from the Jordan 

Valley. 

 

Figure 18: Mass chromatogram m/z 57 and total ion current (TIC) with the distribution of n-
alkanes, pristane and phytane in the saturated hydrocarbon fraction of sample 
SAOS 95 (IS = internal standard) 

In contrast to our results they found a predominance of even numbered n-alkanes in 

the range between C28 and C30 and suggested a hypersaline environment. They fur-

ther concluded a high activity of sulfate reducing bacteria (Spiro and Aizenshtat, 

1977). For the sediments of the present study a high sulfate reducing and sulfide oxi-

dizing bacterial activity could be derived from the bulk geochemical data and the 

high occurrence of OSC. But the clear odd over even predominance of the alkanes 
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and a domination of n-C29 among the long chain n-alkanes is in contrast to the results 

of Spiro and Aizenshtat (1977). 

The missing n-alkanes in the MM can be explained by the high sulfate reduction rate 

derived from the TOC/TOCOR ratio. Caldwell et al. (1998) analyzed the effect of 

sulfate reduction on the n-alkane distribution in a marine sediment and found, that 

the C15‒C34 alkanes were completely removed within 200 days. Higher sulfide con-

centrations in the lower part of the OSM favor the incorporation of sulfur into the 

OM and the occurrence of OSCs.  

3.4.1.2 C27-C29 Steranes 

 

Figure 19:  Ternary diagram showing the relative abundances of C27-, C28- and C29-steranes. The 
relative abundance of the steranes allows a differentiation between the depositional envi-
ronments which are labeled with dashed lines in the diagram (derived from Huang and 
Meinschein (1979)). 

Based on the study of C27‒C29 sterols obtained from different environments Huang 

and Meinschein (1979) developed a ternary diagram to distinguish between different 

depositional environments. They found an empiric relationship between the relative 

abundance of C27‒C29 sterols and the ecosystems where the samples derived from. 

These diagram was used in a modified form by Follows and Tyson (1998) and Banga 

et al. (2011). They used the ternary correlation of C27‒C29 steranes to determine the 

source of the OM input to the sediments. In this study the correlation (Figure 19, 
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concentration of the used steranes is given in the appendix Table A-6) was used to 

get further information of the main source of OM input. Resulting from the ternary 

diagram more than 90 % of the OM derived from marine plankton or other marine 

organisms as can be expected for a marine upwelling system. These data support the 

previously presented results derived from the n-alkane distribution. Based on the 

results from the correlation diagram (Figure 19) it can be further concluded that the 

contribution of terrestrial higher plant material was rather low. Moreover, this is in 

accordance with previous studies by Schneider-Mor et al. (2012). The steranes distri-

bution in the OSM samples from the Ghareb Formation is comparable to the previ-

ously reported from the three different facies types of the Cretaceous JED oil shale 

(Kohnen et al., 1990b). In contrast to the appearance of the steranes in all three facies 

types of the JED, namely the bituminous limestone, bituminous calcareous marl and 

phosphorite (Kohnen et al., 1990b), the steranes are not present in the samples from 

the PM or the MM probably due to the consumption of the OM by sulfate reducing 

bacteria in the phosphorites and the oxidation of the OM in the marls due to the ex-

posure to oxygen. 

3.4.1.3 Indicators of paleosalinity (chromans) 

 
Figure 20: Relationship between pristane/phytane and the methyltrimethyltridecyl-chroman 

(MTTC) ratio in Cretaceous sediments of the Tethys. The MMTC ratio was calculated 
according to de Leeuw and Sinninghe Damsté (1990). 

The origin of the methylated methyltrimethyltridecyl-chromans (MTTCs, structures 

in appendix Figure A-2) is still under debate but an eu- or archaebacterial derived 
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precursor has been proposed (Sinninghe Damsté et al., 1987a; de Leeuw and 

Sinninghe Damsté, 1990). Moreover, a condensation reaction pathway of phenols 

with phytols during early diagenesis is discussed (Li et al., 1995).Within the aromatic 

hydrocarbon fraction, the MTTCs belong to the most abundant compound classes. 

MTTCs can be found in most of the samples from the OSM, but they are absent in 

the MM. A possible reason for this observation is on the one hand a change of the 

environmental conditions during the deposition of the sediments of the MM with the 

effect that the biological precursor disappeared and on the other hand an oxidation of 

the OM and removal of these molecules. In three samples of the PM the MTTCs 

were detected which is probably due to the degradation of the OM in this section. 

The ratio of these compounds has been used for assessing the salinity of paleoenvi-

ronments (Sinninghe Damsté et al., 1987a; de Leeuw and Sinninghe Damsté, 1990). 

In normal marine environments the 5,7,8-triMe-MTTC dominates whereas the 8-Me-

MTTC is the most abundant in hypersaline environments. Sinninghe Damsté et al. 

(1989a) investigated a plot of the pristane/phytane ratio vs. the MTTC ratio to deter-

mine whether the sediments were deposited under normal marine or hypersaline con-

ditions. The di- and tri-methylated MTTC are present in sufficient amounts to calcu-

late the di-/tri-MTTC ratio. The MTTC ratio was calculated based on the equation 

(Eq. 14) suggested by de Leeuw and Sinninghe Damsté (1990). 

]  MTTCmethylated  total[
MTTC]-triMe-[5,7,8ratioMTTC  

Eq. 14 

The most abundant of all MTTC over the whole OSM profile is the 5,7,8-triMe-

MTTC. Most of the samples plot in the field of normal marine salinity but some of 

them, mostly belonging to the lower part of the OSM section, plot in the field of 

mesosaline conditions. 72 % of the samples plot in a range between 0.7 and 0.8 

(Figure 20). This is comparable to results from the analysis of sediment extracts from 

organic rich silty claystone samples from the Maikop Formation deposited in eastern 

Azerbaijan under high productivity conditions during the Oligocene and early Mio-

cene (Bechtel et al., 2013). A similar value for the MTTC-ratio was reported from 

the analysis of oil shale sediment extracts from the Cretaceous JED which were sug-

gested to derive from an hypersaline environment (de Leeuw and Sinninghe Damsté, 

1990). In accordance with the results from our analysis of the methylated chromans, 
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Kolonic et al. (2002) found 5,7,8-triMe-MTTC as dominating component of the 

methylated chromans in sediment extracts from samples of three exploration wells of 

the Cenomanian/Turonian Tarfaya basin, Southwest Morocco. These sediments were 

deposited in a nutrient-rich upwelling system. 5,7,8-triMe-MTTC was significantly 

present in sediments of ancient upwelling systems (Sinninghe Damsté et al., 1987a; 

Sinninghe Damsté et al., 1989a; Bechtel et al., 2013), which seems to be a favorable 

environment for the biological precursor of these compounds. MTTC are structurally 

related to tocopherols but seem not to be the precursor molecules of the methylated 

chromans (Wang et al., 2011 and references therein).  

3.4.1.4 Pentacyclic triterpanes 

According to Neunlist et al. (1988) bacteriohopanetetrol (BHT) is preferentially bio-

synthesized by aerobic bacteria to stabilize the membranes of their cell walls, similar 

to the steroids in eukaryotic organisms (Ourisson et al., 1987). However, more re-

cently the capability of BHT synthesis has also been found for strictly anaerobic bac-

teria such as Planctomycetes producing N2 by anaerobic oxidation of NH3 (Sinninghe 

Damsté et al., 2004) and for sulfate-reducing bacteria (Blumenberg et al., 2006).  

The bacterial influence on the sediment is represented by the various saturated and 

unsaturated triterpanes. The occurrence of significant amounts of 17β(H),21β(H) 

hopanes and neohop-13(18)-ene in the OSM section of the studied profile further 

indicates the microbial activity (Barouxis et al., 1988). The hopanes and hop-17(21)-

enes were determined over the whole profile. Besides the alkanes, the hopanoids 

were the most abundant compounds in the saturated hydrocarbon fraction. The C30 -

C35-hop-17(21)-enes (m/z 231) were identified by comparison of their mass spectral 

data and retention time with those previously published (ten Haven et al., 1985; 

McEvoy and Giger, 1986). The most abundant compound of this group is the hop-

17(21)-ene and in comparison to that, the extended hopenes are present in significant 

lower amounts. In the lower part of the OSM section the C31‒C35 hop-17(21)-enes 

are more abundant compared to the upper part of the OSM section, indicating a high 

microbial alteration of labile OM. The hopanes show predominantly the 

17β(H),21β(H) configuration in the OSM sediments, significant for the low maturity 

of the samples. The hopanes range from C27 to C35 carbon atoms, with highest con-

centrations of the C30-17α(H),21β(H)-hopane and the C31-17α(H),21β(H) and C31-
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17β(H),21β(H)-homohopane. The highest amounts of the hopanes were measured in 

the lower part of the OSM. In the PM and in the MM these compounds were absent. 

The relatively good preservation of the long-chain homologues with 32‒35 carbon 

atoms, especially the relatively high amounts of C35-hopanes in the lower parts of the 

OSM indicate anoxic conditions present during the deposition of these sediments 

(Köster et al., 1997). These results are in agreement with the low pristane/phytane 

ratio in this section (Schneider-Mor et al., 2012) and the high amounts of preserved 

organic carbon. The analysis of recent and ancient sediments from the Benguela 

upwelling system shows that an increase of the productivity and higher amounts of 

TOC in the sediment did effect the proportion of hopanoids in the sediments 

(Blumenberg et al., 2010). High amounts of sulfur co-occur with high concentration 

of hopanoids at the same positions in the sediment, probably indicating the preserv-

ing influence of the sulfur on the OM. Recently, Blumenberg et al. (2006) reported 

the biosynthesis of hopanoids by sulfate reducing bacteria in anoxic environments. 

An input of hopanoids through ammonium oxidizing bacteria and sulfate reducing 

bacteria is very likely because of the very low C/N ratio of the OSM section 

(Schneider-Mor et al., 2012) and further bulk-geochemical and biomarker evidence 

for the sulfate reducing activity (e.g. Figure 14 and Figure 16).  

3.4.1.5 Straight chain and C20-isoprenoid thiophenes 

The most frequent compound class of the aromatic hydrocarbon fractions in the sol-

vent extracts from sediment samples of the OSM are the alkylthiophenes with diag-

nostic fragment ions at m/z 97, m/z 111 or m/z 125 indicating the presence of no 

methyl substituent at the thiophene ring, one or two respectively. For identification 

the mass spectra and retention time of the thiophenes were compared to literature 

data (Sinninghe Damsté et al., 1986). 

The alkyl side chain length ranges between C6 and C23 and the alkylthiophenes with 

a tridecyl-sidechain are the most abundant of all thiophenic compounds (C18). Thio-

phenes with chain length shorter than 13 and longer than 18 are less abundant. The 2-

methyl-5-alkyl-thiophenes do not show any preference of odd or even numbered side 

chain length.  

The concentrations of thiophenic compounds 1-6 (Figure 21) tend to decrease to-

wards the upper part of the OSM section. In the MM these compounds are complete-
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ly absent or below detection limit. Only the 2-methyl-5-tridecyl-thiophene and 2-

methyl-5-pentadecyl-thiophene were found in the PM (compounds 1 and 6 in Figure 

21). The straight chain and isoprenoid thiophenes show a relatively similar distribu-

tion along the profile. The 2-methyl-5-tridecyl-thiophene is the compound with the 

highest abundance of this group. 

 
Figure 21: Concentration of straight chain and isoprenoid thiophenes along the profile. 1 2-

methyl-5-tridecyl-thiophene (MW 280), 2 2,3-dimethyl-5-(2,6,10-trimethylundecyl)-
thiophene (MW 308), 3 3-methyl-2-(3,7,11-trimethyldodecyl)-thiophene (MW 308), 4 3-
(4,8,12-trimethyltridecyl)-thiophene (MW 308), 5 2-methyl-5-tetradecyl-thiophene (MW 
294), 6 2-methyl-5-pentadecyl-thiophene (MW 308) 

The likely source of the C20-isoprenoid thiophenes (2‒4 in Figure 21) is according to 

Fukushima et al. (1992) and Aizenshtat et al. (1995) from chlorophyll-derived phytol 

via phytadiene intermediates. A maximum in concentration for all compounds corre-

lates well with a maximum proportion of TOC at 40m indicating a good preservation 

of OM due to natural sulfurization. This is in accordance with a very high biological 

productivity in the water column during this period of maximum upwelling and high 

amounts of chlorophyll derived from planktonic organisms (Almogi-Labin et al., 

1993). This biomass was probably preserved under the anoxic sedimentary condi-

tions with H2S in the sediment and probably the sediment-water interface. Bi-

omarkers for photic zone euxina were absent in the analysis of the solvent extracts 

indicating that H2S did not reach the photic zone. Under these conditions the chloro-

phyll-derived phytol from the phytoplankton reacted with H2S, 2
xS  or HS  at the 

earliest stages of diagenesis to form these isoprenoid thiophenes. HS  and 2
xS  are 
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the main sulfurizing agents in marine sedimentary environments (Amrani and 

Aizenshtat, 2004), with latter is more reactive and therefore the most important. In 

laboratory experiments by Fukushima et al. (1992) these compounds were generated 

at low temperatures of 50 °C under mild reaction conditions. The occurrence of these 

compounds further supports the suggestion of a very low maturity of the sediments 

and high concentration of H2S in the sediments during the deposition of the OSM. 

3.4.1.6 C27‒C29-Epithiosteranes 

C27‒C29-epithiosteranes are quite abundant in the aromatic hydrocarbon fraction. 

These compounds have been reported from the Miocene Monterey Formation in Cal-

ifornia, the Timahdite bituminous shale in Morocco and the Messinian Gibellina sed-

iments (Behrens et al., 1997 and references therein). Cabrera et al. (2002) reported 

these compounds from the biomarker analysis of samples from the lacustrine Oligo-

cene Mequinenza Formation.  

The epithiosteranes have been identified from their mass spectral data, which were 

compared to previously published data (Behrens et al., 1997; Cabrera et al., 2002). 

These compounds were determined in the solvent extracts from the PM and the OSM 

but were absent in the MM. In all analyzed data two stereoisomeric C28-epithio-

steranes are present and a single C27 and C29 epithiosterane. The epithiosteranes show 

diagnostic ions at m/z 317 and m/z 331. The C27-epithiosterane was identified by 

these characteristic ions and the base peak at m/z 115 as well as the molecular ion 

peak at m/z 402.  
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Figure 22: Suggested mechanism of the C28-epithiosterane formation derived from 24-methyl-
5α-cholesta-7,22-dien-3β-ol modified after ten Haven et al. (1986) and (Mackenzie et 
al., 1982). 

Trace amounts of this compound could be determined in the samples of the OSM and 

PM. The two stereoisomers of the C28-epithiosterane were present in higher abun-

dance compared to the C27-epithiosterane. These compounds were identified by their 

base peak at m/z 129 and the two diagnostic peaks at m/z 317 and 331, respectively. 

The molecular peak is at m/z 416. The C29 epithiosterane has a molecular peak at m/z 

430 and a base peak at m/z 143. These compounds were suggested to originate from 

phytoplankton (Behrens et al., 1997; Cabrera et al., 2002). A possible precursor mol-

ecule originates from Δ8(14),22 steradienes which might be diagenetically derived from 

Δ7,22 sterols (Behrens et al., 1997). C28Δ7,22 sterols, like 24-methyl-5α-cholesta-7,22-

dien-3β-ol are common in microalgae of the genius Chlorophyceae (Volkman, 2003). 

These algae are ubiquitously present in upwelling systems. ten Haven et al. (1986) 

predicted a pathway for the diagenetic alteration of Δ7-sterols. The isomerization 

between Δ7 and Δ8(14) was suggested to occur at the early stages of diagenesis (ten 

Haven et al., 1986). The C28Δ7,22 or C28Δ5,7,22 sterols are common in marine phyto-

plankton therefore it is not surprising that among the epithiosteranes the C28 stereoi-
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somers are the most abundant. The rather unlikely appearance of C27Δ7,22 or 

C27Δ5,7,22 sterols in microorganisms (Volkman, 2003) explains the very low amounts 

of the C27-epithiosterane. A diagenetic pathway for the formation of C28-

epithiosteranes is shown in Figure 22. The highest concentration of epithiosteranes is 

found in the samples with the highest amounts of sulfur, but there is no further corre-

lation between the concentration of the epithiosteranes and the proportion of sulfur. 

This further indicates the incorporation of sulfur into the OM during the early stages 

of diagenesis and moreover emphasized the fact that the OM was the major sink for 

the H2S in the sediments of this depositional environment due to the limited availa-

bility of reactive iron. 

3.4.1.7 Sulfur containing hopanoids 

A sulfur containing hopanoid with a thiophene moiety was first reported from Creta-

ceous black shale samples from the Angola basin, collected during Deep Sea Drilling 

Project leg 40 (Valisolalao et al., 1984). Later, a wide variety of hopanoid thiophenes 

and thiolanes were characterized and reported from lacustrine, marine, hypersaline 

and upwelling environments from the Triassic to the Miocene, including the Miocene 

Monterey Shale, the Cretaceous JED oil shale, Paleocene and Cretaceous shales from 

the Morocco Shelf and Cretaceous claystones from the Gulf of California (e.g. 

Sinninghe Damsté et al., 1989a; ten Haven et al., 1990; de las Heras et al., 1997). 

The C35-hopanoid thiophene, as a product of early diagenesis, has been proposed to 

derive from bacteriohopanetetrol (Valisolalao et al., 1984). 
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Figure 23: The total ion current (TIC) and mass chromatogram m/z 97+111 and m/z 191 of the 
aromatic hydrocarbon fraction of sample SAOS 189 (Negev/Israel) with the distribu-
tion of the sulfur containing hopanoids. I 30-[2'-(5'-methylthienyl)-17α(H), 21β(H)-
hopane, II 31-(2'-thienyl)-17α(H),21β(H)-homohopane, III 31-(2'-thienyl)-17β(H),21α(H)-
homohopane, IV 30-(2'-thienyl)-17β(H),21β(H)-hopane, V 30-[2'-(5'-methylthienyl))-
17β(H),21β(H)-hopane, VI 31-(2'-thienyl)-17β(H),21β-(H)-homohopane, VII 31-[2'-(5'-
methylthienyl)-17α(H),21β(H)-homohopane, VIII 31-[2'-(5'-methylthienyl)-17β(H), 21α(H)- 
homohopane, IX 32-(2'-thienyl)-17β(H), 21α(H)-bishomohopane, X 3-methyl-31-(2'-
thiolanyl)-homohopane 

In Figure 23, a part of the total ion current and two mass chromatograms m/z 97+111 

and m/z 191 obtained by the GC-MS analysis of the aromatic hydrocarbon fraction 

of sample SAOS 189 are shown, representing the typical distribution of the sulfur 

containing hopanoids in the studied section of the Ghareb Formation. The partial 

chromatogram shows the 2’-thienyl, 2’-(5’-methylthienyl) and 2’-thiolanyl deriva-

tives of the C35 sulfur containing hopanoids and the C36 homologues with the 2’-

thienyl and 2’-(5’-methylthienyl) moiety. Compounds with all three variations of the 

stereoisomeric configuration of the hopane structure, the 17α(H), 21β(H), 

17β(H),21α(H) and 17β(H),21β(H) are present in the samples. These compounds 

were identified by comparison of their mass spectral data and the retention time with 

published data from de las Heras et al. (1997). 



Chapter 3 

 
101 

 

(Structural information and mass spectra for these compounds are given in Figure 24 

and in the appendix in Figures A-26 to A-33). The sulfur containing hopanoids are 

present in the mass range between m/z 494 and 522. The C36-hopanoid thiophenes 

have a molecular ion at m/z 522.  

Figure 24: Mass spectra and molecular structures of the two hopanoid thiophenes with molecular ions 
at m/z522 observed in the OSM, sample SAOS 189, of the Ghareb Formation. A) 31-[2'-(5'-
methylthienyl)-17α(H),21β(H)-homohopane (VII) with numbering and notation of the hopanoid 
skeleton and characteristic fragment ions; B) methyl-31-(2'-thienyl)-homohopane (IX) with char-
acteristic fragment ions. 

Stereoisomers of C36-hopanoid thiophenes (m/z 522) have been previously reported 

from the analysis of oil shale samples from the Cretaceous JED Formation in Jordan 

with their characteristic fragment ions (Sinninghe Damsté et al., 1989a). A homo-

hopane (compound VII) and a 3-methylhopane (compound IX) skeleton was derived 

from the comparison of the fragmentation pattern of the mass spectra of the two C36-

hopanoid thiophenes (compounds VII and IX Figure 24) in the samples of the OSM 
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with the literature data of de las Heras et al. (1997) and Sinninghe Damsté et al. 

(1989a). 

The characteristic ion m/z 111 (fragment a in Figure 24 A), indicative for the 2’-(5’-

methylthienyl) moiety, results from the cleavage in the site chain of the homohopane 

molecule between C-30 and C-31. The cleavage in the C ring results in the character-

istic fragment ion m/z 191 (fragment b in Figure 24 A) containing the A/B rings of 

the hopanoid structure. The cleavage in the C ring gives rise to the fragment mole-

cule m/z 301 (fragment c in Figure 24 A) containing the D/E ring of the hopanoid 

and the side chain. The cleavage between C-21 and C-22 (fragment d, Figure 24 A) 

gives rise to the hopanoid characteristic fragment at m/z 369.  

Sinninghe Damsté et al. (1989a) tentatively identified the compound shown in Figure 

24 B based on the characteristic ions as 3-methyl-31-(2'-thienyl)-homohopane. 3-

Methyl hopanoids are produced for example by methanotrophic bacteria which use 

methane, derived from the degradation of OM, in the oxic zone to gain their energy 

(Neunlist and Rohmer, 1985; Summons and Jahnke, 1990). A methylhopane from a 

methanotrophic origin would be detectable by a very depleted δ13C value (Summons 

et al., 1994). These measurements have to be conducted. A 2-methyl derivative can-

not be fully excluded based on the mass spectral data. 2-methyl-hopanoids are gener-

ally believed to derive from cyanobacterial organisms and are an indicator of oxy-

genic photosynthesis (e.g. Summons et al., 1999). These organisms have been re-

ported for example from the upper boundary of the OMZ in the coastal upwelling 

system off Chile (Cuevas and Morales, 2006). Although in a recent study by Rashby 

et al. (2007) on cultured organisms of the anoxygenic phototroph Rhodopseudomo-

nas palustris, it was shown that these organisms produce significant amounts of 2-

methylbacteriohopanepolyols. However, methylhopanes without a thiophenic moiety 

in the side chain were not detected in either of the samples. This is a further support 

for an early diagenetic incorporation of sulfur into the OM.  

However, the cleavage in the side chain between C-31 and C-32 give rise to the 

characteristic fragment ion m/z 97 (fragment e in Figure 24 B) of the 2'-thienyl moie-

ty. The addition of the methyl group to the A/B ring of the hopanoid skeleton in-

creases the fragment ion from m/z 191 to m/z 205 (fragment f in Figure 24 B). 

Cleavage of the C ring (fragment g= m/z 287, Figure 24 B) results in the moiety con-

taining the D/E ring and the side chain. The fragmentation between C-21 and C-22 
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gives rise to the fragment h (m/z 383, Figure 24 B), which is characteristic of the 

methyl hopanes structure.  

Furthermore, a thiolane was detected in the solvent extracts of the sediment samples 

and co-occurs together with the thiophenes mainly in the OSM and in very low 

amounts in some parts of the PM (compound X in Figure 23, mass spectrum and 

structure in appendix Figure A-33). This compound is absent in the sediments of the 

MM.  

Thiolanes show a molecular ion at m/z 512. Based on the analysis of immature bi-

tuminous calcareous marl stones from the Cretaceous JED Formation Sinninghe 

Damsté et al. (1989c) suggested that thiophenes derive diagenetically from thiolanes 

via dehydrogenation. The less stable thiolane is more abundant in the upper part of 

the profile and a further thiolane hopanoid with a molecular ion at m/z 512 occurs 

which allows to assume that these sediments are slightly more immature compared to 

the bottom part of the OSM section. 

The C35-hopanoids with the 2'-thienyl and 2'-5'-methylthienyl moiety (compounds I, 

II, V and VI in Figure 23) are the most abundant of the sulfur containing hopanoids 

and were quantified along the profile. All hopanoid thiophenes show nearly the same 

variation along the profile. In the MM these thiophenes are absent. The compounds I 

and II show the lowest concentration (0.02 to 0.43 μg/g TOC, mean 0.09 μg/g TOC 

for I and 0.05 to 0.66 μg/g TOC, mean 0.20 μg/g TOC for II), in comparison to that 

the two compounds with the biogenic ββ configuration (compounds V and VI, Figure 

23) show a considerably higher concentration in the range between 0.08 and 1.6 μg/g 

TOC (mean 0.45 μg/g TOC) for compound V and a concentration between 0.24 to 

3.8 μg/g TOC (mean, 1.16 μg/g TOC) for compound VI. This further supports the 

previous suggestion that the sulfurization starts at the early stages of diagenesis. 
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Figure 25:  Stage, formation, depth and profile of the analyzed sediments, proportions of TOC 
and S are given in percent. The concentration variation along the profile is shown for 
the hopanoid thiophenes in μg/g TOC.  I 30-[2'-(5'-methylthienyl)-17α(H),21β(H)-
hopane, II 31-(2'-thienyl)-17α(H),21β(H)-homohopane, V 30-[2'-(5'-methylthienyl))-
17β(H),21β(H)-hopane, VI 31-(2'-thienyl)-17β(H),21β-(H)-homohopane. 

According to Kohnen et al. (1990b), the hopanoid thiophenes can be used as bi-

omarkers for bacterial reworking in the sediment. This corresponds with the ob-

served peaks in the concentration of the thiophenes and the corresponding dent in the 

abundance of the TOC (e.g. at 24.2 m, 34.4 m and 41m in Figure 23). This is in ac-

cordance with the high bacterial activity assumed for the OSM derived from the bi-

omarker analyses. However, the concentration of the thiophenes correlates neither 

with the TOC nor the TS content. There is no significant enrichment of these com-

pounds present e.g. in the lower part of the OSM which was deposited under more 

oxygen deficient conditions than the upper part of the section. This allows us to as-

sume that the organisms producing bacteriohopantetrol, the precursor of the C35-

hopanoid thiophenes, were rather present in the water column than in the sediment. 

Thus, an origin from heterotrophic bacteria feeding on primary producers in the wa-

ter column is more likely than an origin from sulfate-reducing bacteria or Plancto-

mycetes.  

3.4.1.8 Degree of OM sulfurization 

A previous analysis of OM-rich sediments from the Ghareb Formation from the Zin 

valley shows that up to 80 % of the sedimentary sulfur is organically bound (Bein et 
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al., 1990). Comparable results with 85 % of the total sulfur organically bound were 

reported from a limestone of the Cretaceous Ghareb Formation from Mishor Rotem, 

(Amrani et al., 2005). These data are in agreement with results from the upwelling 

sediments from the Peruvian margin (ODP Leg 112) where up to 46 % of the total 

sedimentary sulfur were found to be organically bound (Mossmann et al., 1991). 

Moreover, similar values have been reported for the more deeply buried petroleum 

source rocks of the Miocene Monterey Formation (Orr, 1986). Eglinton et al. (1994) 

analyzed a ca. 100 m sediment core from the Peru margin obtained during ODP Leg 

112 (Hole 681 C) and found increasing C/S values and organic sulfur contents up to 

70 % of the total sulfur. Moreover, the analysis of OM-rich upwelling sediments 

from the Pakistan margin a comparable value of up to 60 % of the total sulfur content 

was found to be organically bound (Lückge et al., 2002).  

In the ancient and recent upwelling sediments high amounts of organic carbon coin-

cide with a high amount of organic bound sulfur. This is reflected by the elevated 

C/S ratios in the analyzed samples of these environments e.g. a C/S ratio of 6.6 in 

this study and a comparable C/S ratio of 6.6 to 33 form the Peruvian upwelling sys-

tem (Mossmann et al., 1991). From the Monterey oil shale a C/S ratio of 15 to 50 

was previously reported (Orr, 1986). The degree of OM sulfurization therefore tends 

to be slightly higher in the Mishash/Ghareb Formation than in recent sediments from 

the Peruvian upwelling area and much higher than in the Miocene Monterey For-

mation.  

This high degree of OM sulfurization is reflected by the occurrence of straight chain 

and isoprenoid alkylthiophenes, which are the most abundant OSCs in the analyzed 

sediments, comparable to the distribution of alkylthiophenes e.g. from the Miocene 

Messininan Perticara basin sediments (Sinninghe Damsté et al., 1986) or the sedi-

ments from the highly productive surface waters in the northeastern Arabian Sea off 

Pakistan (Lückge et al., 2002). The occurrence of various thiophene hopanoids of 

which the compounds I, II, V, VI shown in Figure 23 are the most abundant reaching 

concentrations of up to 6.4 μg g
-1

 TOC (sum of the four isomers) in the extracts. For 

comparison, in sediments from the Benguela Upwelling System (BUS) (latest 80 ka) 

S-bound C35 homohopane was present at only 1 μg g
-1

 TOC, contributing < 3 % of 

the total hopanoid content and the concentration tends to increase with sediment age 
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(Blumenberg et al., 2010). Sinninghe Damsté et al. (1995b) found C35-hopanoid thi-

opene in the apolar fraction at 30 to 70 μg g
-1

 TOC (sum of four isomers), indicating 

an even higher sulfurization rate of the OM in the JED. High sulfurization of the OM 

is a common feature in upwelling sediments due to the special environmental condi-

tions with high sulfate reduction and sulfide oxidation and it played a key role in the 

preservation of the OM of the OSM facies.  

3.5 Summary and conclusions 

The OM of the sample material derived almost exclusively from marine organisms, 

mainly algae, with a minor contribution of terrestrial material evident from the analy-

sis of the n-alkanes and C27- to C29-steranes. The high amounts of n-alkyl and isopre-

noid thiophenes is comparable to recent and ancient upwelling environments indicat-

ing the incorporation of sulfur during the early stages of diagenesis. Furthermore, a 
13C isotopic analysis of the methylated sulfur containing hopanoid will give infor-

mation about the source of this compound and with NMR analysis the structure can 

be solved. The high abundance of C35 hopanoid thiophenes in the OSM is consistent 

with an origin from heterotrophic bacteria living in the aerobic water column rather 

than from sulfate reducing bacteria or anaerobic Planctomycetes. Biomarkers for 

photic zone euxinia were absent in the analyzed sediments and argue for the precipi-

tation or re-oxidation of the excess H2S within the sediment or beneath the photic 

zone. The degree of sulfurization of the organic matter seems to be generally elevat-

ed in upwelling systems due to the special conditions in these environments and 

ranges between 60 and 85 % of the total sedimentary sulfur. 

The natural vulcanization of OM in upwelling sediments deposited under Fe limited 

conditions will result in the preservation of abundant organic carbon by comparable 

low amounts of sulfur.  

Acknowledgments 
Financial support of this study by GIF—The German-Israeli Foundation for Scien-

tific Research and Development, grant no. 956-38.8/2007 is gratefully acknowl-

edged. We thank Rotem Amfert Negev Company for their cooperation during the 

sampling in the PAMA Quarry. 



Chapter 4 

 
107 

 

4 Paleoceanographic reconstruction of the Late Cretaceous oil 

shale of the Negev, Israel: Integration of geochemical, and 

stable isotope records of the organic matter 

4.1 Abstract 

The Levantine high productivity system was an extensive coastal upwelling that op-

erated in the Late Cretaceous along the SE Tethyan margin. This study focuses on 

the top Phosphate Member (PM) of the Mishash Formation and the Oil Shale Mem-

ber (OSM) of the Ghareb Formation (latest Campanian-Early Maastrichtian), which 

represent the last phase of this high productivity system in the Negev, Israel. Bulk 

organic matter (TOC), δ13Corg, δ15Norg, C/N and pristane/phytane (Pr/Ph) ratios, were 

studied for reconstruction of seafloor and water column depositional environments. 

Our records indicate a gradual decrease with time in surface water productivity in the 

OSM and a marked weakening at the overlying Marl Member (MM). High C/N ratio 

along with relatively low δ15Norg (4 ‰ to 6 ‰) and δ13Corg (-29 ‰ to -28 ‰) proba-

bly reflect significant diagenetic preferential loss of nitrogen-rich organic compounds 

enriched with 15N and 13C isotopes (e.g. proteins). This along with the low Pr/Ph val-

ues (0.11–0.7), indicate oxygen depleted bottom water (anoxia-dysoxia) during the 

deposition of the top PM and the OSM. The moderate gradual upward increase in 

δ15Norg, and in Pr/Ph values and the decrease of TOC and C/N values from the top 

PM through the OSM indicate transition from anoxic (Phosphate-lower OSM) to 

dysoxic (middle-upper OSM) conditions. This environmental trend is consistent with 

co-occurring foraminiferal assemblages in the studied succession and implies that the 

benthic species in the Negev sequence were adapted to persistent minimum oxygen 

conditions by performing complete denitrification as recently found in many modern 

benthic foraminifera. 
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4.2 Introduction 

4.2.1 The high-productivity sequence in Israel 

The Upper Cretaceous succession in Israel, enriched in Si–C–P, was described in 

numerous studies as a product of a coastal high productivity upwelling regime that 

persisted in the southern margins of the Tethys (e.g. Bein et al., 1990; Almogi-Labin 

et al., 1993; Kolodny and Garrison, 1994; Soudry et al., 2006; Edelman-Furstenberg, 

2008; 2009, Figures 25, 26 A and B). Such marine high-productivity systems, char-

acterized by high nutrient levels usually supplied by upwelling and associated oxy-

gen deficient bottom water, are recognized by the accumulation of cherts, 

porcelanites, phosphates, and organic rich carbonates (Parrish and Curtis, 1982; 

Suess and Thiede, 1983; Thiede and Suess, 1983; Summerhayes et al., 1992). Alt-

hough upwelling induced productivity reached its peak in the SE Tethyan margins, 

other high productivity deposits appeared globally in the Upper Cretaceous along 

continental margins and the Tethyan Circular Current (TCC) pointing to similar 

modes of occurrences connected with upwelling regimes (Parrish, 1998; Erlich et al., 

2000; Rey et al., 2004; Soudry et al., 2006, see Figure 25). The organic rich sequence 

in Israel spans from the Santonian into the Maastrichtian (Bein et al., 1990; Almogi-

Labin et al., 1993, Figure 26 A) with the most intense upwelling phase occurring 

during the Middle-Late Campanian. During this time interval, the inner belt (e.g. 

southern Israel, Negev basins) was distinctly more productive than the outer, off-

shore belt (central Israel) as is also reflected in the significantly different lithological 

associations, i.e. mainly chert and phosphorite in the Negev compared to organic-rich 

carbonate in offshore belt (Figure 27 A and B). 

The Mishash Formation rocks in southern Israel were deposited in a series of recur-

ring sedimentary cycles. The Mishash Formation is distinguished by thick chert beds, 

silicified carbonates, and porcelanites, overlain with beds of brecciated chert, and 

thick Phosphate Member (PM) (Soudry et al., 1985). Total organic carbon content 

(TOC) in organic rich layer in the PM is as high as 24 wt.% (Bein et al., 1990). 
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Figure 26: Paleogeography map shows the upwelling belts developed along the southern Tethys 
margin during the Late Campanian and Early Maastrichtian. Star marks the in-
ferred position of Negev region within the Levant upwelling belt. From Ashckenazi-
Polivoda et al. (2011). 

At the top of the Mishash Formation the lithology changes dramatically into a mo-

notonous sequence of organic rich carbonates, locally referred as the Oil Shale 

Member (OSM) containing up to 15–20 wt.% TOC (Bein et al., 1990; Minster, 

1996). This change is ascribed to a shift of the upwelling system southeastward, leav-

ing the Negev area at a still productive, more distal position (Almogi-Labin et al., 

1993). 

The OSM comprises the lower part of the Ghareb Formation and was recently dated 

as latest Campanian–Early Maastrichtian, spanning from 71.6 to 69.85 Ma 

(Ashckenazi-Polivoda et al., 2011, Figure 27). The thickness of the OSM in the Neg-

ev varies significantly: it is, up to 40–45 m in the Efe syncline, central Negev, and 

disappearing towards the flanks of the higher structures (Minster, 1996). The Maas-

trichtian pelagic marl and chalks of the middle and upper parts of the Ghareb For-

mation mark the end of the upwelling activity and the return of more normal oceanic 

conditions in this region. The deposition of the oil shale sequence signifies a major 

change in the dynamics of the Late Cretaceous southern Tethys upwelling system. 
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The mechanisms that drive such change and the paleoenvironmental history of this 

upwelling regime are still not well understood and are of great scientific interest. 

4.2.2 Background on the foraminiferal assemblages  

The foraminiferal assemblages of the OSM in the Negev at the PAMA quarry, Israel 

(Figure 29) were studied in detail by Ashckenazi-Polivoda et al. (2011). Five distinct 

planktic (P-Types) and benthic (B-Type) foraminiferal assemblages were identified 

based on statistical clustering of the relative abundance of the planktic and benthic 

foraminiferal genera (Figure 28). The cosmopolitan and ecologically generalist gene-

ra Globigerinelloides, Heterohelix and Hedbergella were found to be the main con-

tributors to clustering of the five planktic foraminiferal assemblages.  

Assemblage P-Type 5 characterizes only the PM, and exhibits the highest occurrenc-

es of Globigerinelloides (87 %), lowest occurrences of Heterohelix (9 %) and an 

absence of the ecologically specialized keeled globotruncanid species. An overall 

change from assemblage P-Types 4 to P-Type 1 was observed along the OSM, re-

flected by an increase in the abundance of Heterohelix (from 44 % to 73 %) and co-

inciding decrease in the abundance of Globigerinelloides (from 32 % to 5 %). This 

change reflects a clear decrease in surface water productivity in time (Figure 28). 

The main contributors to the clustering of the five benthic foraminiferal assemblages 

(B-Type) are infaunal triserial buliminids (Praebulimina and Neobulimina) typical to 

anoxic pore water, and rotaliids (mainly Gyroidinoides and Gavelinella) that are 

more common in aerated seafloor environments. Assemblage B-Type 5 represented 

only in the PM, and characterizes by dominance of the triserial buliminides (98 %). 

A clear transition is observed from assemblage B-Types 4 at the base of the OSM to 

assemblage B-Type 1 at the top of the OSM and the MM. This transition marks an 

increase in the abundance of Gyroidinoides (from 17 % to 35 %) and decrease in the 

abundance of Gavelinella (from 29 % to 12 %) and the triserial buliminids (from 42 

% to 10 %), and reflects an increase in bottom water aeration (Figure 28). At the base 

of the OSM, the establishment of planktic foraminifera, including appearances of 

intermediate-water dwellers keeld globotruncanids, and the establishment of benthic 

rotaliid fauna, marks the most prominent change and a transition to a pelagic outer 

shelf-upper slope environment. Further deepening probably occurred during deposi-
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tion of the middle part of the OSM (~32 m), when rotaliids became predominant in 

the benthic foraminiferal assemblage (Figure 28). The paleodepth of the OSM is es-

timated to be several hundred meters (upper-middle bathyal) based on the dominance 

of the deep sea Gyroidinoides spp. and the appearance of the deep sea species Nut-

tallides truempyi.  

The upward changes in the P-types and B-Types coincide with a decline in TOC con-

tent, from ~20 wt.% to 0.1 wt.% (Figure 28). This correspondence indicates a strong 

linkage between foraminiferal assemblage composition and upper-water-column 

productivity, and oxygen levels at the seafloor and within the sediment. The present 

study was aimed to create a complementary high-resolution geochemical characteri-

zation of this sequence that will allow us to further explore the significance of this 

linkage and its paleoceanographic implications. This study is based on integration of 

foraminiferal assemblages with organic C and N concentrations and their stable iso-

tope composition that were used for detailed reconstruction of fluctuations in primary 

production levels and nutrient availability in the water column and the sea-floor dur-

ing the accumulation of the oil shale succession and during the transition from the 

underlying phosphorites to the overlying MM. 

4.3 Materials and methods 

4.3.1 Location and samples 

The extended lithological sequence of the high-productivity succession, exposed at 

the open PAMA quarry, was chosen for this study as a representative section of the 

Late Cretaceous southern Tethyan upwelling regime (Figure 30). This quarry is op-

erated by Rotem Amfert Negev Company and is located at Mishor Rotem (Efe Syn-

cline; 31°04′51.82″N; 35°10′02.85″E), where one of the largest oil shale reservoirs in 

Israel is found. Unlike most of the Negev OSM outcrops, the sequence exposed at 

PAMA quarry is fresh, unaltered with low thermal maturity (see Section 4.4.4) and 

contains well-preserved fossils, and is considered of high quality similar to that 

found in deep sea cores. 
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Figure 27: A. Schematic correlation of the Late Cretaceous formations in Israel modified after 
Reiss et al. (1985). White intervals indicate hiatus. The high productivity system is repre-
sented by the accumulation of cherts, porcelanites, organic-rich carbonates, and phospho-
rites during the Middle-Late Campanian Mishash Formation and Oil Shale Member of the 
Late Campanian-Early Maastrichtian Ghareb Formation (modified age after Gradstein et 
al. (2005)). The transition to pelagic marls and chalks marks the return of normal marine 
conditions. B. SE-NW schematic cross-section (not to scale) across the Syrian Arc, 
from the Negev to central Israel, with Mishash and Ghareb Formation filling syn-
clines (gray area). Upwelling zone extends across the entire traverse, with organic-rich 
carbonate (C), phosphorite (P), and siliceous sediment as chert and porcelanite (Si) depos-
ited in varying proportions in the synclines. Modified after Almogi-Labin et al. (2012). 
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The same sample set that was used by Ashckenazi-Polivoda et al. (2011) for the mi-

cropaleontological analysis of the planktic and benthic foraminiferal assemblages 

was used in this study. This set consists of fifty samples that were taken at approxi-

mately 1 m intervals (~50 m) and include the uppermost part of the PM of the 

Mishash Formation (5.8 m) the entire OSM (42 m) and the base of the MM (~3 me-

ters) of the Ghareb Formation (see in Ashckenazi-Polivoda et al. (2011) details on 

the lithology and biostratigraphy, and Figure 28). 

4.3.2 Sample analyses 

For the analysis of the organic carbon and nitrogen content 1–2 g of dried powdered 

rock samples were treated with 2 M HCl, to dissolve the carbonate matrix. The treat-

ed samples were shaken with a vortex to achieve complete dissolution. The residue 

was thereafter washed several times with double distilled water until no Cl− ions 

were detected, using silver nitrate. The washed samples were used to measure wt% 

carbon and nitrogen and their isotopic composition. Total organic carbon (TOC) and 

total organic nitrogen (TON) where calculated from the measured % C and % N val-

ues, which were corrected for the removed % CaCO3 fraction. The bulk organic car-

bon and the C and N isotope measurements were performed on Carlo Erba EA1110 

elemental analyzer in line with Finnigan MAT252 stable isotope ratio mass spec-

trometer at the Department of Environmental Sciences and Energy Research at 

Weizmann Institute of Science in Israel. The carbon and nitrogen isotopes were 

measured simultaneously from the same sample by peak jumping with mean standard 

deviation of 0.19 ‰ and 0.28 ‰ for δ13Corg and δ15Norg, respectively. All results are 

reported relative to PDB for δ13Corg and relative to air for δ15Norg. In addition, an in-

ternal standard of lignin was used every 6 to 8 samples to ensure stable measurement 

without drifts. For the analysis of saturated hydrocarbons in solvent extracts of the 

organic matter (OM), 20 g of dried powdered rock samples (< 200 μm) were Soxhlet 

extracted for 30 h with dichloromethane/methanol 9:1. The solvent mixture was 

evaporated using a rotary evaporator. 10 mg of the obtained extracts were separated 

into three fractions, saturated hydrocarbons (F1), aromatic hydrocarbons (F2) and 

polar hydrocarbons (F3) by column chromatography using 15 g of silica gel 60 

(Merck) and a glass column with 15 mm inside diameter. The F1 fraction was ob-
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tained by elution with 40 ml hexane, F2 was eluted with 100 ml hexane/dichloro-

methane 9:1 and F3 with 40ml of methanol. The F1 fraction was further analyzed by 

gas chromatography–mass spectrometry (GC–MS) for determination of the 

pristane/phytane (Pr/Ph) ratio. GC–MS analyses were performed on a Trace GC Ul-

tra gas chromatograph coupled to a dual stage quadrupole (DSQ II) mass spec-

trometer (Thermo Fisher). 
 

 

Figure 28: Stratigraphy, lithology, TOC and P and B-Type assemblages of the studied section at 
PAMA quarry. Modified after (Ashckenazi-Polivoda et al., 2011). 

The GC–MS system was equipped with a TR5-MS column (30 m, 0.25 mm ID) with 

0.25 μm film thickness from Thermo Fisher. The diluted F1 fractions were injected 

in splitless mode with a splitless time of 1 min. The GC oven temperature was pro-

grammed from 40 to 320 °C at a rate of 3 °C/min. The mass spectrometer was oper-

ated in EI mode (70 eV) and in full scan mode. Helium was used as carrier gas. The 

data were recorded, processed and quantified with Xcalibur® software. To the ex-

tracts of the saturated hydrocarbon fraction 3 μL of perdeuterated tetracosane  
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(1 μg/μL) was added as internal standard.  

An organic petrological analysis was carried out on four representative samples (2.6 

m, 26.6 m, 42.6 m, and 43.8 m) at Core Lab Houston. This analysis was carried out 

in order to identify the type of kerogen present in the samples, particularly if it is 

dominantly marine or terrestrial origin. The analysis was performed by reflected and 

transmitted white light and reflected UV fluoresces. 

 

Figure 29: Geological map (1:250,000) of northern Negev modified after Shahar and 
Wurzburger (1967). The PAMA quarry is located in the Efe Syncline, where one of 
the largest oil shale reservoirs of southern Israel occurs. From Ashckenazi-Polivoda 
et al. (2011). 
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4.4 Results 

4.4.1 TOC, TON and C/N 

The TOC record shows clear difference between the OSM and its transitions with the 

underlying top of the PM and the overlying MM with OSM values being significant-

ly higher than in the other two units (Figure 30). At the top of the PM TOC values 

mostly range between 1 and 4 wt.%. However these low values do not represent the 

whole PM that at certain intervals showed values up to 24 wt.% (Bein et al., 1990). 

There is a distinct step-wise decrease in the TOC content from the base to the top of 

the OSM (Figure 30). The highest TOC values (up to 18 wt.%) are found in the low-

er part (43.8–37.0 m), intermediate values (mostly 9–11 wt.%) at 37.0 to 13.0 m and 

a further drop to mostly 5.5–8.0 wt.% in the upper part of the OSM between 13.0 and 

3.0 m.  

 

Figure 30: TOC, TON, Pr/Ph, C/N, δ13Corg and δ15Norg and foraminiferal assemblage records of 
the studied sequence. Note: 1.The very low TON content and high C/N ratios along the 
OSM. 2. The gradual decrease in TOC and TON, and increase in Pr/Ph, δ15Norg and δ13Corg 
along the OSM. 3. The sharp change at the transition to the MM. 4. The change in forami-
niferal P and B- Types assemblages that follows the change in TOC and TON records and 
are opposite to the δ15Norg trend (all values in appendix, Table A-8). 
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The contact with the overlying MM is marked by a sharp decrease in TOC values 

below 1.0 wt.%. TON values in the studied sequence are low and ranged between 

0.02 wt.% and 0.56 wt.%. Highest TON values are recorded at the lower part of the 

OSM (up to 37 m) and generally decrease upward by a half (Figure 30). TON values 

of the top of the PM and the MM are considerably lower than the OSM and vary be-

tween 0.02 wt.% and 0.15 wt.%. C/N values at the top of the PM and throughout the 

OSM are high and range from 25 to 32 (Figure 30). At the transition from the top of 

the PM to the OSM C/N values increase from 28 to 32 and gradually decline to ~25 

at the upper OSM. The transition to the MM shows a sharp decrease to values of 6–7. 

4.4.2 Pristane/Phytane (Pr/Ph) ratio 

A relatively high Pr/Ph ratio of 1.8 is only observed in the MM. The Pr/Ph ratios 

(appendix, Table A-8) generally vary from 0.43 to 0.65 within the PM and between 

0.11 and 0.7 in the OSM. The lowest Pr/Ph value (0.11) is observed only in the base 

of the OSM and is followed by gradual increase upwards up to the center of the OSM 

profile. In the upper part of the OSM sequence the Pr/Ph remains nearly on the same 

level (around 0.44) with some fluctuations (Figure 30). 

4.4.3 Organic N and C isotopes 

The δ15Norg record (appendix, Table A-8) shows an enrichment trend with a shift 

from values of 2.8–3.9 ‰ at the top of the PM to 4.5–6 ‰ within the OSM and an-

other enrichment of up to 7.5 ‰ at the MM (Figure 30). A secondary features ob-

served within the OSM are fluctuations in the order of 0.6–1.5 ‰, superimposed on 

the general trend. The δ13Corg record shows little variation within the top of the PM 

and the OSM where it fluctuates from -29.6 to -28 ‰. The transition to the overlying 

MM is marked by increase to  

-26.5 ‰ (Figure 30). 

4.4.4 Organic petrology 

All samples include fluorescing amorphous matrix bituminite (kerogen type II), dino-

flagellate cysts, marine fossil fragments (mostly pelagic foraminifera, bivalves, and 

minor bryozoans), trace amounts (< 5 %) of terrestrial kerogen types III and IV (al-
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lochthonous inertinite and vitrinite), calcareous and siliceous mineral matrix, and 

framboidal pyrite (Figure 29). Discrete or laminated unicellular marine algal bodies 

(Tasmanales) were seen in two of the samples. White light reflectance (% Ro) meas-

ured on sporadic vitrinite-like particles found in two samples is ~0.3 % Ro indicating 

very low maturity level. 

4.5 Discussion 

4.5.1 TOC 

The bulk OM can be used as a proxy for changes in surface productivity and in burial 

processes in the sediments (e.g. Jenkyns et al., 2002). Moreover, the combination of 

TOC with foraminiferal assemblage data can be used to infer the relative contribu-

tion of surface water productivity, burial efficiency and diagenetic processes (see 

Ashckenazi-Polivoda et al., 2011). 

In the Late Cretaceous Negev high productivity succession, the high TOC content of 

the OSM (18.0–5.5 wt.%) indicates both high organic input and burial efficiency and 

preservation (Figure 30). This is evident from the planktic and benthic foraminiferal 

assemblages indicating high productivity at the surface water and relatively low-

oxygen bottom water during the deposition of the OSM (Ashckenazi-Polivoda et al., 

2011). The upward decrease in TOC content within the OSM coincides with changes 

in the benthic and planktic foraminiferal assemblages implying a gradual decrease in 

surface water productivity from highly eutrophic to mesotrophic and at the same time 

a contemporaneous shift from an anoxic to a dysoxic-suboxic seafloor (Figure 28). 

The low TOC content of the top PM that underlies the OSM is a local diagenetic 

feature, typical to the studied outcrop. Elsewhere in the Negev, this unit can be en-

riched in organic carbon by as much as 20 wt.% (Rotem Amphart Ltd, personal 

communication). In contrast, the low TOC content of the MM that overlies the OSM 

is a regional phenomenon, indicating that this unit experienced diagenetic indurations 

and OM oxidation (Figure 30). 

4.5.2 Organic petrology 

The samples analyzed appear to be marine oil shale composed of lipid-rich OM de-

rived from marine algae, dinoflagellate cysts, and amorphous fluorescing bituminite 
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of sapropelic origin (sapropelinite). The very small amount (< 5 %) of allochthonous 

vitrinite and inertinite indicates a minor contribution of terrestrial OM (Figure 31). 

Similarly, Eshet and Almogi-Labin (1996) and Eshet et al. (1994) found abundant 

and diverse dinoflagellate and calcareous nannofossil assemblages throughout the 

high productivity sequence of the Negev that indicate a dominant marine source for 

the OM. The low maturity, 0.3 % Ro, is consistent with the low maturity suggested 

in earlier studies of the OSM (Bein and Amit, 1982; Bein et al., 1990). 

4.5.3 TON and C/N ratio 

TON and C/N ratios of OM have been widely used as a reliable parameter to distin-

guish between algal and land-plant origins of sedimentary OM (Hedges et al., 1986; 

Twichell et al., 2002). Marine plankton typically have on average C/N ratios between 

6 and 7 (“Redfield ratio”), whereas vascular land plants have C/ N ratios of 20 and 

greater (Hedges et al., 1986; Meyers, 1994; Hedges et al., 1997). C/N ratios of the 

top PM and OSM are considerably higher than typical marine algal values, whereas 

the values of the MM are more similar to the latter (Figures 30 and 32). The very low 

TON values and high C/N ratios of the OSM may appear to record an input of vascu-

lar land plants. However, the organic petrology analysis clearly indicates that the 

majority of the OM is of marine origin (Figure 31). Twichell et al. (2002) observed 

an increase in C/N ratio values from 5 to 15 in OM in sediments from the Middle 

Miocene to latest Miocene and Pliocene deposited under the Benguela current 

upwelling system. Meyers et al. (2006) reported similar elevated C/N values (20–40) 

in the Albian to Santonian black shale sequences from Demerara Rise. These authors 

suggested that the high C/N ratio resulted from greater recycling rates of nitrogen-

rich, relative to carbon-rich OM components as the flux of total OM to the seafloor 

increased. van Mooy et al. (2002) showed that when the modern marine OM is de-

graded under suboxic to anoxic conditions via denitrification it preferentially decom-

poses nitrogen-rich amino acids resulting in a reduction of the TON content. A simi-

lar preferential degradation by denitrification and release of gaseous nitrogen (N2 and 

NO2) was previously discussed by Altabet et al. (1995).  
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Figure 31:  Selected photos from the organic petrological analysis. (a) Sample 3.6 m, photo of 
kerogen concentrate under reflected light; unicellular marine Tasmanales alginite (A), 
mineral matter and pyrite (P). (b,c) Sample 26.6 m, photos were taken under reflected UV 
light; fluorescing sapropelinite (Sap), dinoflagellate cyst (Din) in fluorescing matrix. (d) 
Sample 42.6m, photo of kerogen concentrate under reflected light; broken fragment of 
Tasmanales alginite (A). (e) Sample 43.8 m, photo of kerogen concentrate under reflected 
light; amorphinite (Amo) and framboidal pyrite (P). (f) Sample 43.8 m, photo taken under 
transmitted light; amorphous kerogen type II. 

We postulate that the very low TON values and high C/N ratios at the top of the PM 

and the OSM signify a similar mechanism of enhanced preferential degradation of 

nitrogen-rich components of the OM under depleted oxygen conditions due to high 

surface water productivity and flux of OM to the bottom. These relations are further 
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substantiated by the very good linear correlation between the TON and the TOC 

(r2=0.98, Figure 33). If we assume a typical averaged algal C/N value of ~6–7 as an 

initial ratio for the 15 wt.% TOC of the lower OSM, an increase to the observed C/N 

ratio of ~30, would have required a selective removal of about 70 % of the initial 

nitrogen content. This percentage is considerably higher than the loss of nitrogen 

from preferential degradation presented in van Mooy et al. (2002) experiments (i.e., 

9 %). The significantly high % N loss in the OSM may to some extent reflect the 

differences between geological degradation processes and experimental time. How-

ever, there might be other reasons that require further investigation. 

4.5.4 Pr/Ph ratio 

The C19 and C20 isoalkane molecules, respectively pristane (Pr) and phytane (Ph), are 

very common constituents of oil and solvent extract of the organic fraction in hydro-

carbon source rocks. The ratio of Pr to Ph is widely attributed mainly to the redox 

conditions at the depositional environment of the source rock (e.g. Didyk et al., 

1978). This notion stems from the initial assumption that both Pr and Ph are mainly 

diagenetic products of phytyl side chain of chlorophyll due to differential reactions 

which are dependent on the depositional redox conditions (Maxwell et al., 1972; 

Powell and Mc Kirdy, 1973). However, several other factors (e.g. thermal maturity, 

variable biomolecules sources, diagenetic effects) have been shown to influence the 

level of the Pr/Ph ratio determined from crude oils, coal and sedimentary OM and 

suggest that its use as an indicator for the oxicity of the depositional environment 

should be in conjunction with other paleoenvironmental proxies (e.g. ten Haven et 

al., 1987; Rowland, 1990; Kohnen et al., 1991a; Peters et al., 2007). Nevertheless, 

the low Pr/Ph ratio obtained (≤ 0.7) in this study (Figure 30), the consistency of the 

Pr/Ph records with implications of other chemical and stable isotope characteristics 

and the improbable significant thermal maturity effect suggest that the Pr/Ph ratios of 

the studied section mainly reflect the redox depositional conditions. This interpreta-

tion is further corroborated by the inverse trends of the Pr/Ph and TOC (Figure 30) 

which is consistent with higher OM input, better preservation and anoxia during dep-

osition of the OM in the lower part of the section. 
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Figure 32: δ13Corg vs. C/N ratios. Note that the records of OM from the top PM and the OSM are 
more similar to those of C3 land plants than to algal marine source. 

The low Pr/Ph ratios (0.11–0.7) within the upper PM and the OSM (Figure 30) can 

be interpreted to reflect anoxic to dysoxic conditions throughout the entire OSM with 

increasing anoxicity towards the bottom of the OSM (terms used are according to 

Kaiho, 1994). The Pr/Ph ratios obtained from samples of the top PM are similar to 

those values derived from the upper OSM section (ca. 0.48). This feature is some-

what discordant with the implication of the benthic foraminiferal assemblages of the 

top PM that indicate anoxic conditions (Figure 30). These differences may be the 

results of a local diagenetic partial oxidation of the OM within this unit observed in 

the studied outcrop (see discussion in Section 4.5.1). The significant increase of the 

Pr/Ph ratio from around 0.45 to 1.8 is consistent with a drastic change of the deposi-

tional environment from suboxic to oxic conditions of deposition. 

4.5.5 δ13Corg 

δ13Corg records of the top PM and the OSM are considerably depleted in 13C com-

pared to modern marine OM and are more similar to those characterizing terrestrial 

OM (Wefer et al., 1994; Meyers, 1997) (Figures 32 and 34). However, as discussed 

in Section 4.5.2. the source of the OM in the organic rich succession of the Negev is 

most definitely algal marine. Moreover, values as low as ~-29 ‰ are lighter even if 

the kerogen was consisted entirely of land plant material (Figures 32 and 34) 

(Meyers, 1994). The low δ13Corg values of the top PM and the OSM values may rep-
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resent a diagenetic effect of differential removal of 13C-enriched fraction (Meyers, 

1994; Lehmann et al., 2002). Selective removal of 13C-enriched carbohydrates and 

proteins fractions which are more susceptible to decomposition, and fortification of 

the 13C depleted lipid fraction can lead to decrease in the δ13C compared to the bulk 

algal tissue (Jenkyns and Clayton, 1986; Hedges et al., 1988; Meyers, 1994). 

 

Figure 33:  TON vs. TOC. Note the perfect correlation between the TON and TOC content. 

Jenkyns and Clayton (1986), suggested this mechanism to account for the low δ13Corg 

values recorded from lower Jurassic (Toarcian) Tethyan black shale. Under certain 

conditions, this mechanism may selectively remove isotopically heavy organic com-

ponents from the sediment (e.g. carbohydrates). It is likely, therefore, that very low 

δ13Corg values of the top PM and the OSM was in part the result of an early minerali-

zation and selective decomposition of the proteins fraction via denitrification under 

reduced oxygen conditions in bottom waters that persisted throughout the deposition 

of these units. The ~2 ‰ increase of the δ13Corg at the base of the MM represents a 

small amount of organic content (~0.5 %) (Figures 30 and 33), that may reflect a 

residual fraction that was protected from late diagenesis by being attached to the clay 

fraction, or alternatively an original signal of enhanced degradation under oxic con-

dition at the bottom water. Another possible explanation for the very low δ13Corg val-

ues of the top PM and the OSM may be related to elevated levels of atmospheric CO2 

during the Cretaceous. 
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Figure 34: δ15Norg vs. δ13Corg. Note the relatively low δ13Corg values of the OSM and top Phosphate 
compared to records from modern marine environments. Also note the strong correlation 
in δ15Norg from the top PM through the lower–upper part of the OSM to the MM. The sub-
division of the OSM (lower/middle-upper) was determined at ~35 m where both TOC and 
foraminiferal assemblages exhibit a significant change. 

Dean et al. (1986) claimed that marine Cretaceous organic rich sediments consistent-

ly have δ13C values lower than Cretaceous terrestrial OM and ~5 ‰ lower compared 

to those of modern marine sediments. They suggested that out of the 5 ‰ negative 

shift, diagenetic processes can account for 1–2 ‰, whereas the rest is due to the high 

concentration of CO2 in the atmosphere. The Late Cretaceous atmospheric CO2 lev-

els were estimated to be around ~550 ppm based on stomata index or higher based on 

modeling results (Kump and Arthur, 1999; Royer, 2006; Quan et al., 2009). High 

CO2 levels could affect carbon isotopes in different ways: 1. The high availability of 

CO2 could cause a shift to larger fractionation due to higher selectivity of the phyto-

plankton to 12C (Dean et al., 1986). 2. If the isotopic composition of the atmospheric 

CO2 was depleted thereby affecting the values of dissolved inorganic carbon and 

organic carbon (i.e. Suess effect, Gruber et al., 1999; Olsen et al., 2006; Liu et al., 

2007). 3. Volcanic input (Méhay et al., 2009) or release of methane (Weissert and 

Erba, 2004). Since the δ13Corg record did not vary considerably along the OSM (Δ < 
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0.5 ‰), the low values suggest that it could have been established under stable at-

mospheric environment with high CO2 levels. 

4.5.6 δ15Norg 

δ15Norg can be used to distinguish between terrestrial vs. marine algal source, in the 

case that the primary composition is preserved. This is due to the fact that the δ15N 

value of atmospheric N2 is about 0 ‰, whereas the values of dissolved nitrate gener-

ally range between +7 ‰ and +10 ‰ (Meyers, 1997) (Figure 34). However, diagene-

sis of the marine OM could cause a significant deviation from its original signal. The 

influence of diagenetic processes seems to be reflected by the δ15Norg records of the 

top PM and the OSM that are both relatively depleted in 15N compared to marine 

algal records that are similar to that of the dissolved nitrate (Figure 34). Kinetic iso-

tope fractionation during protein hydrolysis can lead to selective release of both 15N-

depleted and 12C-depleted compounds and enrichment of 15N and 13C in the residual 

organic fraction (Silfer et al., 1992; Macko et al., 1994; Lehmann et al., 2002). The 

depleted δ13Corg and δ15Norg values of the top PM and the OSM are in contrast to the 

expected isotopic signature of protein hydrolysis and thus suggest the involvement of 

a different diagenetic process (Figures 30 and 34). In some phytoplankton and bacte-

rial cultures, the total protein within a cell has been found to be enriched in δ15N (~3 

‰) relative to bulk nitrogen (Macko et al., 1987). Libes and Deuser (1988) showed a 

decrease of δ15Norg with depth below the oxycline in OM sinking through the water 

in the Peru upwelling system and inferred that it could be due to selective decompo-

sition of 15N enriched proteins. They also proposed that in addition to mineralization, 

bacterial ingrowth supplies δ15N-depleted compounds to the OM, which enhances the 

negative shift of δ15N. A similar mechanism was suggested by Lehmann et al. (2002) 

from the study of sediments in Lake Lugano. However, addition of bacterial in-

growth is expected to yield lower C/N ratios compared to those of normal marine 

values, in contrast to the relatively high values that were recorded at the top PM and 

the OSM. Therefore, it is not likely that bacterial ingrowth had been a dominant 

mechanism in the early diagenesis processes. Meyers (1997) suggested that the low 

δ15N values of Cenomanian-Turonian black shales from the South Atlantic and Plio-

Pleistocene sapropels from the Mediterranean may reflect utilization of dissolved N2 
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by nitrogen-fixing bacteria that are possibly responsible for these anomalous isotopic 

values, or alternatively episodes of enhanced nitrate availability that allowed greater 

algal discrimination in favor of 14N. Still, these two mechanisms cannot alone ac-

count for the very high C/N ratio in the marine OM of the top PM and the OSM 

which appear to reflect selective removal of nitrogen. The combination of high C/N 

ratios and relatively low δ15N values of the top PM and the OSM implies that the 

main mechanism that determined the values of these records was selective decompo-

sition of amino acids via denitrification and/or anammox. The observed differences 

between the δ15Norg values of the top PM and lower OSM (2.8–3.9 ‰) and the mid-

dle-upper OSM values (4.5–6 ‰, Figure 34) could reflect a decrease of the effect of 

preferential removal of N-rich organic compounds as a result of a change from anox-

ic to somewhat more aerated conditions (dysoxic) of the bottom water. This notion is 

further supported by the differences in the foraminiferal (B-Type 1–5) assemblages 

between these units (Figures 28 and 30; (Ashckenazi-Polivoda et al., 2011)). The 

δ15Norg increase to 7.5 ‰ at the base of the MM, which resembles marine algal val-

ues (Figure 34), could reflect an original signal of relic OM preserved under more 

oxic conditions. However, we cannot rule out the possibility that other factors may 

contribute to the relative depletion of the δ15N values of these units. 

4.5.7 The depositional environment of the Negev high productivity sequence: 

integration of geochemical and foraminiferal characteristics 

Twichell et al. (2002) and van Mooy et al. (2002) suggested that the selective remov-

al of nitrogen and increase in C/N ratio in marine OM could occur early in the sink-

ing process within the water column. In such a case, the processes that caused the 

increase in C/N ratio and possibly the lowering of TON, δ15N, δ13C and Pr/Ph values 

were not only associated with anoxia in the pore water of the seafloor sediments but 

also with low-oxygen conditions (anoxic- dysoxic) in the lower part of the water col-

umn throughout the time interval of the deposition of the top PM and the OSM (Fig-

ures 32 and 34). The presence of abundant infaunal triserial bulimind benthic foram-

inifera species typical to anoxic/dysoxic conditions (B-Types 5–4) at the top of the 

PM and at the base of the OSM (Ashckenazi-Polivoda et al., 2011) supports this 

model. The upward change from Globigerinelloides dominating P-Type 5 to Hetero-
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helix dominating P-Type 1 along the OSM correlates with a distinct decrease in TOC 

content (18–5 wt.%), and signifies an upward decline in surface productivity (Figure 

30). Based on this relation, it was inferred that Globigerinelloides species are the best 

tracers for extreme eutrophic surface water, whereas heterohelicids are associated 

with more mesotrophic conditions (Ashckenazi-Polivoda et al., 2011). The transition 

in time from assemblages B-Type 5 to 1 mainly reflects a change from the predomi-

nance of praebuliminids and neobuliminids to a more diversified rotaliid-dominated 

assemblage, indicating an increase in bottom water aeration (Ashckenazi-Polivoda et 

al., 2011). This change is not proportionally expressed by the C/N ratios, which rec-

ord an upward decrease from 32 to 25 from the bottom to the top of the OSM, but 

remain considerably high compared to a typical algal ratio (Figure 32). The persis-

tence of high C/N ratios at the upper part of the OSM implies that the seafloor sedi-

ments and perhaps bottom water conditions remained low in oxygen (i.e. dysoxic) 

throughout deposition of the OSM. 

This model challenges the proposed oxic-suboxic bottom water conditions along the 

deposition of the OSM (Ashckenazi-Polivoda et al., 2011), which is based on our 

traditional interpretations of the requirement of oxygen for the microhabitats of the 

Cretaceous benthic foraminifera species. Certainly, the recent findings that benthic 

foraminifera can carry out complete denitrification to N2 in the absence of oxygen 

(i.e. Risgaard-Petersen et al., 2006; Høgslund et al., 2008) call for reevaluations of 

this concept. This possibility is particularly stressed by the study of Piña-Ochoa et al. 

(2010) showing that denitrification is in fact a widespread phenomena shared by 

many benthic foraminifera of different phylogenetic origins. This adaptation may 

have existed also in many of the Cretaceous benthic foraminiferal groups that al-

lowed them to survive conditions in the absence of oxygen at the seafloor and within 

the sediments. Testing this hypothesis is beyond the scope of this study but surely 

will shed light on our knowledge of foraminiferal microhabitats from Cretaceous 

organic rich environments such as in the Negev. 

4.6 Summary 

1.  The top PM and OSM (Late Campanian) are part of a high productivity sequences 

that resulted from a coastal upwelling system that operated along the south-
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eastern Tethyan margins. The high TOC content of the OSM, which is mainly of 

marine algal source, indicates both high organic input and increase burial efficien-

cy and preservation. The upward decrease in TOC content within the OSM im-

plies a gradual decrease in surface water productivity with time. 

2.  The low TON content and high C/N ratios of the OM at the top of the PM and the 

OSM are atypical of marine algal source and indicate a significant diagenetic loss 

of nitrogen organic compounds (e.g. proteins). 

3.  Pr/Ph ratios determined from solvent extracts indicate moderate variation in the 

redox conditions during the upper PM and OSM deposition, with anoxic condi-

tions in the lower part of the section and decreasing anoxicity towards the top of 

the profile. A sharp increase in the Pr/Ph ratio at the transition to the overlying 

MM suggests substantial change in the redox potential and its deposition under 

oxic conditions. 

4. The low δ13Corg values of the top PM and the OSM probably reflect the high con-

centration of CO2 in the atmosphere in the Late Cretaceous and perhaps additional 

depletion by preferential decomposition of the 13C enriched proteins fraction via 

denitrification under oxygen deficient sediment and bottom water environment. 

5. The relatively low δ15Norg values of the top PM and the OSM seem to indicate 

similar effect of selective removal of N-rich organic compounds, as proposed for 

the C/N and δ13Corg records. We further suggest that the upward increase in 

δ15Norg values from the top PM through the OSM and the prominent increase in 

the MM, indicating transition from anoxic (Phosphate-lower OSM) to dysoxic 

(middle-upper OSM) to suboxic (Marl) bottom water environment. This environ-

mental change is consistent with the foraminiferal data presented by Ashckenazi-

Polivoda et al. (2011). 

6. Our interpretation that the deposition of the top PM and the OSM had been asso-

ciated with low-oxygen conditions in the bottom and pore water challenges the 

conventional model on the microhabitats of the Cretaceous benthic foraminifera 

species. It suggests that some of the benthic species that were found in the Negev 

may have had a preconditioned adaptation to survive the lack of oxygen on the 

seafloor, perhaps by carrying out complete denitrification. This possibility is con-

sistent with the recent findings on modern benthic foraminifera that shows that 
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denitrification is in fact a widespread phenomena shared by many benthic forami-

nifera of different phylogenetic origins. 
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5 Conclusions and future implications 

Two sets of samples from the inner belt (Efe Syncline) and the outer belt (Shefela 

basin) of the Late Cretaceous upwelling at the southern Tethys margin were investi-

gated in this study. Interestingly, the climatic and paleoenvironmental changes dur-

ing the deposition of these sediments could be elucidated. Furthermore, the geochem-

ical implications concerning the phosphate deposition and the sulfur incorporation 

into the organic matter were in the focus of this work. 

5.1 Paleoclimatic changes and paleo sea surface temperature of the 
upwelling system 

An HPLC-MS/MS method has been applied to determine the TEX86 values from 

both sample sets at high resolution for the reconstruction of SST variations during 

the Late Cretaceous. Notably, these are the first high resolution SST data for the 

southern margin of the Tethys revealed from two distinct profiles representing differ-

ent distances of the sediment deposition from the former shoreline. Previously, only 

some SST data derived from isotope measurement on foraminifera were available 

from several sampling sites in Israel with rough temporal resolution. The new data 

set allows a detailed insight into the local paleoceanographic conditions and the local 

climate. Furthermore, we used these data to classify these local climatic conditions 

into the context of the global climate conditions of the Late Cretaceous. Importantly, 

the TEX86 data obtained from the Shefela basin core facilitates to reconstruct the 

climatic changes in the Late Cretaceous over a time interval of 17 million years, from 

the Late Santonian to the Early Maastrichtian (~ 85 to 68 Ma). The response of this 

environment to the global climatic changes and local variations in SST were pre-

served in the GDGT composition of the sediments. During the Late Santonian to 

Early Campanian the SST in the Shefela basin decreased by 7 °C. This was the end 

of the extremely warm Late Cretaceous epoch, with highest temperatures in the Tu-

ronian, which lasted till to the Santonian. Interestingly, the data shed light onto a 

previously observed extremely high productivity event (~ 76 Ma) derived from the 

analysis of the foraminiferal assemblage in the sediments of the Shefela basin. Now, 

this could be correlated to a massive and relatively short termed temperature drop of 

almost 7 °C, probably caused by an intensification of upwelling of nutrient rich and 
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cold deep waters. Tectonic plate movement opened the connection between the 

North and South Atlantic Ocean (EAG) starting in the Albian. The separation of the 

two continents, namely South America and Africa proceeds and the connection be-

tween the North and South Atlantic becomes wider and deeper (Friedrich and 

Erbacher, 2006 and references therein). The resulting changes in the oceanic circula-

tion and the development of new oceanic currents enormously influenced the SSTs 

of the Atlantic and Pacific Ocean. In comparison to these oceans the influence on the 

SST of the Tethys was rather moderate and so the further cooling in the Late Campa-

nian was less prominent. The TEX86 data from the Shefela basin were also used to 

reevaluate the equatorial to polar SST gradient of the Late Campanian to Early Maas-

trichtian by comparison with data from previous studies on the polar region. Accord-

ing to these calculations, the equatorial to polar SST gradient is about 22 °C and 

therefore closer to the modern value of 30 °C than suggested in previous studies.  

The phenomenon of upwelling is based on the uplifting of cold water near to the 

shore, so that the near shore SST is lower in comparison to the more offshore located 

SST. Notably, the TEX86 data from the two locations reflect this temperature differ-

ence between the inner and outer belt of the ancient upwelling system. The distance 

between the inner and the outer belt was nearly 80 km and a temperature shift of ap-

proximately 1.5 °C in the mean SST reflects the influence of colder water masses 

closer to the shoreline. 

5.2 Natural sulfurization 

The nutrient richness in upwelling environments promotes the primary production. 

Under these high productivity conditions areas of oxygen minimum develop in the 

sediment and sulfate-reducing bacteria consume the available reactive OM for the 

sulfide production, which is further oxidized again by sulfide oxidizing bacteria. Un-

der these particular environmental conditions with either high sulfide concentration 

in the sediment or in the sediment/water interface combined with a limited availabil-

ity of reduced iron in the pore water an effect called “natural vulcanization” becomes 

very important. Under these conditions the OM deposited in the sediment is pre-

served by the intermolecular or intramolecular reaction with reduced sulfur species. 

This results in a higher resistance of these molecules against microbial decomposi-
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tion and explain the high amounts of preserved organic carbon. Furthermore, differ-

ent correlation methods of geochemical proxies have been applied in the present 

study to distinguish between the different depositional environments. For the inter-

pretation of the high sulfur content we used a TS vs. TOC diagram and identified that 

the C/S ratio of upwelling systems is two to three times higher compared to normal 

marine environments. Consequently, the mean C/S ratio from the OSM section is 

comparable to those for sediments from modern upwelling areas like the Peruvian or 

Benguela upwelling systems.  

The iron-limited conditions during the sedimentation of the OSM and PM section 

were illustrated by the use of a ternary correlation diagram of Fe, S and TOC. Due to 

the high primary production the supply of reactive OM was not limited except for the 

MM. The high supply of H2S due to sulfate reduction in combination with the lack of 

effective scavenge of the reduced sulfur by Fe promotes the incorporation of sulfur 

into the OM.  

The OM derived mainly from marine algal material with a minor contribution of ter-

restrial material evident from biomarkers like n-alkanes and C27- to C29-steranes. 

OSCs are present in various compound classes like thiophenes with an n-alkyl or 

isoprenoid side chain, sulfur-containing derivatives of steranes and hopanoids with 

thiophene and thiolane moieties. The occurrence of these compounds argues for the 

incorporation of sulfur during the early stages of diagenesis. The degree of sulfuriza-

tion of the OM seems to be generally elevated in upwelling systems due to the spe-

cial conditions in these environments and ranges between 60 and 85 % of the total 

sedimentary sulfur. 

5.3 Phosphate deposition in the context of sulfate reduction and sulfide 
oxidation 

Compared to the OSM an enormous amount of OM was consumed by sulfate reduc-

ing bacteria during deposition of the PM. Together with the sulfate reducing bacteria 

sulfide oxidizers were present in the sediment/water interface yielding an increased 

sedimentation of phosphorus. The sulfide oxidizers Thioploca, Beggiatoa and Thio-

margarita are able to store large amounts of intracellular polyphosphates, sulfur and 

nitrate. Under anoxic conditions with high concentrations of sulfide, phosphate is 

released by these bacteria and precipitated as carbonate fluorapatite. Interestingly, 
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the accumulation of phosphorus in the PM was 7 to 10 times higher compared to the 

OSM. The occurrence of these sulfate reducing and sulfide oxidizing bacteria was 

indirectly determined by the detection of branched and monounsaturated fatty acids. 

After a drastically change of the environmental conditions the phosphate deposition 

decreased to level observed in normal marine environments.  

5.4 Bulk geochemical and isotopic implications 

The PM and OSM show atypical low TON contents and high C/N ratios for marine 

algal source and indicate a significant diagenetic loss of nitrogen via denitrification 

and/or anammox. The redox conditions during the deposition of the upper PM and 

the OSM changed only moderately, reflected by the Pr/Ph ratios. A deposition under 

anoxic conditions in the lower part of the profile and only slightly aerated conditions 

towards the top of the profile can be suggested. The strong increase of the Pr/Ph ratio 

indicates a significant change of the depositional environment at the transition to the 

MM and probably a deposition of the sediments under oxic conditions. 

The high atmospheric CO2 concentration of the Late Cretaceous is probably reflected 

by the low δ13Corg values of OM at the top of the PM and in the OSM. Additionally, 

the decomposition of 13C-enriched proteins via denitrification may also contribute to 

the low δ13Corg values. 

The low δ15Norg values at the top of the PM and in the OSM were probably influ-

enced by a selective removal of N-rich organic compounds. The changes of the 

paleoceanographic conditions reflected by the three different facies types correlate 

with the changing δ15Norg values indicating transition from anoxic (Phosphate-lower 

OSM) to dysoxic (middle-upper OSM) to suboxic (Marl) bottom water environment. 

These data are supported by the results obtained from the analysis of the foraminifer-

al assemblage. 

A special adaptation of the benthic foraminifera to survive the lack of oxygen on the 

seafloor, most likely by carrying out complete denitrification, is in accordance with 

the results of recent studies on modern benthic foraminifera showing that denitrifica-

tion is a widespread phenomenon shared by many benthic foraminifera. 

An interesting topic for future studies could be the analysis of the compound specific 

carbon isotopic composition of the fatty acids to determine their source. Furthermore, 
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the δ34S compound specific isotopic analysis on compounds of the aromatic fraction 

might be used to further clarify the pathway of early diagenetic sulfurization of mol-

ecules. For structural analysis of unknown compounds, like the methylhopanoid thi-

ophene in the aromatic fraction, a HPLC separation of these compounds with subse-

quent NMR structural analysis might be worth to be investigated. This would give 

some further insights into the OM sulfurization pathway. Moreover, the geochemical 

composition of the Shefela basin core could be further examined with respect to 

changes in the composition of the organic biomarkers from the Santonian to the 

Maastrichtian using sampling at high resolution.  
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Figure A-1 Typical partial HPLC/MS base peak chromatogram obtained from the analysis of 
sample SAOS 27 from the Ghareb Formation, Negev/Israel. A1-A6 indicate the 
structures of the GDGTs. 
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8-Me-MTTC R1 = CH3, R2 = H, R3 = H 

5,8-diMe-MTTC R1 = CH3, R2 = H, R3 = CH3 

7,8-diMe-MTTC R1 = CH3, R2 = CH3, R3 = H 

5,7,8-triMe-MTTC R1 = CH3, R2 = CH3, R3 = H 
Figure A-2 Structures of Chromanes 
 

Mass spectra of identified biomarkers in the Efe Synkline oil shale 
Compound identification is based on mass spectra and/or retention time published in 

the references written in the brackets. 

 
Figure A-3 Mass spectrum of hexadecanoic acid (Wiley Registry, 2008) 
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Figure A-4 Mass spectrum of oleic acid (18:1ω9) (Elvert et al., 2005; Yang et al., 2009) 

 
Figure A-5 Mass spectrum of vaccenic acid (18:1ω7) (Elvert et al., 2005) 

 
Figure A-6 Mass spectrum of octadecanoic acid (Wiley Registry, 2008) 
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Figure A-7 Mass spectrum of 5β(H)-cholestane (Rhead et al., 1971) 

 

Figure A-8 Mass spectrum of 5α(H)-cholestane (Rhead et al., 1971) 

 

Figure A-9 Mass spectrum of 24-methyl-5β(H)-cholestane (Philp, 1985) 
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Figure A-10 Mass spectrum of 24-methyl-5α(H)-cholestane (Philp, 1985) 

 

Figure A-11 Mass spectrum of 24-ethyl-5β(H)-cholestane (Philp, 1985) 

 

Figure A-12 Mass spectrum of 24-ethyl-5α(H)-cholestane (Philp, 1985) 
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Figure A-13 Mass spectrum of 2,8-dimethyl-2-(4,8,12-trimethyltridecyl)-chroman 
 (8-Me-MTTC) (Sinninghe Damsté et al., 1987a) 

 
Figure A-14 Mass spectrum of 2,5,8-trimethyl-2-(4,8,12-trimethyltridecyl)-chroman (5,8-diMe-

MTTC) (Sinninghe Damsté et al., 1987a) 

 
Figure A-15 Mass spectrum of 2,7,8-trimethyl-2-(4,8,12-trimethyltridecyl)-chroman (7,8-diMe-

MTTC) (Sinninghe Damsté et al., 1987a) 
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Figure A-16 Mass spectrum of 2,5,7,8-tetramethyl-2-(4,8,12-trimethyltridecyl)-chroman (5,7,8-
triMe-MTTC) (Sinninghe Damsté et al., 1987a) 

 

Figure A-17 Mass spectrum of 2-methyl-5-tridecyl-thiophene (Wiley Library) 

 

Figure A-18 Mass spectrum of 2,3-dimethyl-5-(2,6,10-trimethylundecyl)-thiophene 
 (Sinninghe Damsté et al., 1987b) 
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Figure A-19 Mass spectrum of 3-methyl-2-(3,7,11-trimethyldodecyl)-thiophene (Rullkötter et 
al., 1988) 

 

Figure A-20 Mass spectrum of 3-(4,8,12-trimethyltridecyl)-thiophene (Rullkötter et al., 1988) 

 

Figure A-21 Mass spectrum of 2-methyl-5-tetradecyl-thiophene (Kohnen et al., 1990a) 
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Figure A-22 Mass spectrum of 2-methyl-5-pentadecyl-thiophene (Kohnen et al., 1990a) 

 
Figure A-23 Mass spectrum of C27-epithiosterane (Behrens et al., 1997) 

 
Figure A-24 Mass spectrum of C28-epithiosterane (Behrens et al., 1997) 
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Figure A-25 Mass spectrum of C29-epithiosterane (Behrens et al., 1997) 

 
Figure A-26 Mass spectrum of 30-[2'-(5'-methylthienyl)-17α(H),21β(H)-hopane (de las Heras et 

al., 1997) 

 
Figure A-27 Mass spectrum of 31-(2'-thienyl)-17α(H),21β(H)-homohopane (de las Heras et al., 

1997) 
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Figure A-28 Mass spectrum of 31-(2'-thienyl)-17β(H),21α(H)-homohopane (de las Heras et al., 
1997) 

 
Figure A-29 Mass spectrum of 30-(2'-thienyl)-17β(H),21β(H)-hopane (de las Heras et al., 1997) 

 
Figure A-30 Mass spectrum of 30-[2'-(5'-methylthienyl))-17β(H),21β(H)-hopane (de las Heras et 

al., 1997) 
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Figure A-31 Mass spectrum of 31-(2'-thienyl)-17β(H),21β(H)-homohopane (de las Heras et al., 

1997) 

 

Figure A-32 Mass spectrum of 31-[2'-(5'-methylthienyl)-17β(H),21α(H)-homohopane (Sinninghe 
Damsté et al., 1989a) 

 

Figure A-33 Mass spectrum of 31-(2'–thiolanyl)-17β(H),21β(H)-homohopane (Sinninghe 
Damsté et al., 1989a) 
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Table A-1 Sample name and corresponding sample depth [m]. 

Sample name Depth [m] Sample name Depth [m] Sample name Depth [m] Sample name Depth [m] 

SAM_012 0.0 SAOS_0030 8.00 SAOS_0074 16.80 SAOS_0118 25.60 
SAM_011 0.2 SAOS_0031 8.20 SAOS_0075 17.00 SAOS_0119 25.80 
SAM_009 0.6 SAOS_0032 8.40 SAOS_0077 17.40 SAOS_0120 26.00 
SAM_008 0.8 SAOS_0033 8.60 SAOS_0078 17.60 SAOS_0121 26.20 
SAM_007 1.0 SAOS_0034 8.80 SAOS_0079 17.80 SAOS_0122 26.40 
SAM_006 1.2 SAOS_0035 9.00 SAOS_0080 18.00 SAOS_0123 26.60 
SAM_006 1.2 SAOS_0036 9.20 SAOS_0081 18.20 SAOS_0125 27.00 
SAM_005 1.4 SAOS_0037 9.40 SAOS_0082 18.40 SAOS_0126 27.20 
SAM_003 1.6 SAOS_0038 9.60 SAOS_0083 18.60 SAOS_0126 27.20 
SAM_002 1.8 SAOS_0039 9.80 SAOS_0084 18.80 SAOS_0127 27.40 
SAM_001 2.0 SAOS_0040 10.00 SAOS_0084 18.80 SAOS_0128 27.60 
SAM_001 2.0 SAOS_0041 10.20 SAOS_0085 19.00 SAOS_0129 27.80 

SAOS_0004 2.2 SAOS_0043 10.60 SAOS_0086 19.20 SAOS_0130 28.00 
SAOS_0003 2.4 SAOS_0044 10.80 SAOS_0087 19.40 SAOS_0131 28.20 
SAOS_0002 2.6 SAOS_0045 11.00 SAOS_0089 19.80 SAOS_0132 28.40 
SAOS_0001 2.80 SAOS_0046 11.20 SAOS_0090 20.00 SAOS_0133 28.60 
SAOS_0005 3.00 SAOS_0048 11.60 SAOS_0091 20.20 SAOS_0134 28.80 
SAOS_0006 3.20 SAOS_0049 11.80 SAOS_0092 20.40 SAOS_0135 29.00 
SAOS_0006 3.20 SAOS_0050 12.00 SAOS_0093 20.60 SAOS_0136 29.20 
SAOS_0007 3.40 SAOS_0051 12.20 SAOS_0094 20.80 SAOS_0137 29.40 
SAOS_0008 3.60 SAOS_0051 12.20 SAOS_0095 21.00 SAOS_0138 29.60 
SAOS_0009 3.80 SAOS_0052 12.40 SAOS_0096 21.20 SAOS_0139 29.80 
SAOS_0010 4.00 SAOS_0053 12.60 SAOS_0097 21.40 SAOS_0140 30.00 
SAOS_0011 4.20 SAOS_0054 12.80 SAOS_0098 21.60 SAOS_0141 30.20 
SAOS_0012 4.40 SAOS_0055 13.00 SAOS_0099 21.80 SAOS_0142 30.40 
SAOS_0013 4.60 SAOS_0056 13.20 SAOS_0100 22.00 SAOS_0143 30.60 
SAOS_0013 4.60 SAOS_0057 13.40 SAOS_0101 22.20 SAOS_0144 30.80 
SAOS_0014 4.80 SAOS_0058 13.60 SAOS_0102 22.40 SAOS_0145 31.00 
SAOS_0015 5.00 SAOS_0059 13.80 SAOS_0103 22.60 SAOS_0146 31.20 
SAOS_0016 5.20 SAOS_0060 14.00 SAOS_0104 22.80 SAOS_0147 31.40 
SAOS_0017 5.40 SAOS_0061 14.20 SAOS_0105 23.00 SAOS_0148 31.60 
SAOS_0018 5.60 SAOS 60-61 14.30 SAOS_0106 23.20 SAOS_0149 31.80 
SAOS_0019 5.80 SAOS_0062 14.40 SAOS_0107 23.40 SAOS_0150 32.00 
SAOS_0020 6.00 SAOS_0063 14.60 SAOS_0108 23.60 SAOS_0151 32.20 
SAOS_0021 6.20 SAOS_0064 14.80 SAOS_0109 23.80 SAOS_0152 32.40 
SAOS_0022 6.40 SAOS_0065 15.00 SAOS_0110 24.00 SAOS_0153 32.60 
SAOS_0023 6.60 SAOS_0066 15.20 SAOS_0111 24.20 SAOS_0154 32.80 
SAOS_0024 6.80 SAOS_0067 15.40 SAOS_0112 24.40 SAOS_0155 33.00 
SAOS_0025 7.00 SAOS_0069 15.80 SAOS_0113 24.60 SAOS_0156 33.20 
SAOS_0026 7.20 SAOS_0070 16.00 SAOS_0114 24.80 SAOS_0157 33.40 
SAOS_0027 7.40 SAOS_0071 16.20 SAOS_0115 25.00 SAOS_0158 33.60 
SAOS_0028 7.60 SAOS_0072 16.40 SAOS_0116 25.20 SAOS_0159 33.80 
SAOS_0029 7.80 SAOS_0073 16.60 SAOS_0117 25.40 SAOS_0160 34.00 
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Sample name Depth [m] Sample name Depth [m] Sample name Depth [m] Sample name Depth [m] 

SAOS_0161 34.20 SAOS_0185 39.00 OSP_013 44.40 SAP12 49.20 
SAOS_0162 34.40 SAOS_0186 39.20 OSP_012 44.60 SAP13 49.40 
SAOS_0163 34.60 SAOS_0188 39.60 OSP_011 44.80   
SAOS_0164 34.80 SAOS_0189 39.80 OSP_010 45.00   
SAOS_0165 35.00 SAOS_0190 40.00 OSP_009 45.20   
SAOS_0166 35.20 SAOS_0191 40.20 OSP_008 45.40   
SAOS_0167 35.40 SAOS_0192 40.40 OSP_007 45.60   
SAOS_0169 35.80 SAOS_0193 40.60 OSP_006 45.80   
SAOS_0170 36.00 SAOS_0194 40.80 OSP_005 46.00   
SAOS_0171 36.20 SAOS_0195 41.00 OSP_004 46.20   
SAOS_0172 36.40 SAOS_0196 41.20 OSP_003 46.40   
SAOS_0173 36.60 SAOS_0197 41.40 OSP_001 46.80   
SAOS_0174 36.80 SAOS_0198 41.60 SAP1 47.00   
SAOS_0175 37.00 SAOS_0199 41.80 SAP2 47.20   

SAOS 175-176 37.10 SAOS_0200 42.00 SAP3 47.40   
SAOS_0176 37.20 SAOS_0201 42.20 SAP4 47.60   
SAOS_0177 37.40 SAOS_0202 42.40 SAP5 47.80   
SAOS_0177 37.40 SAOS_0203 42.60 SAP6 48.00   
SAOS_0179 37.80 OSP_021 42.80 SAP7 48.20   
SAOS_0180 38.00 OSP_020 43.00 SAP8 48.40   
SAOS_0181 38.20 OSP_019 43.20 SAP8 48.40   
SAOS_0182 38.40 OSP_018 43.40 SAP9 48.60   
SAOS_0183 38.60 OSP_016 43.80 SAP10 48.80   
SAOS_0184 38.80 OSP_015 44.00 SAP11 49.00   

 

Table A-2 Sampling depth, TEX86, log TEX86 and resulting SST (°C) calculated according to 1) 
Schouten et al. (2002) 2) Kim et al. (2008) 3) Schouten et al. (2003) 4) Jenkyns et al. 
(2004) 5) Kim et al. (2010) 6) Liu et al. (2009)for the Shefela Basin and the Efe Syn-
cline (n.a. not analyzed, n.d. not detected). 

Shefela Basin 
Depth (m) TEX86 log TEX86 SST (°C)1) SST (°C)2) SST (°C)3) SST (°C)4) SST (°C)5) SST (°C)6) 

265.3 0.701 -0.154 28.1 28.6 25.4 27.4 30.5 27.2 
268.2 0.722 -0.141 29.5 29.8 26.1 28.8 32.2 27.9 
271.6 0.706 -0.151 28.4 28.9 25.6 27.8 31.0 27.4 
274.59 0.715 -0.146 29.0 29.4 25.9 28.3 31.7 27.6 
277.55 0.704 -0.152 28.3 28.8 25.5 27.6 30.8 27.3 
280.69 0.749 -0.126 31.3 31.3 27.1 30.6 34.4 28.7 
283.8 0.705 -0.152 28.3 28.9 25.5 27.7 30.9 27.3 
287.79 0.675 -0.170 26.4 27.2 24.4 25.7 28.4 26.3 
290.84 0.664 -0.178 25.6 26.5 24.0 24.9 27.5 25.9 
293.9 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
297 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 

300.05 0.669 -0.175 25.9 26.8 24.2 25.2 27.9 26.0 
303.04 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
305.09 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
309.2 0.685 -0.164 27.0 27.7 24.8 26.4 29.2 26.6 
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depth (m) TEX86 log TEX86 SST (°C)1) SST (°C)2) SST (°C)3) SST (°C)4) SST (°C)5) SST (°C)6) 
312.19 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
316.35 0.636 -0.196 23.7 25.0 23.0 23.1 25.2 24.8 
320.35 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
324.45 0.685 -0.164 27.0 27.7 24.8 26.3 29.2 26.6 
327.5 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
331.6 0.693 -0.159 27.5 28.2 25.1 26.8 29.9 26.9 
334.54 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
337.7 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
340 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 

341.69 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
344.74 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
347.79 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
350.76 0.676 -0.170 26.4 27.2 24.4 25.7 28.5 26.3 
353.81 0.705 -0.152 28.3 28.8 25.5 27.7 30.8 27.3 
356.81 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
359.95 0.738 -0.132 30.5 30.7 26.7 29.9 33.5 28.3 

363 0.690 -0.161 27.3 28.0 25.0 26.7 29.6 26.8 
365.99 0.713 -0.147 28.9 29.3 25.8 28.2 31.5 27.6 
369.24 0.706 -0.151 28.4 28.9 25.6 27.7 30.9 27.3 
372.3 0.696 -0.157 27.7 28.3 25.2 27.1 30.1 27.0 
375.24 0.726 -0.139 29.7 30.0 26.3 29.1 32.6 28.0 
378.24 0.745 -0.128 31.0 31.1 27.0 30.3 34.1 28.5 
381.3 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 

384.245 0.706 -0.151 28.4 28.9 25.6 27.7 30.9 27.3 
386.98 0.732 -0.135 30.1 30.4 26.5 29.5 33.1 28.2 
390.95 0.712 -0.148 28.8 29.2 25.8 28.1 31.4 27.5 
394.34 0.710 -0.149 28.7 29.1 25.7 28.0 31.3 27.5 
397.1 0.713 -0.147 28.9 29.3 25.8 28.2 31.5 27.6 
400.3 0.736 -0.133 30.4 30.6 26.7 29.7 33.4 28.3 
403.6 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
407 0.744 -0.128 30.9 31.0 27.0 30.3 34.0 28.5 
410 0.690 -0.161 27.3 28.0 25.0 26.7 29.6 26.8 

412.94 0.713 -0.147 28.9 29.3 25.8 28.2 31.5 27.6 
416 0.705 -0.152 28.4 28.9 25.5 27.7 30.9 27.3 
419 0.696 -0.157 27.7 28.3 25.2 27.1 30.1 27.0 
422 0.726 -0.139 29.7 30.0 26.3 29.1 32.6 28.0 

425.94 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
428.94 0.692 -0.160 27.5 28.1 25.0 26.8 29.8 26.9 

432 0.694 -0.159 27.6 28.2 25.1 26.9 30.0 26.9 
435 0.711 -0.148 28.7 29.2 25.7 28.1 31.3 27.5 
438 0.719 -0.143 29.3 29.6 26.0 28.6 32.0 27.8 
441 0.713 -0.147 28.9 29.3 25.8 28.2 31.5 27.6 

443.94 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
446.94 0.703 -0.153 28.2 28.7 25.4 27.5 30.7 27.2 

450 0.751 -0.124 31.4 31.4 27.2 30.7 34.6 28.7 
453 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
456 0.724 -0.140 29.6 29.9 26.2 28.9 32.4 27.9 
459 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
462 0.747 -0.127 31.1 31.2 27.1 30.4 34.3 28.6 
465 0.718 -0.144 29.2 29.6 26.0 28.5 31.9 27.7 
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depth (m) TEX86 log TEX86 SST (°C)1) SST (°C)2) SST (°C)3) SST (°C)4) SST (°C)5) SST (°C)6) 
468 0.728 -0.138 29.9 30.1 26.4 29.2 32.7 28.0 
471 0.713 -0.147 28.9 29.3 25.8 28.2 31.5 27.6 

474.1 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
477 0.739 -0.131 30.6 30.8 26.8 30.0 33.7 28.4 
480 0.724 -0.140 29.6 29.9 26.2 28.9 32.4 27.9 
483 0.725 -0.139 29.7 30.0 26.3 29.0 32.5 28.0 
486 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
489 0.709 -0.149 28.6 29.1 25.7 27.9 31.2 27.4 
492 0.720 -0.143 29.3 29.7 26.1 28.7 32.1 27.8 

495.1 0.722 -0.141 29.5 29.8 26.1 28.8 32.2 27.9 
498 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
504 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
507 0.710 -0.149 28.7 29.1 25.7 28.0 31.2 27.5 

510.13 0.626 -0.204 23.0 24.4 22.6 22.4 24.4 24.4 
513 0.592 -0.228 20.8 22.5 21.3 20.1 21.7 22.9 
517 0.739 -0.131 30.6 30.8 26.8 29.9 33.6 28.4 
520 0.713 -0.147 28.9 29.3 25.8 28.2 31.5 27.6 
523 0.696 -0.157 27.7 28.3 25.2 27.1 30.1 27.0 
526 0.714 -0.146 29.0 29.4 25.9 28.3 31.6 27.6 

529.16 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
535 0.736 -0.133 30.4 30.6 26.7 29.7 33.4 28.3 
538 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
541 0.745 -0.128 31.0 31.1 27.0 30.3 34.1 28.6 
544 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
545 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
548 0.719 -0.143 29.3 29.6 26.0 28.6 32.0 27.8 
550 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
553 0.732 -0.135 30.1 30.4 26.5 29.5 33.1 28.2 
556 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
559 0.774 -0.111 32.9 32.7 28.1 32.3 36.5 29.4 
562 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 

565.07 0.790 -0.102 34.0 33.6 28.7 33.3 37.8 29.8 
568.6 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
576.75 0.806 -0.094 35.1 34.5 29.3 34.4 39.1 30.2 

580 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
581.85 0.781 -0.107 33.4 33.1 28.4 32.8 37.1 29.6 
585.9 0.797 -0.098 34.5 34.0 28.9 33.8 38.4 30.0 
591 0.815 -0.089 35.7 35.0 29.6 35.0 39.8 30.4 
595 0.835 -0.079 37.0 36.1 30.3 36.3 41.4 30.9 

 

Efe Syncline 
Depth [m] TEX86 log TEX86 SST (°C)1) SST (°C)2) SST (°C)3) SST (°C)4) SST (°C)5) SST (°C)6) 

0.0 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
0.2 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
0.6 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
0.8 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
1.0 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
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Depth [m] TEX86 log TEX86 SST (°C)1) SST (°C)2) SST (°C)3) SST (°C)4) SST (°C)5) SST (°C)6) 
1.2 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
1.4 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
1.6 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
1.8 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
2.0 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
2.2 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
2.4 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
2.6 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
3.0 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
3.2 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
3.6 0.610 -0.215 22.0 23.5 22.0 21.3 23.1 23.7 
3.8 0.704 -0.152 28.3 28.8 25.5 27.6 30.8 27.3 
4.0 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
4.2 0.620 -0.207 22.7 24.1 22.4 22.0 24.0 24.2 
4.4 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
4.6 0.644 -0.191 24.2 25.4 23.2 23.6 25.9 25.1 
4.8 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
5.2 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
5.4 0.645 -0.191 24.3 25.4 23.3 23.6 25.9 25.1 
5.6 0.716 -0.145 29.1 29.5 25.9 28.4 31.8 27.7 
5.8 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
6.0 0.672 -0.173 26.1 27.0 24.3 25.4 28.1 26.2 
6.2 0.703 -0.153 28.2 28.7 25.4 27.5 30.7 27.2 
6.4 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
6.6 0.656 -0.183 25.0 26.1 23.7 24.4 26.8 25.6 
6.8 0.695 -0.158 27.7 28.3 25.2 27.0 30.1 27.0 
7.0 0.678 -0.169 26.5 27.3 24.5 25.9 28.7 26.4 
7.2 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
7.4 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
7.6 0.650 -0.187 24.7 25.8 23.5 24.0 26.4 25.4 
7.8 0.671 -0.174 26.0 26.9 24.2 25.4 28.1 26.1 
8.0 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
8.2 0.682 -0.166 26.8 27.6 24.7 26.2 29.0 26.5 
8.4 0.668 -0.175 25.9 26.8 24.2 25.2 27.9 26.0 
8.6 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
8.8 0.646 -0.190 24.4 25.5 23.3 23.7 26.1 25.2 
9.0 0.683 -0.165 26.9 27.6 24.7 26.2 29.1 26.6 
9.2 0.693 -0.159 27.5 28.2 25.1 26.9 29.9 26.9 
9.4 0.709 -0.149 28.6 29.1 25.7 27.9 31.2 27.4 
9.6 0.683 -0.166 26.9 27.6 24.7 26.2 29.1 26.6 
9.8 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
10.0 0.689 -0.162 27.3 28.0 24.9 26.6 29.6 26.8 
10.2 0.733 -0.135 30.2 30.4 26.6 29.5 33.1 28.2 
10.4 0.620 -0.208 22.7 24.1 22.4 22.0 23.9 24.1 
10.8 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
11.0 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
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Depth [m] TEX86 log TEX86 SST (°C)1) SST (°C)2) SST (°C)3) SST (°C)4) SST (°C)5) SST (°C)6) 
11.2 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
11.4 0.667 -0.176 25.8 26.7 24.1 25.1 27.7 26.0 
11.8 0.672 -0.172 26.1 27.0 24.3 25.5 28.2 26.2 
12.0 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
12.2 0.700 -0.155 28.0 28.6 25.3 27.4 30.5 27.2 
12.4 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
12.6 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
12.8 0.673 -0.172 26.2 27.0 24.3 25.5 28.2 26.2 
13.0 0.693 -0.159 27.6 28.2 25.1 26.9 29.9 26.9 
13.2 0.734 -0.134 30.3 30.5 26.6 29.6 33.2 28.2 
13.4 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
13.6 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
13.8 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
14.0 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
14.2 0.660 -0.181 25.3 26.3 23.8 24.7 27.2 25.7 
14.4 0.689 -0.162 27.3 27.9 24.9 26.6 29.5 26.8 
14.6 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
14.8 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
15.0 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
15.2 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
15.4 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
15.6 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
16.0 0.691 -0.160 27.4 28.1 25.0 26.8 29.8 26.9 
16.2 0.679 -0.168 26.6 27.4 24.5 25.9 28.7 26.4 
16.4 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
16.6 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
16.8 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
17.0 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
17.2 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
17.6 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
17.8 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
18.0 0.694 -0.159 27.6 28.2 25.1 26.9 29.9 26.9 
18.2 0.661 -0.180 25.4 26.4 23.9 24.7 27.2 25.8 
18.4 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
18.6 0.662 -0.179 25.5 26.4 23.9 24.8 27.4 25.8 
18.8 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
19.0 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
19.2 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
19.4 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
19.6 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
20.0 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
20.2 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
20.4 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
20.6 0.680 -0.168 26.6 27.4 24.6 26.0 28.8 26.4 
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Depth [m] TEX86 log TEX86 SST (°C)1) SST (°C)2) SST (°C)3) SST (°C)4) SST (°C)5) SST (°C)6) 
20.8 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
21.0 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
21.2 0.703 -0.153 28.2 28.8 25.5 27.6 30.7 27.3 
21.4 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
21.8 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
22.0 0.685 -0.164 27.0 27.7 24.8 26.4 29.3 26.6 
22.2 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
22.4 0.706 -0.151 28.4 28.9 25.6 27.8 31.0 27.4 
22.6 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
22.8 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
23.0 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
23.2 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
23.4 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
23.6 0.698 -0.156 27.9 28.4 25.3 27.2 30.3 27.1 
23.8 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
24.0 0.681 -0.167 26.7 27.5 24.6 26.1 28.9 26.5 
24.2 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
24.4 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
24.6 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
24.8 0.698 -0.156 27.9 28.5 25.3 27.2 30.3 27.1 
25.0 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
25.4 0.678 -0.169 26.5 27.3 24.5 25.9 28.7 26.4 
25.6 0.667 -0.176 25.8 26.7 24.1 25.1 27.7 26.0 
25.8 0.684 -0.165 26.9 27.7 24.7 26.3 29.1 26.6 
26.0 0.692 -0.160 27.5 28.1 25.0 26.8 29.8 26.9 
26.2 0.687 -0.163 27.1 27.8 24.9 26.5 29.4 26.7 
26.4 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
26.6 0.680 -0.167 26.7 27.4 24.6 26.0 28.8 26.5 
26.8 0.668 -0.175 25.8 26.7 24.1 25.2 27.8 26.0 
27.2 0.678 -0.169 26.6 27.3 24.5 25.9 28.7 26.4 
27.4 0.675 -0.171 26.3 27.1 24.4 25.6 28.4 26.3 
27.6 0.696 -0.158 27.7 28.3 25.2 27.0 30.1 27.0 
27.8 0.696 -0.157 27.8 28.4 25.2 27.1 30.2 27.0 
28.0 0.686 -0.163 27.1 27.8 24.8 26.4 29.3 26.7 
28.2 0.689 -0.162 27.3 28.0 24.9 26.6 29.6 26.8 
28.4 0.677 -0.170 26.4 27.2 24.5 25.8 28.5 26.3 
28.6 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
28.8 0.667 -0.176 25.8 26.7 24.1 25.2 27.8 26.0 
29.0 0.699 -0.155 27.9 28.5 25.3 27.3 30.4 27.1 
29.4 0.672 -0.173 26.1 27.0 24.3 25.4 28.1 26.2 
29.6 0.681 -0.167 26.7 27.5 24.6 26.1 28.9 26.5 
29.8 0.725 -0.140 29.6 29.9 26.2 29.0 32.5 27.9 
30.0 0.665 -0.177 25.6 26.6 24.0 25.0 27.6 25.9 
30.2 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
30.4 0.675 -0.171 26.3 27.2 24.4 25.7 28.4 26.3 
30.6 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
30.8 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
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Depth [m] TEX86 log TEX86 SST (°C)1) SST (°C)2) SST (°C)3) SST (°C)4) SST (°C)5) SST (°C)6) 
31.0 0.698 -0.156 27.9 28.5 25.3 27.2 30.3 27.1 
31.2 0.672 -0.172 26.1 27.0 24.3 25.5 28.2 26.2 
31.4 0.714 -0.146 29.0 29.4 25.9 28.3 31.6 27.6 
31.6 0.684 -0.165 27.0 27.7 24.8 26.3 29.2 26.6 
31.8 0.676 -0.170 26.4 27.2 24.5 25.8 28.5 26.3 
32.0 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
32.2 0.669 -0.175 25.9 26.8 24.2 25.3 27.9 26.1 
32.4 0.656 -0.183 25.1 26.1 23.7 24.4 26.9 25.6 
32.6 0.690 -0.161 27.3 28.0 25.0 26.7 29.6 26.8 
32.8 0.687 -0.163 27.1 27.8 24.8 26.4 29.4 26.7 
33.0 0.704 -0.153 28.3 28.8 25.5 27.6 30.8 27.3 
33.2 0.711 -0.148 28.7 29.2 25.7 28.1 31.4 27.5 
33.4 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
33.6 0.683 -0.165 26.9 27.6 24.7 26.2 29.1 26.6 
33.8 0.702 -0.154 28.1 28.7 25.4 27.5 30.6 27.2 
34.0 0.661 -0.180 25.4 26.4 23.9 24.8 27.3 25.8 
34.2 0.725 -0.140 29.7 30.0 26.3 29.0 32.5 28.0 
34.4 0.691 -0.160 27.4 28.1 25.0 26.8 29.8 26.9 
34.6 0.664 -0.178 25.6 26.6 24.0 25.0 27.6 25.9 
34.8 0.695 -0.158 27.7 28.3 25.2 27.0 30.1 27.0 
35.0 0.703 -0.153 28.2 28.7 25.4 27.5 30.7 27.2 
35.2 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
35.4 0.721 -0.142 29.4 29.7 26.1 28.7 32.2 27.8 
35.6 0.732 -0.135 30.2 30.4 26.5 29.5 33.1 28.2 
36.0 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
36.2 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
36.6 0.651 -0.186 24.7 25.8 23.5 24.1 26.5 25.4 
37.0 0.685 -0.164 27.0 27.7 24.8 26.3 29.2 26.6 
37.4 0.660 -0.180 25.3 26.3 23.9 24.7 27.2 25.7 
37.6 0.749 -0.126 31.3 31.3 27.1 30.6 34.4 28.7 
38.0 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
38.4 0.655 -0.183 25.0 26.1 23.7 24.4 26.8 25.6 
38.6 0.762 -0.118 32.1 32.0 27.6 31.5 35.5 29.0 
38.8 0.687 -0.163 27.1 27.8 24.8 26.4 29.4 26.7 
39.0 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
39.2 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
39.4 0.677 -0.169 26.5 27.3 24.5 25.8 28.6 26.4 
39.8 0.713 -0.147 28.9 29.3 25.8 28.2 31.5 27.6 
40.0 0.721 -0.142 29.4 29.8 26.1 28.7 32.2 27.8 
40.2 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
41.0 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
41.6 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
41.8 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
42.0 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
42.2 0.701 -0.154 28.1 28.6 25.4 27.4 30.5 27.2 
42.4 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
42.6 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
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Depth [m] TEX86 log TEX86 SST (°C)1) SST (°C)2) SST (°C)3) SST (°C)4) SST (°C)5) SST (°C)6) 
42.8 0.701 -0.154 28.1 28.6 25.4 27.4 30.6 27.2 
43.0 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
43.2 0.682 -0.166 26.8 27.6 24.7 26.1 29.0 26.5 
43.4 0.668 -0.175 25.9 26.8 24.2 25.2 27.9 26.0 
43.6 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
43.8 0.676 -0.170 26.4 27.2 24.5 25.7 28.5 26.3 
44.2 0.681 -0.167 26.7 27.5 24.6 26.0 28.9 26.5 
44.4 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
44.8 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
45.0 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
45.2 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
45.4 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
45.6 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
45.8 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
46.0 0.634 -0.198 23.6 24.9 22.9 23.0 25.1 24.7 
46.2 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
46.4 0.677 -0.169 26.5 27.3 24.5 25.8 28.6 26.4 
46.8 0.672 -0.172 26.2 27.0 24.3 25.5 28.2 26.2 
47.6 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
47.8 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
48.0 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
48.2 0.672 -0.173 26.1 27.0 24.3 25.4 28.1 26.2 
48.4 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
48.8 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
49.0 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
49.2 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
49.4 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
49.6 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
 
Table A-3 Distribution of reconstructed SSTs covering the Santonian to early Maastrichtian 

from this study and other published data. 

1) This study: PAMA quarry, Efe Syncline (8-15oN; paleo inner belt) 
2) This study: Aderet 1 borehole, Shefela basin (8-15oN; paleo outer belt) 
3) Forster et al. (2007a), SST calculated from TEX86 values of samples from western  equatorial  
 Atlantic (ODP Leg 207 Site 1259), 5°N 
4) Jenkyns et al. (2004), SST calculated from TEX86 values of samples from the Arctic Ocean  
 (Fl-437 and Fl-533 ), 80°N 
5) Liu (2009), SSTs calculated based on the calibration of Erez and Luz (1983) from δ18O of bulk 
 material from the Mooreville Chalk of the eastern Gulf Coastal Plain, U.S.A, 30-35oN 

1 2 3 4 5 
Age (Ma) SST (°C) Age (Ma) SST (°C) Age (Ma) SST (°C) Age (Ma) SST (°C) Age (Ma) SST (°C) 

69.83 23.5 68.25 28.6 83.8 32.6 70 15 80.2 24 
69.85 28.8 68.50 29.8 84 33.1   80.3 24 
69.87 24.1 68.75 28.9 84.5 33.7   80.4 24.4 
69.89 25.4 68.80 29.4 84.9 34.7   80.5 24.8 
69.91 25.4 68.85 28.8 85.5 34.4   80.6 25.3 
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1 2     5 
Age (Ma) SST (°C) Age (Ma) SST (°C)     Age (Ma) SST (°C) 

69.92 29.5 68.92 31.3     80.7 26.4 
69.97 27.0 69.02 28.9     80.8 27 
69.98 28.7 69.08 27.2     80.9 27.1 
70.00 26.1 69.17 26.5     81 27.2 
70.01 28.3 69.25 26.8     81.1 27.2 
70.02 27.3 69.26 27.7     81.2 27.2 
70.05 25.8 69.42 25.0     81.3 27.6 
70.06 26.9 69.44 27.7     81.4 27.6 
70.08 27.6 69.52 28.2     81.5 27.5 
70.09 26.8 69.60 27.2     81.6 27.7 
70.11 25.5 69.70 28.8     81.7 27.7 
70.12 27.6 69.75 30.7     81.8 27.8 
70.13 28.2 69.83 28.0     81.9 27.8 
70.14 29.1 69.93 29.3     82 28.1 
70.15 27.6 70.00 28.9     82.1 28.5 
70.17 28.0 70.10 28.3     82.2 28.5 
70.18 30.4 70.13 30.0     82.3 28.3 
70.19 24.1 70.17 31.1     82.4 28.7 
70.23 26.7 70.28 28.9     82.5 28.7 
70.24 27.0 70.35 30.4     82.6 28.5 
70.26 28.6 70.40 29.2     82.7 28.3 
70.29 27.0 70.45 29.1     82.8 28.3 
70.29 28.2 70.50 29.3     82.9 28.5 
70.30 30.5 70.60 30.6     83 28.5 
70.35 26.3 70.70 31.0     83.1 28.8 
70.36 27.9 70.77 28.0     83.2 29.3 
70.43 28.1 70.80 29.3     83.3 29.7 
70.44 27.4 70.92 28.9     83.4 30 
70.52 28.2 71.00 28.3     83.5 30.3 
70.53 26.4 71.05 30.0     83.6 30.8 
70.55 26.4 71.10 28.1     83.7 31 
70.64 27.4 71.15 28.2     83.8 30.9 
70.67 28.8 71.20 29.2     83.9 30 
70.70 27.7 71.25 29.6     84 29.3 
70.72 28.9 71.30 29.3     84.1 28.6 
70.78 28.4 71.45 28.7     84.2 28.7 
70.80 27.5 71.50 31.4       
70.84 28.5 72.05 29.9       
70.86 27.3 72.55 31.2       
70.87 26.7 73.00 29.6       
70.88 27.7 73.50 30.1       
70.89 28.1 73.92 29.3       
70.90 27.8 74.66 30.8       
70.92 27.4 74.83 30.0       
70.93 26.7 75.00 29.1       
70.94 27.3 75.30 29.7       
70.95 27.1 75.40 29.8       
70.96 28.3 75.84 29.1       
70.97 28.4 76.16 24.4       
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1 2       
Age (Ma) SST (°C) Age (Ma) SST (°C)       

70.98 27.8 76.50 22.5       
70.99 28.0 76.83 30.8       
71.00 27.2 77.16 29.3       
71.02 26.7 77.50 28.3       
71.03 28.5 77.80 29.4       
71.04 27.0 78.16 30.6       
71.05 27.5 78.40 31.1       
71.06 29.9 79.60 29.6       
71.07 26.6 80.30 30.4       
71.09 27.2 81.10 32.7       
71.12 28.5 81.92 33.6       
71.13 27.0 82.67 34.5       
71.14 29.4 83.50 33.1       
71.15 27.7 83.75 34.0       
71.16 27.2 83.83 35.0       
71.17 26.8 84.00 36.1       
71.18 26.1         
71.19 28.0         
71.20 27.8         
71.21 28.8         
71.22 29.2         
71.24 27.6         
71.25 28.7         
71.26 26.4         
71.27 30.0         
71.28 28.1         
71.29 26.6         
71.30 28.3         
71.31 28.7         
71.33 29.7         
71.34 30.4         
71.37 25.8         
71.38 27.7         
71.39 26.3         
71.40 31.3         
71.42 26.1         
71.43 32.0         
71.44 27.8         
71.47 27.3         
71.48 29.3         
71.49 29.8         
71.56 28.6         
71.59 28.6         
71.61 27.6         
71.62 26.8         
71.64 27.2         
71.65 27.5         
71.73 24.9         
71.75 27.3         
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1         
Age (Ma) SST (°C)         

71.76 27.0         
71.80 27.0         

          
          
          
          

 
Continuation of Table A-3 
6) Friedrich et al. (2012), water temperatures from δ18O values of benthic foraminifera from the 
 subtropical south Atlantic, Walvis Ridge, Deep Sea Drilling Project (DSDP) 525, 30°S 
7) Friedrich et al. (2012), water temperatures from δ18O values of benthic foraminifera from the 
 South Atlantic (Maud Rise, ODP Leg 113 Site 690 C, 65°S; Falkland Plateau DSDP 511, 51°S) 
 and Indian Ocean, Wombat Plateau, ODP Leg 120 Site 750, 57°S 
8) Friedrich et al. (2012), SSTs from δ18O values of benthic foraminifera from the tropical Pacific 
 Ocean at Shatsky Rise and (DSDP 305 and 463), 10°N and 5°S respectively 
9) Friedrich et al. (2012), water temperatures from δ18O values of benthic foraminifera from 
 the North Atlantic, Demerara Rise, 5°N 

6 7 8 9 
Age (Ma) SST (°C) Age (Ma) SST °C Age (Ma) SST (°C) Age (Ma) SST (°C) 
65.6 12.5 65.6 10.5 67.2 10.5 65.6 13.5 
66.0 11.7 66.0 10.6 67.6 10.5 66 12.3 
66.4 11.5 66.4 10.4 68.0 10.5 66.4 11.5 
66.8 11.5 66.8 10.4 68.4 11.4 66.8 11.2 
67.2 12.0 67.2 10.2 68.8 11.4 67.2 11.2 
67.6 12.5 67.6 9.9 69.2 10.5 67.6 11.2 
68.0 12.8 68.0 10.0 69.6 9.6 68.0 11.4 
68.4 13.5 68.4 9.5 70.0 9.2 68.4 11.6 
68.8 13.0 68.8 10.3 70.4 9.2 68.8 12.0 
69.2 12.3 69.2 10.4 70.8 10.0 69.2 11.5 
69.6 11.4 69.6 9.9 71.2 10.9 69.6 10.7 
70.0 11.6 70.0 9.7 71.6 11.6 70.0 10.4 
70.4 12 70.4 10.4 72.0 12.4 70.4 9.9 
70.8 13.5 70.8 10.7 72.4 12.4 70.8 9.4 
71.2 14.5 71.2 11.4 72.8 12.4 71.2 9.9 
71.6 14.5 71.6 11.4 73.2 12.7 71.6 11.4 
72 14.5 72.0 11.6 73.6 13.2 72 11.5 
72.4 14.9 72.4 12.0 74.0 13.2 75.6 12.5 
72.8 14.9 72.8 11.5 74.4 13.4 76 13.5 
73.2 15.3 73.2 12.3 74.8 13.4 76.4 14.4 
73.6 16 73.6 12.8 75.2 13.2 76.8 14.5 
  74.0 13.5 75.6 12.7 77.2 14.5 
  74.4 13.8 76.0 12.4   
  74.8 14.0 78.0 11.4   
  75.2 14.4 78.4 10.9   
  75.6 14.5 78.8 11.4   
  79.2 15.6 79.2 11.6   
  79.6 15.8 79.6 11.6   
  80.0 16.0 80.0 11.8   
  80.4 16.2 80.4 11.6   
  80.8 16.4 80.8 12.2   
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  7 8   
  Age (Ma) SST °C Age (Ma) SST °C   
  81.2 16.5 81.2 12.7   
  81.6 16.6 81.6 13.2   
  82.0 16.6 82.0 14.0   
  82.4 16.7 82.4 14.0   
  82.8 17.4 82.8 14.0   
  83.2 17.5 83.2 14.0   
  83.6 17.6 83.6 14.2   
  84 17.7 84.0 15.2   
  84.4 17.8 84.4 16.3   
  84.8 18.0 84.8 16.9   
    85.2 18.5   
    85.6 18.5   
    86 18.5   
 

Continuation of Table A-3 

10) Friedrich et al. (2004), SSTs from δ18O values of planktic foraminifera from the Blake Plateau 
 western Atlantic DSDP Leg 74 Site 390 A, 30oN 
11) Li and Keller (1999), SSTs range calculated from δ18O values of planktic foraminifera and 
 from the equatorial Pacific DSDP Site 463, 5oS 
12) Wilson and Opdyke (1996) SSTs range calculated from δ18O values of planktic  foraminifera 
 from Leg 144 of the Ocean Drilling Program (ODP), Hole 877A, equatorial Pacific, 8oS 
13) Pearson et al. (2001), SSTs range calculated from δ18O values of planktic foraminifera
 from Lindi, Tanzania (19°S) 

10 11 12 13 
Age (Ma) SST (°C) Age (Ma) SST (°C) Age (Ma) SST (°C) Age (Ma) SST (°C) 
69.6 16.7 69.15 17.1 69±1 Ma 27-32 67±2 26-32 
69.7 17.1 69.2 18.1     
69.8 17.0 69.3 17.8     
69.9 16.6 69.35 17.4     
70.0 16.5 69.4 17.9     
70.1 16.1 69.5 18.0     
70.2 16.8 69.55 17.8     
70.3 16.3 69.7 17.6     
70.4 16.7 69.8 17.4     
70.5 17.1 69.9 17.25     
70.6 16.4 70.0 17.8     
70.7 15.9 70.1 18.5     
70.8 16.8 70.15 17.6     
70.9 16.6 70.2 17.4     
71.0 16.7 70.2 17.4     
71.1 16.8 70.3 18.0     
71.2 16.8 70.4 18.7     
  70.4 17.8     
  70.5 17.9     
  70.6 18.4     
  70.65 18.2     
  70.7 18.2     
  70.8 18.3     
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  11     
  Age (Ma) SST (°C)     
  70.9 19.2     
  71.1 18.7     
  71.3 17.5     
  71.4 17.6     
  71.5 18.4     
  71.6 17.8     
  71.7 18.2     
  71.8 17.3     
  71.9 18.5     
  72.3 18.2     
  72.4 18.3     
  72.5 18.2     
  72.7 17.5     
  72.8 19.0     
  72.9 18.6     
  74.0 18.1     
  74.1 18.9     
  74.2 18.8     
  74.3 18.0     
  74.4 18.0     
  74.5 18.0     
  74.6 20.2     
  74.7 19.5     
  74.8 17.6     
  75.0 17.3     
  75.3 17.8     
  75.3 18.0     
  75.35 18.8     
  75.5 17.0     
  75.6 17.7     
 
Table A-4  Depth and variation in TOC, calculated original TOC (TOCOR), TOC/TOCOR ratio, 

TFe, TS, TP and CPI (n.d. not detected, n.a. not analyzed). 
Depth [m] TOC [%] TOCOR TOC/TOCOR TFe [%] TS (%) TP [%] CPI* 

0.0 1.0 1.0 1.0 1.4 n.a. 1.1 n.d. 
0.2 1.0 n.a. n.a. n.a. n.a. n.a. n.d 
0.6 0.8 n.a. n.a. 1.8 n.a. 1.0 n.d 
0.8 0.7 1.1 0.6 1.8 0.3 0.9 n.d 
1.0 0.6 3.9 0.1 1.5 2.9 0.6 n.d 
1.2 0.9 1.2 0.8 1.8 0.3 1.0 n.d 
1.4 0.9 1.2 0.8 1.9 0.2 0.8 n.d 
1.6 0.7 n.a. n.a. n.a. n.a. n.a. n.d 
1.8 0.9 1.1 0.8 1.9 0.2 0.8 n.d 
2.0 0.8 2.4 0.3 2.1 1.4 0.5 n.d 
2.2 0.8 1.0 0.9 1.6 0.1 1.2 n.d 
2.4 1.0 1.2 0.9 1.9 0.1 0.8 n.a 
2.6 1.4 n.d. n.d. 2.1 n.d. n.d. 1.5 
3.0 0.6 n.d. n.d. 2.3 n.d. n.d. n.a. 
3.4 7.5 8.9 0.8 2.1 1.2 0.5 n.a. 
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Depth [m] TOC [%] TOCOR TOC/TOCOR TFe [%] TS (%) TP [%] CPI* 
3.6 7.9 n.a. n.a. n.a. n.a. n.a. 2.6 
3.8 8.2 9.5 0.9 2.3 1.2 0.4 2.6 
4.0 8.2 9.7 0.8 2.5 1.3 0.5 3.1 
4.2 7.2 8.6 0.8 2.5 1.2 0.7 3.0 
4.4 9.0 10.6 0.8 2.3 1.4 0.7 3.3 
4.6 10.8 12.5 0.9 2.4 1.5 0.6 3.1 
4.8 11.5 13.4 0.9 2.6 1.7 0.5 n.a. 
5.4 10.2 11.9 0.9 2.4 1.5 0.4 2.7 
5.6 9.8 11.5 0.9 2.5 1.5 0.4 2.7 
5.8 7.7 9.0 0.9 2.7 1.2 0.5 n.a. 
6.0 7.6 9.1 0.8 2.7 1.3 0.5 3.2 
6.2 9.3 10.8 0.9 2.6 1.3 0.5 3.2 
6.6 10.3 12.0 0.9 2.3 1.5 0.6 3.1 
6.8 9.3 10.8 0.9 2.4 1.3 0.6 3.0 
7.0 8.7 10.3 0.8 2.5 1.4 0.6 3.3 
7.2 8.3 10.0 0.8 3.0 1.5 0.6 n.a. 
7.4 7.5 9.0 0.8 2.7 1.3 0.4 n.a. 
7.6 7.8 9.2 0.8 2.4 1.2 0.5 2.8 
7.8 7.9 9.4 0.8 2.4 1.3 0.5 2.9 
8.0 7.5 8.9 0.8 2.2 1.2 0.4 n.a. 
8.2 8.3 9.7 0.9 2.1 1.3 0.3 n.a. 
8.4 11.6 n.a. n.a. n.a. n.a. n.a. 3.0 
8.6 9.4 11.0 0.9 1.8 1.3 0.6 n.a. 
8.8 8.6 10.3 0.8 2.0 1.5 0.5 2.0 
9.0 10.6 12.2 0.9 2.0 1.4 0.4 3.1 
9.2 7.7 9.0 0.9 1.9 1.1 0.3 3.2 
9.4 6.2 7.5 0.8 1.9 1.2 0.4 2.9 
9.6 9.9 11.4 0.9 1.6 1.3 0.4 3.1 
9.8 7.7 n.a. n.a. n.a. n.a. n.a. n.a. 
10.0 7.1 8.4 0.8 1.4 1.1 0.3 2.1 
10.2 7.8 9.1 0.9 1.6 1.1 0.2 3.0 
10.4 8.0 9.5 0.8 1.7 1.3 0.2 2.7 
10.8 9.4 10.8 0.9 1.6 1.3 0.3 n.a. 
11.0 10.2 11.9 0.9 1.8 1.5 0.3 n.a. 
11.2 7.3 8.7 0.8 1.6 1.2 0.4 n.a. 
11.4 10.1 11.9 0.9 1.8 1.5 0.4 3.3 
11.8 9.3 11.0 0.8 1.7 1.4 0.4 3.1 
12.0 10.2 n.a. n.a. n.a. n.a. n.a. n.a. 
12.2 9.1 10.5 0.9 1.5 1.2 0.3 3.4 
12.4 9.4 10.8 0.9 1.7 1.3 0.3 n.a. 
12.6 9.1 10.6 0.9 1.8 1.3 0.4 n.a. 
12.8 7.1 8.4 0.8 1.7 1.2 0.4 3.3 
13.0 7.6 8.8 0.9 1.4 1.0 0.3 3.1 
13.2 6.8 7.9 0.9 1.3 0.9 0.3 3.2 
13.4 7.6 8.8 0.9 1.7 1.1 0.4 n.a. 
13.6 7.5 8.8 0.9 1.7 1.1 0.5 n.a. 
13.8 11.5 13.5 0.9 2.3 1.7 0.9 n.a. 
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Depth [m] TOC [%] TOCOR TOC/TOCOR TFe [%] TS (%) TP [%] CPI* 
14.0 n.a. n.a. n.a. 2.2 1.7 0.9 n.a. 
14.2 11.5 13.3 0.9 1.9 1.6 0.6 3.0 
14.4 11.2 13.1 0.9 2.1 1.7 0.8 n.a. 
14.6 12.1 14.0 0.9 1.9 1.6 0.7 2.8 
14.8 11.5 13.3 0.9 2.0 1.6 1.0 n.a. 
15.0 11.5 13.5 0.9 2.1 1.8 0.9 n.a. 
15.2 13.3 15.5 0.9 2.3 1.9 0.9 n.a. 
15.4 11.8 13.8 0.9 2.1 1.7 0.9 n.a. 
15.6 11.2 13.0 0.9 1.7 1.6 0.8 n.a. 
16.0 12.7 14.7 0.9 1.8 1.7 0.8 3.0 
16.2 12.5 14.6 0.9 2.2 1.9 1.0 3.2 
16.4 12.4 14.5 0.9 2.0 1.8 0.8 n.a. 
16.6 12.2 14.3 0.9 2.1 1.8 0.9 n.a. 
16.8 12.8 14.8 0.9 2.2 1.8 0.8 n.a. 
17.0 13.0 15.2 0.9 2.6 1.9 0.9 n.a. 
17.6 13.4 15.5 0.9 2.1 1.8 0.9 n.a. 
17.8 6.2 7.7 0.8 1.5 1.3 0.5 n.a. 
18.0 13.0 15.3 0.9 2.5 2.0 0.9 2.7 
18.2 12.4 14.6 0.9 2.7 1.9 0.9 2.6 
18.6 14.6 16.8 0.9 2.1 1.9 0.9 2.8 
18.8 13.4 15.7 0.9 2.3 2.0 1.0 n.a. 
19.0 6.8 n.a. n.a. n.a. n.a. n.a. n.a. 
19.4 13.5 15.8 0.9 2.3 2.0 1.1 n.a. 
19.6 14.5 16.9 0.9 2.1 2.1 0.9 n.a. 
20.0 13.9 16.5 0.8 2.0 2.3 1.2 n.a. 
20.2 9.8 11.4 0.9 2.0 1.4 0.8 n.a. 
20.4 8.3 10.0 0.8 1.9 1.5 0.7 n.a. 
20.6 10.0 11.7 0.9 1.6 1.5 0.8 3.5 
20.8 8.6 10.3 0.8 2.0 1.5 0.8 n.a. 
21.0 10.5 12.2 0.9 2.4 1.5 0.8 n.a. 
21.2 9.3 n.a. n.a. n.a. n.a. n.a. 2.9 
21.4 9.4 10.9 0.9 1.9 1.3 0.6 n.a. 
21.8 9.8 11.7 0.8 2.5 1.6 0.9 n.a. 
22.0 11.1 13.2 0.8 3.0 1.8 1.0 n.a. 
22.4 10.0 12.0 0.8 3.1 1.8 1.0 n.a. 
22.6 12.2 14.6 0.8 3.0 2.1 0.9 3.5 
22.8 11.8 14.1 0.8 2.9 2.0 1.1 n.a. 
23.0 11.8 13.8 0.9 2.4 1.8 1.0 n.a. 
23.2 7.6 9.2 0.8 2.2 1.4 0.7 n.a. 
23.4 9.7 11.4 0.8 2.3 1.5 0.8 n.a. 
23.6 9.2 11.1 0.8 2.1 1.7 0.8 4.0 
23.8 12.6 15.0 0.8 2.8 2.1 1.2 n.a. 
24.0 10.8 12.8 0.8 2.1 1.8 1.0 n.a. 
24.2 10.6 12.8 0.8 2.4 1.9 1.2 n.a. 
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Depth [m] TOC [%] TOCOR TOC/TOCOR TFe [%] TS (%) TP [%] CPI* 
24.4 8.5 n.a. n.a. n.a. n.a. n.a. n.a. 
24.6 12.7 14.9 0.9 2.3 2.0 1.3 n.a. 
24.8 11.2 13.3 0.8 2.1 1.9 1.2 3.8 
25.0 13.5 16.0 0.8 1.8 2.2 0.9 n.a. 
25.4 11.6 13.7 0.8 1.8 1.8 1.0 3.6 
25.6 11.2 13.1 0.9 1.6 1.7 0.7 3.5 
25.8 9.7 11.5 0.8 1.6 1.6 0.7 3.2 
26.0 10.2 12.6 0.8 1.5 2.1 0.6 3.1 
26.2 7.7 9.4 0.8 1.5 1.4 0.5 2.7 
26.4 10.2 11.8 0.9 1.4 1.4 0.5 n.a. 
26.6 9.7 11.4 0.9 1.9 1.5 0.7 n.a. 
26.8 11.4 13.7 0.8 2.0 2.0 0.7 3.5 
27.2 10.9 12.8 0.8 2.4 1.7 0.7 2.9 
27.4 15.6 18.0 0.9 2.6 2.1 1.1 3.9 
27.6 11.4 13.5 0.8 2.7 1.8 0.9 3.1 
27.8 10.1 12.1 0.8 2.8 1.7 1.0 3.6 
28.0 10.1 12.1 0.8 2.8 1.8 0.9 3.4 
28.2 11.2 13.3 0.8 3.1 1.9 1.1 n.a. 
28.4 11.6 13.8 0.8 2.2 1.9 1.3 2.3 
28.6 11.1 12.9 0.9 2.3 1.6 0.9 n.a. 
28.8 10.0 11.9 0.8 2.7 1.7 1.0 2.8 
29.0 12.5 15.0 0.8 3.2 2.2 1.2 2.6 
29.4 10.6 12.6 0.8 3.0 1.8 0.9 3.1 
29.6 12.4 14.6 0.8 2.3 1.9 1.2 2.9 
29.8 12.6 14.5 0.9 2.1 1.7 0.9 4.4 
30.0 12.1 14.2 0.9 2.3 1.8 1.0 3.3 
30.2 7.9 9.8 0.8 2.3 1.6 0.9 n.a. 
30.4 11.4 13.4 0.9 2.2 1.7 1.2 2.9 
30.6 10.5 12.3 0.9 2.2 1.6 0.7 n.a. 
30.8 11.5 13.4 0.9 2.1 1.6 0.9 3.3 
31.0 16.2 18.5 0.9 2.4 2.0 0.7 3.4 
31.2 14.4 16.6 0.9 2.2 2.0 0.7 3.6 
31.4 12.1 n.a. n.a. n.a. n.a. n.a. 3.8 
31.6 11.8 13.8 0.9 1.7 1.7 0.7 3.4 
31.8 11.7 13.7 0.9 1.5 1.7 0.6 3.7 
32.0 12.7 14.8 0.9 1.8 1.9 1.1 n.a. 
32.2 10.4 12.1 0.9 1.7 1.4 1.0 3.6 
32.4 10.1 11.7 0.9 1.7 1.4 0.9 3.5 
32.6 15.4 17.8 0.9 2.3 2.1 1.6 3.8 
32.8 14.8 17.3 0.9 2.3 2.2 1.4 3.5 
33.0 12.8 14.8 0.9 1.5 1.8 1.1 2.7 
33.2 11.5 13.4 0.9 1.8 1.7 0.8 2.7 
33.4 12.6 14.8 0.9 2.0 1.9 1.0 n.a. 
33.6 11.6 13.6 0.8 2.6 1.8 0.9 3.0 
33.8 13.2 15.7 0.8 2.2 2.1 1.1 2.8 
34.0 8.0 9.7 0.8 2.0 1.5 0.8 3.2 
34.2 11.7 13.7 0.9 1.9 1.7 0.9 3.4 
34.4 5.7 8.4 0.7 1.3 2.3 1.0 3.0 
34.6 19.0 21.6 0.9 1.1 2.3 1.0 n.a. 
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Depth [m] TOC [%] TOCOR TOC/TOCOR TFe [%] TS (%) TP [%] CPI* 
34.8 17.9 20.7 0.9 1.2 2.4 1.2 3.3 
35.0 13.7 15.9 0.9 1.4 1.9 1.4 2.7 
35.2 13.7 16.2 0.8 1.3 2.2 1.3 n.a. 
35.4 20.0 22.8 0.9 1.4 2.5 1.7 2.7 
35.6 24.5 28.0 0.9 0.4 3.1 1.6 n.a. 
36.0 14.4 16.9 0.9 1.6 2.2 1.5 n.a. 
36.2 12.5 14.8 0.8 1.1 2.1 1.6 n.a. 
36.6 15.7 18.4 0.9 1.6 2.4 1.7 3.0 
37.0 18.3 21.2 0.9 1.4 2.6 1.6 2.9 
37.4 17.8 20.6 0.9 0.9 2.4 1.3 3.3 
37.6 15.1 17.9 0.8 1.5 2.4 2.0 3.0 
38.4 16.6 19.4 0.9 0.7 2.4 2.1 3.1 
38.6 19.4 22.5 0.9 0.9 2.7 2.5 1.7 
38.8 19.3 22.6 0.9 0.4 2.8 1.6 2.4 
39.0 21.5 25.2 0.9 0.5 3.2 1.8 n.a. 
39.2 14.1 17.6 0.8 0.6 3.0 1.7 n.a. 
39.4 24.2 27.8 0.9 0.4 3.1 1.7 2.8 
39.8 19.5 22.7 0.9 0.6 2.8 1.4 2.6 
40.0 20.0 23.3 0.9 0.4 2.9 1.5 n.a. 
40.2 20.6 24.0 0.9 0.4 3.0 1.6 n.a. 
41.0 18.0 21.5 0.8 0.5 3.0 0.9 2.5 
41.6 18.8 21.5 0.9 0.9 2.4 1.1 n.a. 
41.8 14.4 16.8 0.9 0.4 2.1 2.0 n.a. 
42.0 13.5 15.8 0.9 0.4 2.0 1.1 n.a. 
42.2 16.5 19.2 0.9 0.4 2.4 1.4 2.2 
42.2 15.5 18.2 0.9 0.3 2.3 1.8 n.a. 
42.4 20.7 24.1 0.9 0.6 3.0 0.8 n.a. 
42.8 22.6 26.5 0.9 0.7 3.4 0.9 2.9 
42.8 22.2 26.1 0.9 0.6 3.4 1.0 n.d. 
43.0 20.6 23.9 0.9 0.6 2.9 0.9 n.d. 
43.2 18.1 21.2 0.9 0.6 2.7 1.0 n.d. 
43.4 16.8 19.5 0.9 0.4 2.4 1.3 n.d. 
43.6 13.7 16.0 0.9 0.3 2.0 1.8 n.d. 
43.8 14.8 17.2 0.9 0.3 2.1 1.3 n.d. 
44.2 17.7 20.6 0.9 0.6 2.5 1.5 2.1 
44.4 1.9 2.7 0.7 0.2 0.8 9.4 n.d. 
44.8 3.1 n.a. n.a. n.a. n.a. 11.2 n.d. 
45.0 4.2 5.5 0.8 0.2 1.2 7.4 n.d. 
45.2 2.1 2.9 0.7 0.1 0.7 12.9 n.d. 
45.4 3.2 4.4 0.7 0.2 1.1 11.9 n.d. 
45.6 4.2 5.6 0.8 0.2 1.2 12.8 n.d. 
45.8 3.1 4.1 0.7 0.2 0.9 11.7 n.d. 
46.0 3.6 4.3 0.8 0.1 0.7 3.9 n.d. 
46.2 5.0 6.3 0.8 0.2 1.2 6.0 n.d. 
46.4 2.7 3.6 0.7 0.1 0.8 6.7 n.d. 
46.8 2.3 3.1 0.7 0.1 0.7 12.9 n.d. 
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Depth [m] TOC [%] TOCOR TOC/TOCOR TFe [%] TS (%) TP [%] CPI* 
47.6 2.5 3.4 0.8 0.1 0.7 12.8 n.d. 
47.8 2.8 3.6 0.8 0.1 0.7 14.6 n.d. 
48.0 2.3 3.1 0.7 0.1 0.7 14.9 n.d. 
48.2 17.2 20.3 0.8 0.6 2.7 5.5 n.d. 
48.4 1.0 1.4 0.7 0.0 0.4 11.3 n.d. 
48.8 1.2 1.8 0.7 0.0 0.6 12.7 n.d. 
49.0 2.0 3.0 0.7 0.1 0.9 14.2 n.d. 
49.2 1.9 2.8 0.7 0.1 0.8 14.4 n.d. 
49.4 1.9 2.8 0.7 0.0 0.8 15.0 n.d. 
49.6 2.3 3.2 0.7 0.1 0.8 13.8 n.d. 

 

Carbon Preference Index (CPI) according to Bray and Evans (1961) 

*
3432302826

3331292725

3230282624

3331292725

CCCCC
CCCCC

CCCCC
CCCCC

2
1CPI  Eq.-A1 

Table A-5 Distribution of the saturated fatty acids C16:0 and C18:0 and the monounsaturated 
fatty acids C18:1ω7 and C18:1ω9 over the profile in μg/g TOC. 

Depth [m] C16:0  C18:0 C18:1ω9  C18:1ω7 
0.0 n.d. n.d. n.d. n.d. 
0.2 n.d. n.d. n.d. n.d. 
0.6 n.d. n.d. n.d. n.d. 
0.8 n.d. n.d. n.d. n.d. 
1.0 n.d. n.d. n.d. n.d. 
1.4 n.d. n.d. n.d. n.d. 
1.8 n.d. n.d. n.d. n.d. 
2.2 n.d. n.d. n.d. n.d. 
3.4 n.d. n.d. n.d. n.d. 
3.6 10.7 8.1 1.4 0.9 
3.8 n.d. n.d. n.d. n.d. 
4.0 3.6 4.1 0.8 0.2 
4.2 6.1 9.0 0.5 n.d. 
4.4 9.4 19.1 1.8 0.7 
4.6 29.5 18.0 0.9 0.9 
4.8 n.d. n.d. n.d. n.d. 
5.4 3.1 2.9 0.2 0.1 
6.0 11.4 5.2 0.4 0.1 
6.2 16.2 10.8 2.1 0.3 
6.6 9.7 4.4 0.3 n.d. 
6.8 18.4 8.7 n.d. n.d. 
7.0 16.6 7.1 0.6 0.4 
7.6 4.6 3.9 0.3 0.2 
7.8 10.2 3.8 0.6 0.3 
8.4 21.8 8.9 0.4 n.d. 
8.8 8.6 4.2 0.4 0.3 
9.0 9.9 5.4 1.2 0.2 
9.4 31.9 18.2 6.8 0.7 
9.6 23.6 14.3 1.8 n.d. 
10.2 13.7 9.4 1.1 0.3 
10.4 3.6 2.3 0.4 n.d. 
11.4 13.0 4.0 0.4 n.d. 
11.8 14.2 8.5 1.4 0.3 
12.2 11.8 6.6 1.4 0.2 
12.8 25.7 11.4 0.7 n.d. 
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Depth [m] C16:0  C18:0 C18:1ω9  C18:1ω7 
13.2 20.6 8.7 1.0 n.d. 
13.4 n.a. n.a. n.a. n.a. 
13.6 n.a. n.a. n.a. n.a. 
13.8 n.a. n.a. n.a. n.a. 
14.0 n.a. n.a. n.a. n.a. 
14.2 4.4 2.2 0.4 n.d. 
16.0 3.2 2.5 0.5 n.d. 
16.2 5.3 5.7 0.2 0.1 
16.6 n.a. n.a. n.a. n.a. 
16.8 n.a. n.a. n.a. n.a. 
17.0 n.a. n.a. n.a. n.a. 
18.0 7.8 8.3 1.6 0.2 
18.2 7.9 7.7 0.8 0.2 
18.6 n.d. n.d. n.d. n.d. 
20.6 1.4 n.d. n.d. 0.7 
21.2 2.6 1.5 0.4 0.2 
22.0 4.1 3.9 1.5 n.d. 
22.6 3.0 2.0 0.10 n.d. 
23.6 5.9 2.6 0.2 n.d. 
24.0 3.9 3.2 0.9 0.2 
24.8 6.0 2.2 0.50 0.1 
25.4 9.8 8.5 1.02 0.7 
25.8 8.7 4.5 n.d. n.d. 
26.0 5.5 2.9 n.d. n.d. 
26.6 20.4 13.4 1.03 0.16 
26.8 36.3 16.4 1.27 0.63 
27.4 11.3 3.7 1.14 0.48 
27.6 6.8 2.9 0.24 n.d. 
27.8 9.8 5.9 1.3 0.2 
28.0 24.3 9.2 n.d. n.d. 
28.2 8.9 4.2 0.4 0.5 
28.4 14.3 5.3 n.d. n.d. 
28.8 21.9 8.5 0.6 0.3 
29.0 2.6 1.5 0.4 0.2 
29.4 13.9 7.2 n.d. n.d. 
29.6 6.7 3.2 n.d. n.d. 
29.8 7.1 5.6 1.4 0.4 
30.0 6.7 3.5 1.1 n.d. 
30.4 4.1 2.3 0.2 0.1 
30.8 8.4 5.3 0.9 n.d. 
31.0 5.6 3.3 0.2 0.1 
31.2 6.1 3.4 n.d. 0.2 
31.4 10.7 8.2 n.d. 0.1 
31.6 2.2 1.8 0.3 0.1 
31.8 5.0 3.4 0.7 n.d. 
32.2 3.7 3.1 0.1 n.d. 
32.4 3.4 1.9 0.5 n.d. 
32.6 4.5 2.5 n.d. n.d. 
32.8 5.8 4.0 0.4 0.48 
33.0 4.6 2.4 n.d. n.d 
33.2 4.5 4.4 n.d. n.d. 
34.0 4.7 4.5 0.4 n.d. 
34.2 3.6 3.9 0.4 n.d 
34.4 11.0 5.5 n.d. n.d. 
34.6 4.0 2.8 n.d. n.d. 
34.8 5.7 3.7 0.6 n.d. 
35.0 3.9 3.0 0.3 0.3 
35.4 3.0 2.1 0.2 0.3 
35.6 23.1 9.9 0.3 0.3 
36.6 4.8 3.5 0.4 n.d. 
37.0 7.6 4.4 0.4 n.d. 
37.4 10.6 6.4 0.7 0.4 
37.6 13.1 7.0 0.9 n.d. 
38.4 n.d. n.d. n.d. n.d. 
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Depth [m] C16:0  C18:0 C18:1ω9  C18:1ω7 
39.4 16.2 8.5 n.d. n.d. 
40.0 11.0 11.8 n.d. 0.9 
41.0 10.0 7.2 1.5 n.d. 
42.2 11.8 7.0 0.7 n.d. 
42.8 13.6 8.7 0.8 0.2 
43.2 28.2 29.2 1.4 n.d. 
43.4 26.9 27.0 2.4 0.8 
43.8 1.2 1.0 n.d. 0.4 
44.2 3.0 2.1 1.5 n.d. 
45.8 54.2 57.8 1.2 n.d. 
46 33.1 34.5 0.9 n.d. 
46.4 6.5 4.5 4.3 0.6 
46.8 10.0 7.1 0.7 0.4 
48.2 16.7 16.9 1.3 0.4 
48.8 66.7 28.9 3.1 1.2 
 
Table A-6 Distribution and proportion of sum of C27‒C29 steranes along the Efe Synkline pro-

file. 
Depth [m] Sum C27 steranes [μg/g TOC] Sum C28 steranes [μg/g TOC] Sum C29 steranes [μg/g TOC] 

0.0 n.d. n.d. n.d. 
0.2 n.d. n.d. n.d. 
0.6 n.d. n.d. n.d. 
0.8 n.d. n.d. n.d. 
1.0 n.d. n.d. n.d. 
1.2 n.d. n.d. n.d. 
1.4 n.d. n.d. n.d. 
1.6 n.d. n.d. n.d. 
1.8 n.d. n.d. n.d. 
2.0 n.d. n.d. n.d. 
2.2 n.d. n.d. n.d. 
2.4 n.d. n.d. n.d. 
2.6 0.8 0.1 0.4 
2.8 n.a. n.a. n.a. 
3.0 n.d. n.d. n.d. 
3.4 n.d. n.d. n.d. 
3.6 2.0 0.5 1.0 
3.8 5.5 0.4 2.5 
4.0 2.0 0.4 0.9 
4.2 5.1 0.8 2.3 
4.4 1.8 0.4 0.9 
4.6 0.9 0.1 0.4 
4.8 n.a. n.a. n.a. 
5.4 3.0 0.5 1.3 
5.6 1.6 0.3 0.7 
5.8 n.a. n.a. n.a. 
6.0 1.0 0.2 0.4 
6.2 1.5 0.3 0.6 
6.6 3.3 0.7 1.6 
6.8 3.4 0.7 1.5 
7.0 1.9 0.4 0.8 
7.2 n.a. n.a. n.a. 
7.4 n.a. n.a. n.a. 
7.6 4.8 1.0 2.2 
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Depth [m] Sum C27 steranes [μg/g TOC] Sum C28 steranes [μg/g TOC] Sum C29 steranes [μg/g TOC] 
7.8 1.8 0.4 0.8 
8.0 n.a. n.a. n.a. 
8.2 1.4 0.3 0.7 
8.4 1.1 0.2 0.5 
8.6 n.a. n.a. n.a. 
8.8 1.2 0.2 0.6 
9.0 2.7 0.3 1.1 
9.2 9.1 1.7 4.2 
9.4 2.7 0.5 1.1 
9.6 2.2 0.2 0.9 
9.8 n.a. n.a. n.a. 

10.0 1.3 0.2 0.6 
10.2 2.9 0.3 1.2 
10.4 3.1 0.6 1.3 
10.8 n.a. n.a. n.a. 
11.0 n.a. n.a. n.a. 
11.2 n.a. n.a. n.a. 
11.4 3.1 0.3 1.1 
11.8 4.7 0.3 1.2 
12.0 n.a. n.a. n.a. 
12.2 2.5 0.4 1.7 
12.4 n.a. n.a. n.a. 
12.6 n.a. n.a. n.a. 
12.8 0.8 0.1 0.3 
13.0 1.1 0.2 0.5 
13.2 2.1 0.5 0.9 
13.4 n.a. n.a. n.a. 
13.6 n.a. n.a. n.a. 
13.8 n.a. n.a. n.a. 
14.0 n.a. n.a. n.a. 
14.2 3.6 1.2 1.7 
14.4 10.7 3.3 5.0 
14.6 n.a. n.a. n.a. 
14.8 n.a. n.a. n.a. 
15.0 n.a. n.a. n.a. 
15.2 n.a. n.a. n.a. 
15.4 n.a. n.a. n.a. 
15.6 n.a. n.a. n.a. 
16.0 3.3 1.1 1.6 
16.2 9.6 2.8 4.1 
16.4 n.a. n.a. n.a. 
16.6 n.a. n.a. n.a. 
16.8 n.a. n.a. n.a. 
17.0 n.a. n.a. n.a. 
17.6 n.a. n.a. n.a. 
17.8 n.a. n.a. n.a. 
18.0 3.3 1.0 1.4 
18.2 4.3 1.3 1.7 
18.6 2.2 0.7 0.9 
18.8 n.a. n.a. n.a. 
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Depth [m] Sum C27 steranes [μg/g TOC] Sum C28 steranes [μg/g TOC] Sum C29 steranes [μg/g TOC] 
19.0 n.a. n.a. n.a. 
19.4 n.a. n.a. n.a. 
19.6 n.a. n.a. n.a. 
20.0 n.a. n.a. n.a. 
20.2 n.a. n.a. n.a. 
20.4 n.a. n.a. n.a. 
20.6 3.7 1.0 1.6 
20.8 n.a. n.a. n.a. 
21.0 n.a. n.a. n.a. 
21.2 4.4 0.4 1.1 
21.4 n.a. n.a. n.a. 
21.8 n.a. n.a. n.a. 
22.0 n.a. n.a. n.a. 
22.4 n.a. n.a. n.a. 
22.6 5.1 1.4 2.2 
22.8 n.a. n.a. n.a. 
23.0 n.a. n.a. n.a. 
23.2 n.a. n.a. n.a. 
23.4 n.a. n.a. n.a. 
23.6 5.8 1.9 2.7 
23.8 n.a. n.a. n.a. 
24.0 n.a. n.a. n.a. 
24.2 n.a. n.a. n.a. 
24.4 n.a. n.a. n.a. 
24.6 n.a. n.a. n.a. 
24.8 2.9 0.5 1.2 
25.0 n.a. n.a. n.a. 
25.4 2.6 0.4 1.0 
25.6 1.4 0.3 0.6 
25.8 4.9 0.5 1.9 
26.0 4.0 0.4 1.0 
26.2 n.a. n.a. n.a. 
26.4 n.a. n.a. n.a. 
26.6 2.8 0.3 1.2 
26.8 2.6 0.2 1.2 
27.2 4.5 0.0 1.5 
27.4 1.6 0.3 0.7 
27.6 2.9 0.3 1.1 
27.8 2.6 0.3 0.9 
28.0 0.8 0.1 0.3 
28.2 1.0 0.2 0.4 
28.4 1.2 0.2 0.5 
28.6 n.a. n.a. n.a. 
28.8 3.6 0.7 1.6 
29.0 3.0 0.5 1.1 
29.4 2.9 0.5 1.2 
29.6 3.4 0.6 1.4 
29.8 3.4 0.4 1.3 
30.0 2.1 0.2 0.8 
30.2 n.a. n.a. n.a. 
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Depth [m] Sum C27 steranes [μg/g TOC] Sum C28 steranes [μg/g TOC] Sum C29 steranes [μg/g TOC] 
30.4 3.0 0.3 1.2 
30.6 n.a. n.a. n.a. 
30.8 2.7 0.3 1.0 
31.0 2.4 0.3 0.9 
31.2 1.9 0.2 0.7 
31.4 3.3 0.4 1.4 
31.6 3.0 0.3 1.1 
31.8 3.6 0.4 1.4 
32.0 n.a. n.a. n.a. 
32.2 3.3 0.4 1.2 
32.4 3.6 0.5 1.4 
32.6 2.4 0.6 0.9 
32.8 3.5 0.9 1.5 
33.0 3.1 0.7 1.2 
33.2 2.3 0.3 0.9 
33.4 n.a. n.a. n.a. 
33.6 3.9 0.5 1.5 
33.8 1.7 0.4 0.7 
34.0 3.1 0.4 0.7 
34.2 1.5 0.2 0.4 
34.4 9.3 1.1 4.1 
34.6 n.a. n.a. n.a. 
34.8 3.2 0.4 1.3 
35.0 4.2 0.5 1.6 
35.2 n.a. n.a. n.a. 
35.4 3.8 0.9 1.5 
35.6 n.a. n.a. n.a. 
36.0 n.a. n.a. n.a. 
36.2 n.a. n.a. n.a. 
36.6 3.0 0.4 0.7 
37.0 2.5 0.3 1.0 
37.4 2.5 0.3 1.0 
37.6 3.7 0.4 1.5 
38.4 3.7 0.3 1.4 
38.6 2.1 0.5 0.5 
38.8 1.5 0.2 0.8 
39.0 n.a. n.a. n.a. 
39.2 n.a. n.a. n.a. 
39.4 3.5 0.4 1.5 
39.8 1.3 0.2 0.6 
40.0 4.5 1.0 2.0 
40.2 n.a. n.a. n.a. 
41 2.0 0.2 0.8 

41.6 n.a. n.a. n.a. 
41.8 n.a. n.a. n.a. 
42.0 n.a. n.a. n.a. 
42.2 n.a. n.a. n.a. 
42.2 2.7 0.3 1.1 
42.4 n.a. n.a. n.a. 
42.8 n.a. n.a. n.a. 
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Depth [m] Sum C27 steranes [μg/g TOC] Sum C28 steranes [μg/g TOC] Sum C29 steranes [μg/g TOC] 
42.8 1.1 0.1 0.4 
43.0 n.a. n.a. n.a. 
43.2 1.5 0.4 0.6 
43.4 0.4 0.2 0.2 
43.6 n.a. n.a. n.a. 
43.8 n.a. n.a. n.a. 
44.2 n.a. n.a. n.a. 
44.4 n.d. n.d. n.d. 
44.8 n.d. n.d. n.d. 
45.0 n.d. n.d. n.d. 
45.2 n.a. n.a. n.a. 
45.4 n.a. n.a. n.a. 
45.6 n.a. n.a. n.a. 
45.8 n.d. n.d. n.d. 
46.0 1.4 0.4 0.6 
46.2 n.d. n.d. n.d. 
46.4 n.d. n.d. n.d. 
46.8 4.4 0.9 1.2 
47.0 n.a. n.a. n.a. 
47.6 n.a. n.a. n.a. 
47.8 n.a. n.a. n.a. 
48.0 n.a. n.a. n.a. 
48.2 n.d. n.d. n.d. 
48.4 n.a. n.a. n.a. 
48.8 4.5 n.d. 1.0 
49.0 n.a. n.a. n.a. 
49.2 n.a. n.a. n.a. 
49.4 n.a. n.a. n.a. 
49.6 n.a. n.a. n.a. 

 

Table A- 7 Concentration of hopanoid thiophenes along the profile in μg/g TOC I 30-[2'-(5'-
methylthienyl)-17α(H),21β(H)-hopane, II 31-(2'-thienyl)-17α(H),21β(H)-
homohopane, V 30-[2'-(5'-methylthienyl))-17β(H),21β(H)-hopane, VI 31-(2'-thienyl)-
17β(H),21β-(H)-homohopane 

Depth[m] I [μg/g TOC] II [μg/g TOC] V [μg/g TOC] VI [μg/g TOC] 
0.0 n.d. n.d. n.d. n.d. 
0.2 n.d. n.d. n.d. n.d. 
0.6 n.d. n.d. n.d. n.d. 
0.8 n.d. n.d. n.d. n.d. 
1.0 n.d. n.d. n.d. n.d. 
1.2 n.d. n.d. n.d. n.d. 
1.4 n.d. n.d. n.d. n.d. 
1.6 n.d. n.d. n.d. n.d. 
1.8 n.d. n.d. n.d. n.d. 
2.0 n.d. n.d. n.d. n.d. 
2.2 n.d. n.d. n.d. n.d. 
2.4 n.d. n.d. n.d. n.d. 
2.6 n.d. n.d. n.d. n.d. 
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Depth[m] I [μg/g TOC] II [μg/g TOC] V [μg/g TOC] VI [μg/g TOC] 
3.0 n.a. n.a. n.a. n.a. 
3.4 n.a. n.a. n.a. n.a. 
3.6 0.11 0.09 0.45 1.49 
3.8 0.17 0.14 0.55 1.93 
4.0 0.03 0.05 0.21 0.66 
4.2 n.d. 0.03 0.28 0.69 
4.4 n.d. 0.10 0.26 0.94 
4.6 n.d. 0.03 0.15 0.33 
4.8 n.a. n.a. n.a. n.a. 
5.4 0.03 0.03 0.09 0.35 
5.6 n.d. 0.07 0.38 1.39 
5.8 n.a. n.a. n.a. n.a. 
6.0 n.d. 0.02 0.13 0.40 
6.2 n.d. 0.05 0.26 0.45 
6.6 0.02 0.06 0.22 0.67 
6.8 n.d. 0.06 0.28 0.93 
7.0 n.d. 0.07 0.19 0.60 
7.2 n.a. n.a. n.a. n.a. 
7.4 n.a. n.a. n.a. n.a. 
7.6 0.05 0.07 0.21 0.72 
7.8 n.a. n.a. n.a. n.a. 
8.0 n.a. n.a. n.a. n.a. 
8.2 n.d. 0.07 0.39 1.37 
8.4 n.a. n.a. n.a. n.a. 
8.6 n.a. n.a. n.a. n.a. 
8.8 n.a. n.a. n.a. n.a. 
9.0 n.d. 0.08 0.37 1.01 
9.2 0.29 0.06 0.52 n.d. 
9.4 0.02 0.06 0.08 2.28 
9.6 0.04 0.06 0.23 0.67 
9.8 n.a. n.a. n.a. n.a. 

10.0 n.d. 0.09 0.56 1.59 
10.2 n.d. 0.08 0.15 1.01 
10.4 0.04 0.04 0.16 0.43 
10.8 n.a. n.a. n.a. n.a. 
11.0 n.a. n.a. n.a. n.a. 
11.2 n.a. n.a. n.a. n.a. 
11.4 n.d. 0.10 0.34 1.05 
11.8 n.d. 0.12 0.40 1.21 
12.0 n.a. n.a. n.a. n.a. 
12.2 n.d. 0.13 0.44 1.00 
12.4 n.a. n.a. n.a. n.a. 
12.6 n.a. n.a. n.a. n.a. 
12.8 n.a. n.a. n.a. n.a. 
13.0 0.03 0.05 0.43 1.23 
13.2 0.05 0.03 0.30 0.66 
13.4 n.a. n.a. n.a. n.a. 
13.6 n.a. n.a. n.a. n.a. 
13.8 n.a. n.a. n.a. n.a. 
14.0 n.a. n.a. n.a. n.a. 



Appendix 

 
198 
 

Depth[m] I [μg/g TOC] II [μg/g TOC] V [μg/g TOC] VI [μg/g TOC] 
14.2 0.06 0.12 0.23 0.82 
14.4 0.09 0.12 0.32 0.92 
14.6 n.a. n.a. n.a. n.a. 
14.8 n.a. n.a. n.a. n.a. 
15.0 n.a. n.a. n.a. n.a. 
15.2 n.a. n.a. n.a. n.a. 
15.4 n.a. n.a. n.a. n.a. 
15.6 n.a. n.a. n.a. n.a. 
16.0 0.04 0.12 0.38 1.16 
16.2 0.07 0.17 0.56 1.32 
16.4 n.a. n.a. n.a. n.a. 
16.6 n.a. n.a. n.a. n.a. 
16.8 n.a. n.a. n.a. n.a. 
17.0 n.a. n.a. n.a. n.a. 
17.6 n.a. n.a. n.a. n.a. 
17.8 n.a. n.a. n.a. n.a. 
18.0 n.d. 0.05 0.19 0.39 
18.2 0.08 0.18 0.53 1.43 
18.6 n.a. n.a. n.a. n.a. 
18.8 n.a. n.a. n.a. n.a. 
19.0 n.a. n.a. n.a. n.a. 
19.4 n.a. n.a. n.a. n.a. 
19.6 n.a. n.a. n.a. n.a. 
20.0 n.a. n.a. n.a. n.a. 
20.2 n.a. n.a. n.a. n.a. 
20.4 n.a. n.a. n.a. n.a. 
20.6 0.03 0.05 0.23 #NV 
20.8 n.a. n.a. n.a. n.a. 
21.0 n.a. n.a. n.a. n.a. 
21.2 0.13 0.04 1.02 2.57 
21.4 n.a. n.a. n.a. n.a. 
21.8 n.a. n.a. n.a. n.a. 
22.0 n.a. n.a. n.a. n.a. 
22.4 n.a. n.a. n.a. n.a. 
22.6 0.08 0.14 0.46 1.20 
22.8 n.a. n.a. n.a. n.a. 
23.0 n.a. n.a. n.a. n.a. 
23.2 n.a. n.a. n.a. n.a. 
23.4 n.a. n.a. n.a. n.a. 
23.6 0.08 0.12 0.71 1.67 
23.8 n.a. n.a. n.a. n.a. 
24.0 n.d. n.d. n.d. n.d. 
24.2 n.a. n.a. n.a. n.a. 
24.4 n.a. n.a. n.a. n.a. 
24.6 n.a. n.a. n.a. n.a. 
24.8 n.d. n.d. n.d. n.d. 
25.0 n.a. n.a. n.a. n.a. 
25.4 0.19 0.29 0.96 2.50 
25.6 0.06 0.09 1.02 2.37 
25.8 0.12 0.16 1.16 3.11 
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Depth[m] I [μg/g TOC] II [μg/g TOC] V [μg/g TOC] VI [μg/g TOC] 
26.0 0.19 0.15 1.36 3.19 
26.2 0.29 0.24 1.64 3.80 
26.4 n.a. n.a. n.a. n.a. 
26.6 n.d. n.d. 0.48 0.81 
26.8 0.06 0.17 0.45 1.00 
27.2 0.08 0.11 0.36 0.79 
27.4 0.06 0.08 0.22 0.57 
27.6 0.09 0.09 0.26 0.64 
27.8 0.05 0.07 0.21 0.49 
28.0 n.d. n.d. n.d. n.d. 
28.2 n.d. 0.05 0.10 0.40 
28.4 n.d. 0.06 0.08 0.39 
28.6 n.a. n.a. n.a. n.a. 
28.8 0.09 0.16 0.46 1.36 
29.0 0.10 0.13 0.43 1.12 
29.4 0.08 0.11 0.51 1.23 
29.6 0.10 0.14 1.06 2.42 
29.8 0.13 0.13 0.32 0.89 
30.0 0.04 0.13 0.69 1.67 
30.2 n.a. n.a. n.a. n.a. 
30.4 0.09 0.24 1.03 2.11 
30.6 n.a. n.a. n.a. n.a. 
30.8 0.09 0.11 0.20 0.52 
31.0 0.04 0.08 0.14 0.40 
31.2 0.05 0.10 0.64 1.12 
31.4 0.06 0.25 0.13 1.72 
31.6 0.08 0.08 0.26 0.64 
31.8 n.a. n.a. n.a. n.a. 
32.0 n.a. n.a. n.a. n.a. 
32.2 0.23 0.15 0.49 1.06 
32.4 0.17 0.10 0.35 0.86 
32.6 0.04 0.08 0.15 0.37 
32.8 0.03 0.09 0.21 0.54 
33.0 0.13 0.19 0.89 1.86 
33.2 0.03 0.05 0.34 0.75 
33.4 n.a. n.a. n.a. n.a. 
33.6 0.05 0.09 0.16 0.56 
33.8 0.10 0.14 0.57 1.48 
34.0 0.04 0.05 0.19 0.31 
34.2 0.07 0.04 #NV 0.99 
34.4 0.15 0.11 1.60 3.55 
34.6 0.11 0.15 0.56 1.52 
34.8 0.08 0.19 0.54 1.34 
35.0 0.12 0.18 0.58 1.21 
35.2 n.a. n.a. n.a. n.a. 
35.4 0.12 0.26 0.55 1.24 
35.6 n.d. n.d. 0.33 0.28 
36.0 n.a. n.a. n.a. n.a. 
36.2 n.a. n.a. n.a. n.a. 
36.6 0.02 0.04 0.11 0.24 
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Depth[m] I [μg/g TOC] II [μg/g TOC] V [μg/g TOC] VI [μg/g TOC] 
37.0 0.07 0.10 0.12 0.32 
37.4 0.01 0.04 0.11 0.24 
37.6 0.12 0.26 0.72 1.71 
38.4 0.03 0.13 0.32 0.69 
38.6 0.11 0.23 0.37 0.85 
38.8 0.10 0.29 0.71 1.59 
39.0 n.a. n.a. n.a. n.a. 
39.2 n.a. n.a. n.a. n.a. 
39.4 0.18 0.36 0.62 1.39 
39.8 0.10 0.26 0.55 1.49 
40.0 0.10 0.84 0.28 0.71 
40.2 n.a. n.a. n.a. n.a. 
41.0 0.22 0.13 1.60 3.32 
41.6 n.a. n.a. n.a. n.a. 
41.8 n.a. n.a. n.a. n.a. 
42.0 n.a. n.a. n.a. n.a. 
42.2 n.a. n.a. n.a. n.a. 
42.2 0.15 0.29 1.14 2.01 
42.4 n.a. n.a. n.a. n.a. 
42.8 n.a. n.a. n.a. n.a. 
42.8 0.07 0.13 0.20 0.45 
43.0 n.a. n.a. n.a. n.a. 
43.2 0.07 0.21 1.06 1.99 
43.4 n.d. n.d. 0.15 0.43 
43.6 n.d. n.d. n.d. n.d. 
43.8 n.d. n.d. 0.31 0.87 
44.2 0.43 n.d. 0.33 0.68 
44.4 n.d. n.d. n.d. n.d. 
44.8 n.d. n.d. n.d. n.d. 
45.0 n.d. n.d. n.d. n.d. 
45.2 n.d. n.d. n.d. n.d. 
45.4 n.d. n.d. n.d. n.d. 
45.6 n.d. n.d. n.d. n.d. 
45.8 n.d. n.d. n.d. n.d. 
46.0 n.d. 0.06 n.d. n.d. 
46.2 n.d. n.d. n.d. n.d. 
46.4 n.d. n.d. n.d. n.d. 
46.8 n.d. 0.05 n.d. n.d. 
47.6 n.a. n.a. n.a. n.a. 
47.8 n.a. n.a. n.a. n.a. 
48.0 n.a. n.a. n.a. n.a. 
48.2 n.d. n.d. n.d. n.d. 
48.4 n.a. n.a. n.a. n.a. 
48.8 n.d. 0.06 n.d. n.d. 
49.0 n.a. n.a. n.a. n.a. 
49.2 n.a. n.a. n.a. n.a. 
49.4 n.a. n.a. n.a. n.a. 
49.6 n.a. n.a. n.a. n.a. 
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Table A-8 Depth, TON, Pr/Ph, C/N, δ15Norg and δ13Corg records of the studied sequence. 

Depth [m] TON [wt. %] C/N Pr/Ph δ15Norg [‰] δ13Corg [‰] 

0,0 n.d. n.d. n.d. n.a. n.a. 

0,2 0,02 6,27 n.d. 6,69 -26,64 

0,6 n.d. n.d. n.d. n.a. n.a. 

0,8 n.d. n.d. n.d. n.a. n.a. 

1,0 0,03 6,80 n.d. 6,68 -26,68 

1,2 n.a. n.a. n.d. n.a. n.a. 

1,2 n.a. n.a. n.d. n.a. n.a. 

1,4 n.a. n.a. 1,8 n.a. n.a. 

1,6 n.a. n.a. n.d. n.a. n.a. 

1,8 n.a. n.a. n.d. n.a. n.a. 

2,0 0,03 6,25 n.d. 7,45 -26,53 

2,0 n.a. n.a. n.a. n.a. n.a. 

2,2 n.a. n.a. n.a. n.a. n.a. 

2,4 0,06 13,89 n.d. 6,64 -27,90 

2,6 n.a. n.a. n.a. n.a. n.a. 

2,80 0,06 9,89 n.d. 6,99 -26,78 

3,00 0,23 25,22 n.d. 5,30 -28,49 

3,20 n.a. n.a. n.d. n.a. n.a. 

3,20 n.a. n.a. n.d. n.a. n.a. 

3,40  26,46 n.d. n.a. n.a. 

3,60 n.a. n.a. n.a. n.a. n.a. 

3,80 n.a. n.a. 0,3 n.a. n.a. 

4,00 0,27 26,04 0,2 5,62 -28,41 

4,20 n.a. n.a. n.a. n.a. n.a. 

4,40 0,31 26,89 n.a. 5,01 -28,70 

4,60 n.a. n.a. n.a. n.a. n.a. 

4,80 n.a. n.a. n.a. n.a. n.a. 

5,00 0,30 24,03 n.a. 5,28 -28,33 

5,20 n.a. n.a. 0,2 n.a. n.a. 

5,40 n.a. n.a. 0,6 n.a. n.a. 

5,60 0,32 26,63 n.a. 5,50 -28,67 

5,80 n.a. n.a. n.a. n.a. n.a. 

6,00 n.a. n.a. 0,5 n.a. n.a. 

6,20 n.a. n.a. n.a. n.a. n.a. 

6,40 n.a. n.a. n.a. n.a. n.a. 

6,60 n.a. n.a. n.a. n.a. n.a. 

6,80 n.a. n.a. n.a. n.a. n.a. 

7,00 0,26 27,17 n.a. 5,09 -28,50 

7,20 n.a. n.a. n.a. n.a. n.a. 

7,40 n.a. n.a. 0,3 n.a. n.a. 
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Depth [m] TON [wt. %] C/N Pr/Ph δ15Norg [‰] δ13Corg [‰] 

7,60 n.a. n.a. n.a. n.a. n.a. 

7,80 n.a. n.a. n.a. n.a. n.a. 

8,00 n.a. n.a. 0,6 n.a. n.a. 

8,20 n.a. n.a. n.a. n.a. n.a. 

8,40 n.a. n.a. n.a. n.a. n.a. 

8,60 n.a. n.a. n.a. n.a. n.a. 

8,80 n.a. n.a. 0,3 n.a. n.a. 

9,00 0,20 27,77 0,6 5,76 -28,42 

9,20 0,22 26,85 0,3 6,55 -28,71 

9,40 n.a. n.a. n.a. n.a. n.a. 

9,60 n.a. n.a. n.a. n.a. n.a. 

9,80 0,27 28,09 0,6 5,40 -28,40 

10,00 n.a. n.a. n.a. n.a. n.a. 

10,20 n.a. n.a. 0,2 n.a. n.a. 

10,60 n.a. n.a. n.a. n.a. n.a. 

10,80 n.a. n.a. n.a. n.a. n.a. 

11,00 0,26 27,66 n.a. 5,50 -28,49 

11,20 n.a. n.a. n.a. n.a. n.a. 

11,60 n.a. n.a. 0,5 n.a. n.a. 

11,80 n.a. n.a. n.a. n.a. n.a. 

12,00 n.a. n.a. 0,4 n.a. n.a. 

12,20 n.a. n.a. n.a. n.a. n.a. 

12,20 n.a. n.a. n.a. n.a. n.a. 

12,40 n.a. n.a. n.a. n.a. n.a. 

12,60 n.a. n.a. n.a. n.a. n.a. 

12,80 n.a. n.a. 0,5 n.a. n.a. 

13,00 0,20 27,38 0,6 5,16 -28,90 

13,20 n.a. n.a. n.a. n.a. n.a. 

13,40 n.a. n.a. n.a. n.a. n.a. 

13,60 n.a. n.a. n.a. n.a. n.a. 

13,80 n.a. n.a. n.a. n.a. n.a. 

14,00 n.a. n.a. 0,4 n.a. n.a. 

14,20 n.a. n.a. 0,5 n.a. n.a. 

14,40 0,36 29,29 n.a. 5,59 -29,16 

14,60 n.a. n.a. n.a. n.a. n.a. 

14,80 n.a. n.a. n.a. n.a. n.a. 

15,00 0,35 28,97 n.a. 5,50 -28,96 

15,20 n.a. n.a. n.a. n.a. n.a. 

15,40 n.a. n.a. n.a. n.a. n.a. 

15,80 n.a. n.a. 0,5 n.a. n.a. 

16,00 n.a. n.a. 0,4 n.a. n.a. 

16,20 n.a. n.a. n.a. n.a. n.a. 
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Depth [m] TON [wt. %] C/N Pr/Ph δ15Norg [‰] δ13Corg [‰] 

16,40 n.a. n.a. n.a. n.a. n.a. 

16,60 n.a. n.a. n.a. n.a. n.a. 

16,80 n.a. n.a. n.a. n.a. n.a. 

17,00 0,40 28,07 n.a. 4,77 -28,91 

17,40 n.a. n.a. n.a. n.a. n.a. 

17,60 n.a. n.a. n.a. n.a. n.a. 

17,80 n.a. n.a. 0,3 n.a. n.a. 

18,00 n.a. n.a. 0,5 n.a. n.a. 

18,20 n.a. n.a. n.a. n.a. n.a. 

18,40 n.a. n.a. 0,4 n.a. n.a. 

18,60 n.a. n.a. n.a. n.a. n.a. 

18,80 n.a. n.a. n.a. n.a. n.a. 

18,80 n.a. n.a. n.a. n.a. n.a. 

19,00 0,44 29,39 n.a. 4,87 -28,73 

19,20 n.a. n.a. n.a. n.a. n.a. 

19,40 0,41 29,85 n.a. 4,59 -28,67 

19,80 n.a. n.a. n.a. n.a. n.a. 

20,00 n.a. n.a. n.a. n.a. n.a. 

20,20 n.a. n.a. n.a. n.a. n.a. 

20,40 n.a. n.a. 0,5 n.a. n.a. 

20,60 n.a. n.a. n.a. n.a. n.a. 

20,80 n.a. n.a. n.a. n.a. n.a. 

21,00 0,28 28,05 0,6 5,90 -28,72 

21,20 n.a. n.a. n.a. n.a. n.a. 

21,40 n.a. n.a. n.a. n.a. n.a. 

21,60 n.a. n.a. n.a. n.a. n.a. 

21,80 n.a. n.a. n.a. n.a. n.a. 

22,00 n.a. n.a. n.a. n.a. n.a. 

22,20 n.a. n.a. n.a. n.a. n.a. 

22,40 n.a. n.a. 0,5 n.a. n.a. 

22,60 n.a. n.a. n.a. n.a. n.a. 

22,80 n.a. n.a. n.a. n.a. n.a. 

23,00 0,28 29,46 n.a. 4,42 -28,82 

23,20 n.a. n.a. n.a. n.a. n.a. 

23,40 n.a. n.a. 0,5 n.a. n.a. 

23,60 n.a. n.a. n.a. n.a. n.a. 

23,80 n.a. n.a. n.a. n.a. n.a. 

24,00 n.a. n.a. n.a. n.a. n.a. 

24,20 n.a. n.a. n.a. n.a. n.a. 

24,40 n.a. n.a. n.a. n.a. n.a. 

24,60 n.a. n.a. 0,4 n.a. n.a. 

24,80 n.a. n.a. n.a. n.a. n.a. 
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Depth [m] TON [wt. %] C/N Pr/Ph δ15Norg [‰] δ13Corg [‰] 

25,00 n.a. n.a. n.a. n.a. n.a. 

25,20 0,35 27,55 n.a. 5,06 -28,20 

25,40 n.a. n.a. 0,5 n.a. n.a. 

25,60 n.a. n.a. 0,6 n.a. n.a. 

25,80 n.a. n.a. 0,5 n.a. n.a. 

26,00 0,28 28,95 0,6 4,90 -28,36 

26,20 n.a. n.a. n.a. n.a. n.a. 

26,40 n.a. n.a. n.a. n.a. n.a. 

26,60 n.a. n.a. n.a. n.a. n.a. 

27,00 0,28 27,56 0,5 5,06 -28,49 

27,20 n.a. n.a. n.a. n.a. n.a. 

27,40 n.a. n.a. 0,7 n.a. n.a. 

27,60 n.a. n.a. 0,6 n.a. n.a. 

27,80 n.a. n.a. n.a. n.a. n.a. 

28,00 n.a. n.a. n.a. n.a. n.a. 

28,20 0,36 27,81 n.a. 4,59 -28,39 

28,40 n.a. n.a. n.a. n.a. n.a. 

28,60 n.a. n.a. n.a. n.a. n.a. 

28,80 n.a. n.a. 0,6 n.a. n.a. 

29,00 0,27 27,32 n.a. 4,69 -28,30 

29,20 0,28 29,12 0,5 4,51 -28,47 

29,40 n.a. n.a. 0,4 n.a. n.a. 

29,60 n.a. n.a. 0,3 n.a. n.a. 

29,80 n.a. n.a. 0,4 n.a. n.a. 

30,00 n.a. n.a. n.a. n.a. n.a. 

30,20 n.a. n.a. 0,5 n.a. n.a. 

30,40 n.a. n.a. n.a. n.a. n.a. 

30,60 n.a. n.a. 0,4 n.a. n.a. 

30,80 n.a. n.a. n.a. n.a. n.a. 

31,00 0,36 29,72 0,4 5,12 -28,63 

31,20 n.a. n.a. n.a. n.a. n.a. 

31,40 n.a. n.a. 0,6 n.a. n.a. 

31,60 n.a. n.a. 0,5 n.a. n.a. 

31,80 n.a. n.a. n.a. n.a. n.a. 

32,00 n.a. n.a. n.a. n.a. n.a. 

32,20 n.a. n.a. 0,4 n.a. n.a. 

32,40 n.a. n.a. n.a. n.a. n.a. 

32,60 n.a. n.a. n.a. n.a. n.a. 

32,80 n.a. n.a. 0,3 n.a. n.a. 

33,00 0,31 32,69 0,2 4,52 -28,71 

33,20 n.a. n.a. n.a. n.a. n.a. 

33,40 n.a. n.a. 0,5 n.a. n.a. 
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Depth [m] TON [wt. %] C/N Pr/Ph δ15Norg [‰] δ13Corg [‰] 

33,60 n.a. n.a. 0,6 n.a. n.a. 

33,80 n.a. n.a. 0,5 n.a. n.a. 

34,00 n.a. n.a. 0,5 n.a. n.a. 

34,20 n.a. n.a. 0,3 n.a. n.a. 

34,40 n.a. n.a. n.a. n.a. n.a. 

34,60 n.a. n.a. 0,3 n.a. n.a. 

34,80 0,34 31,52 n.a. 5,14 -28,81 

35,00 0,30 32,90 n.a. 4,78 -28,61 

35,20 n.a. n.a. 0,3 n.a. n.a. 

35,40 n.a. n.a. n.a. n.a. n.a. 

35,80 n.a. n.a. n.a. n.a. n.a. 

36,00 n.a. n.a. n.a. n.a. n.a. 

36,20 n.a. n.a. n.a. n.a. n.a. 

36,40 n.a. n.a. 0,3 n.a. n.a. 

36,60 n.a. n.a. n.a. n.a. n.a. 

36,80 n.a. n.a. 0,4 n.a. n.a. 

37,00 0,40 29,80 n.a. 4,48 -28,35 

37,20 n.a. n.a. 0,4 n.a. n.a. 

37,40 n.a. n.a. 0,3 n.a. n.a. 

37,40 n.a. n.a. 0,3 n.a. n.a. 

37,80 n.a. n.a. n.a. n.a. n.a. 

38,00 n.a. n.a. n.a. n.a. n.a. 

38,20 n.a. n.a. 0,5 n.a. n.a. 

38,40 n.a. n.a. 0,3 n.a. n.a. 

38,60 n.a. n.a. 0,3 n.a. n.a. 

38,80 n.a. n.a. n.a. n.a. n.a. 

39,00 0,53 32,30 n.a. 4,74 -29,01 

39,20 n.a. n.a. 0,1 n.a. n.a. 

39,60 n.a. n.a. 0,2 n.a. n.a. 

39,80 n.a. n.a. n.d. n.a. n.a. 

40,00 0,54 32,22 n.a. 4,72 -29,51 

40,20 n.a. n.a. n.a. n.a. n.a. 

40,40 n.a. n.a. n.a. n.a. n.a. 

40,60 n.a. n.a. n.a. n.a. n.a. 

40,80 0,56 32,14 0,2 4,81 -28,31 

41,00 0,45 31,74 n.a. 4,66 -28,43 

41,20 n.a. n.a. n.a. n.a. n.a. 

41,40 n.a. n.a. n.a. n.a. n.a. 

41,60 n.a. n.a. n.a. n.a. n.a. 

41,60 n.a. n.a. n.a. n.a. n.a. 

41,80 n.a. n.a. n.a. n.a. n.a. 

42,00 n.a. n.a. 0,3 n.a. n.a. 



Appendix 

 
206 
 

Depth [m] TON [wt. %] C/N Pr/Ph δ15Norg [‰] δ13Corg [‰] 

42,20 n.a. n.a. n.a. n.a. n.a. 

42,40 n.a. n.a. n.a. n.a. n.a. 

42,60 n.a. n.a. 0,1 n.a. n.a. 

42,80 0,07 31,79 n.d. 3,71 -28,71 

43,00 0,39 31,71 n.d. 4,01 -28,97 

43,20 n.a. n.a. n.d. n.a. n.a. 

43,40 0,33 26,93 n.d. 4,53 -29,25 

43,80 0,05 28,85 0,4 3,33 -29,00 

44,00 0,08 29,75 n.d. 3,40 -29,32 

44,40 n.a. n.a. n.d. n.a. n.a. 

44,40 0,14 28,65 n.d. 3,54 -29,49 

44,60 n.a. n.a. n.d. n.a. n.a. 

44,80 0,09 25,72 n.d. 3,59 -28,47 

45,00 n.a. n.a. n.d. n.a. n.a. 

45,20 0,12 24,96 n.d. 3,53 -28,52 

45,40 n.a. n.a. n.d. n.a. n.a. 

45,60 n.a. n.a. n.d. n.a. n.a. 

45,80 n.a. n.a. n.d. n.a. n.a. 

46,00 0,06 26,28 n.d. 3,51 -28,59 

46,20 0,05 25,55 n.d. 2,96 -28,62 

46,40 0,16 28,41 0,5 2,97 -29,00 

46,80 0,09 28,51 n.a. 3,18 -28,67 

47,00 n.a. n.a. n.a. n.a. n.a. 

47,20 0,08 27,29 n.a. 2,81 -29,06 

47,40 0,15 28,47 n.a. 3,57 -28,66 

47,60 0,42 24,90 n.a. 2,96 -29,69 

47,80 0,04 26,43 n.a. 3,92 -28,62 

48,00 n.a. n.a. n.a. n.a. n.a. 

48,20 0,04 27,25 n.a. 3,38 -28,85 

48,40 n.a. n.a. 0,7 n.a. n.a. 

48,40 n.a. n.a. 0,7 n.a. n.a. 

48,60 n.a. n.a. n.a. n.a. n.a. 

48,80 0,06 28,02 n.a. 2,98 -28,83 

49,00 n.a. n.a. n.a. n.a. n.a. 

49,20 n.a. n.a. n.a. n.a. n.a. 

49,40 0,02  n.a. 3,79 -28,07 
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