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Kurzfassung

Die vorliegende Dissertation ist Teil eines bi-nationalen Gemeinschaftsprojektes. Beteiligte Projektpartner
waren die Ben-Gurion Universitit Beer Sheeba (Mikropaldontologie), die Johann Wolfgang von Goethe
Universitdt Frankfurt (Organische Geochemie) sowie das Institut fiir Mineralogie und Geochemie des

KIT.

Im Mittelpunkt der Arbeit standen Olschieferablagerungen in der Negev Wiiste in Israel. Sogenannte
Schwarzschiefer (black shales)- oder Olschiefer (oil shales) sind seit mehr als 50 Jahren von groBem
wissenschaftlichem Interesse. In der Hauptsache bestehen Schwarzschiefer aus Siliziklastika und sind zum
groBen Teil in siliziklastisch dominierten und unter eisen nicht limitierten Umweltbedingungen
entstanden. Im Gegensatz dazu zeichnen sich Olschiefer durch einen héhreren Anteil an organischem
Kohlenstoftf und Schwefel aus und bilden sich vorwiegend in karbonatreich- und eisenlimitierten
Ablagerungsraumen. Der hohe Anteil von organischem Kohlenstoff verbunden mit Konzentrationen an
Spurenelementen und die spezifische Zusammensetzung der Organik machen diese Sedimente attraktiv

fiir anorganisch — organisch geochemische Fragestellungen.

Auch hinsichtlich einer moglichen kommerziellen Nutzung zur Gewinnung von fossilen Brennstoffen
riicken diese Ablagerungen immer mehr in den Fokus von Wirtschaft und Wissenschaft. Fiir die nahe
Zukunft wird prognostiziert, dass sowohl Schwarz- als auch Olschiefer als unkonventionelle Ressourcen
eine wichtige Energiequelle darstellen kénnen. Ol- und Schwarzschiefer haben sich im Verlauf der
Erdgeschichte in einer groen Vielfalt in verschiedenen Sedimentationsrdumen gebildet. Insbesondere in
Kiistengebieten, welche von kiistenparallelen Winden und dem Auftrieb von kaltem, sauerstoff- und
ndhrstoffreichem Tiefenwasser beeinflusst sind, kann es unter bestimmten Voraussetzungen zur Bildung

dieser organikreichen Sedimenten kommen.

Dies geschah zum Beispiel vor ca. 20 Mio. Jahren am Siidrand der Tethys, wo organikreiche Karbonate

als Folge eines hochproduktiven Auftriebssystems kombiniert mit geringem terrigenem Eintrag entstanden
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sind. Im Untersuchungsgebiet dieser Arbeit, in Israel, wurden diese Sedimente als Olschiefer abgelagert
und weisen eine charakteristische Wechselfolge von Chert, organikreichen Karbonaten und Phosphoriten
(Si - C - P- Sedimente) auf. Diese Schichten werden als Ghareb Formation bezeichnet und liegen, mit
einer Machtigkeit von ca. 40 m, in der siidlichen Negev Wiiste. Die Ghareb Formation markiert einen
wichtigen Abschnitt in der Oberkreide. So wird anhand von mikropaldontologischen Untersuchungen, der
israclischen Kollegen geschlussfolgert, dass sich mit dem Ubergang vom Campan zum Maastricht ein

signifikanter Wechsel in der Dynamik des oberkretazischen upwelling-systems vollzogen haben konnte.

Das wichtigste Ziel des Gesamtprojektes bestand darin, ein tieferes Verstindnis fiir die komplexen
Wechselwirkungen von Salinitit, Primérproduktion, Anoxia und der natiirlichen Sulfurisierung
organischer Materie in den untersuchten Sedimenten zu erhalten und dadurch neue Einblicke in die
Entstehung der hoch-organikreichen Ablagerungen am Ubergang Campan-Maastricht zu erhalten. Dazu
wurde in den einzelnen Teilprojekten eine umfassende biostratigraphische und organisch bzw.
anorganisch-geochemische Charakterisierung dieser israelischen Olschiefer-Serie der Negev Wiiste

durchgefiihrt.

Der Fokus der vorliegenden Dissertation lag dabei auf der Analyse der Haupt- und Spurenelemente sowie
der Schwefelisotopie der Sedimente und der Spurenelementzusammensetzung der im Sediment
eingeschlossenen Foraminiferen. Ziel war es, basierend auf diesen Untersuchungen und mit Hilfe von
daraus abgeleiteten anorganisch-geochemischen Proxies das Ablagerungsmilieu der Sedimente zu
rekonstruieren und in Ubereinstimmung mit der biostratigraphischen Einteilung zu bringen. Zusétzlich
sollte gezeigt werden, wie sich mit Hilfe geochemischer Methoden auch geringe Verdnderungen im
Sauerstoffgehalt, in der Produktivitit des Auftriebsgebietes und im terrigenen Eintrag nachweisen lassen.
Dazu wurden die geochemischen Ergebnisse mit Hilfe einer multivariaten statistischen Analyse mit den
biostratigraphischen Resultaten des israelischen Projektpartners kombiniert. Durch diese Verkniipfung
sollte ein neues Ablagerungsmodell der geochemischen Evolution des Sedimentationsraumes entwickelt

werden. Dies umfasst insbesondere eine neue Interpretation hinsichtlich der Erhaltung der Organik, der
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Wassermassenzirkulation, der Herkunft des Sedimentmaterials sowie der Anderungen des Meeresspiegels

und der Redoxbedingungen.

Als geochemische Proxies wurden das Nickel/Vanadium Verhéltnis, der Urangehalt, die Eisen-Schwefel-
Kohlenstoff-Systematik sowie die Schwefelisotopie des Sulfats, Sulfids und des organischen Schwefels
angewendet. Auflerdem wurde der Spurenelementgehalt in benthischen wie auch planktischen
Foraminiferen bestimmt. So gestattet die Bestimmung von Spurenelementen in den Foraminiferen-
schalen, Riickschliisse auf die Anderung der Umweltbedingungen am Ubergang Campan- Maastricht. Mit
Hilfe der 8°*S-Isotopie ist es mdglich zwischen oxidierenden- und reduzierenden Bedingungen zum
Zeitpunkt der Frithdiagenese zu unterscheiden, sowie den Einfluss der Spétdiagenese auf das Sediment zu
beschreiben. Die Anwendung einer Multi-Proxy-Analyse in Kombination mit multivariater Statistik
erlaubt es, den Einfluss der Spéatdiagenese auf die Zusammensetzung der Spurenelemente im Sediment

wie auch auf die Schalen von Foraminiferen zu erfassen.

Die Kombination aus sedimentologischen, biostratigraphischen sowie anorganisch-organisch
geochemischen Untersuchungen wurde an einem Profil in einem Steinbruch in Mishor Rotem in der
stidlichen Negev (31°04°51.82"N; 35°10°02.85"E) vorgenommen. Dieser Aufschluss ist Teil eines der
groften Olschiefervorkommen in der Negev Wiiste. Hauptkriterien fiir die Auswahl des Profils waren die
geringe thermischen Reife des Sedimentes sowie die hervorragende Erhaltung der Foraminiferen.
Insgesamt wurden 266 Proben in einem Intervall von 10 - 20 cm auf einer Profillinge von ca. 50 m

genommen. Die Probenentnahme vor Ort wurde von den israelischen Kollegen durchgefiihrt.

An der Basis des Profils befindet sich eine 5 m maéchtige Phosphorit-Lage (Mishash-Formation). Die
darauf folgenden 42 m geben einen vollstindigen Uberblick iiber die Olschiefer der Ghareb Formation.
Die hangenden Mergel der Ghareb Formation (3 m) schlieBen das Profil nach oben hin ab. Da der
Schwerpunkt der Dissertation auf den Olschiefer lag, wurden hier die meisten Proben (n=218)
entnommen. Von den Phosphorite wurden 24 und von den Mergeln 18 Proben genommen. Die

Geochemie wurde mittels ED-XRF an allen Proben bestimmt. Weitere Parameter wie

il



Kurzfassung

Hauptelementzusammensetzung (WD-XRF), Gesamtschwefel (CSA), Schwefelisotope (IR-MS), Di-
thionat 16sliches Eisen (ICP-OES) und Mineralogie (XRD) der Sedimente sowie die Analyse der
Spurenelemente in den Foraminiferenschalen (ICP-MS) wurden an 39 ausgewéhlten Proben

charakterisiert.

Die Hauptbestandteile der Olschiefer sind Kalzit, Quarz, Opal, organischer Kohlenstoff (Kerogen) und
Tonmineralien (Kaolinit, Illit, Montmorillonit). Als Nebenbestandteile sind vorwiegend Dolomit,
Gips/Anhydrit, Muskovit, Feldspat, Apatit und Goethit anzutreffen. Ein markantes Merkmal ist der fiir
Olschiefer auBergewdhnlich niedrige Gehalt an Pyrit von ca. 1 Gew-%. Die bevorzugte Anreicherung von
Kupfer, Nickel, Zink, Chrom aber auch Arsen und die gleichzeitige Korrelation zu Schwefel und
organischen Kohlenstoff (C,yy) im Sedimentprofil zeigt an, dass die unteren Lagen der Olschiefer in einem
reduzierenden Milieu entstanden sind. Durch ihre abnehmende Konzentration, sowie die abnehmende
Korrelation zu Schwefel und C,, und gleichzeitigem Anstieg in der Elementkonzentration an Silizium,
Eisen- und Aluminium , grenzen sich die hangenden Einheiten der Olschiefer durch eine zunehmend

offenere und sauerstoffreichere Umgebung ab.

Dieses Ergebnis wird durch die Anwendung der Faktoranalyse bestétigt, welche die Haupt- und
Spurenelementkonzentrationen des Gesamtsedimentes umfasste. Als Ergebnis wurde ein
Zweifaktorenmodell erstellt, welches 84% der Gesamtvarianz des Datensatzes fiir die Olschiefer erklirt.
Die Kombination aus chalcophilen Elementen und deren Korrelation zum Schwefel und C,,, wird als
Faktor interpretiert, der den Grad der Sauerstoffverfiigbarkeit im Sediment anzeigt. Der andere Faktor,
welcher identifiziert wurde, zeigt gegensinnige Faktorenladungen zwischen den Elementen Calcium und
Silizium, Aluminium und Eisen und wurde als gegenseitige Wechselwirkung zwischen terrigenem Eintrag

und biogener Karbonatproduktion (Foraminiferen) interpretiert.

Des Weiteren konnen basierend auf den multivariaten statistischen Auswertungen Paldoindikatoren
definiert werden, mit deren Hilfe Verinderungen in Bezug auf Anderungen in der

Wassermassenzirkulation im Ablagerungsraum beschrieben werden konnen. Ein Beispiel hierfiir ist die
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Anwendung des rsMo/TOC' Verhiltnisses als Proxy fiir die Zirkulation der Wassermassen. Unter der
Voraussetzung, dass die Molybdidn-Konzentration im Sediment von der Konzentration an geldstem
Molybdidn im Meerwasser und der Menge an Organik im Sediment abhdngt, existiert unter hoch
reduzierenden/sulfidischen Verhiltnissen eine positive Korrelation des Molybdédns mit dem organischen
Kohlenstoff. Eine Anderung im Anstieg der Korrelationsgeraden beim Ubergang von der Mishash-
Formation (rsMo/TOC = 8) zur Ghareb Formation (rsMo/TOC ~ 1) stiitzt die Annahme, dass der passive
Kontinentalrand in eine Becken- und Schwellenfazies untergliedert war. Diese Interpretation wird durch
die ermittelte Anderung in der benthischen wie auch planktischen Faunenvergesellschaftung des
israelischen Projektpartners bestitigt. Diese zeigen ebenfalls an, dass der Ubergang von den Phosphoriten

zu den Olschiefern mit einem grundlegenden Wechsel in der Wasserzirkulation verbunden war.

Die 5**S-Muster des Pyrit- Schwefels im Sedimentprofil kénnen ebenfalls fiir einen Nachweis der
Wassermassenzirkulation benutzt werden. Die Ergebnisse zeigen ungewdhnlich schwere &°*S-Werte
zwischen -24%o und -16%o an der Basis der Olschiefer. Diese relativ schwere Schwefelisotopie des Pyrits
kann sich bei sehr geringer Wasserzirkulation in der oberen Wassersdule bei gleichzeitig extrem geringem
terrigenem Eintrag bilden. Ein rezentes Beispiel hierfiir ist der Framvaren Fjord in Norwegen, aus dem
ebenfalls schwere syngenetische Schwefelisotope des Pyrits in der oberen Wassersdule beschrieben
worden sind (Szlen et al., 1993). Im Gegensatz dazu weisen die oberen Olschieferschichten des in dieser
Arbeit untersuchten Profils mit -42%o bis -30%o eine vergleichsweise leichte 8**S-Signatur in Form von
syngenetischem Pyrit auf. Die Ergebnisse werden dahingehend interpretiert, dass die oberen Olschiefer in
einem sauerstoffreicheren, offenen System und unter Eisen- wie auch Sulfat-reichen Bedingungen

abgelagert wurden.

Weiterhin lassen sich organometallische Komplexe als Paldoindikator fiir die Charakterisierung des
Ablagerungsraumes nutzen. Das geochemische Milieu fiir die Bildung organometallischer Komplexe

hiangt sowohl vom Eh- als auch vom pH-Wert sowie der Rate an bakterieller Sulfatreduktion ab. In

' rs = Anstieg der Korrelationsgerade (regression slope)
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Rohélen wie auch Ol- und Schwarzschiefern sind vor allem Nickel und Vanadium in organometallischen
Komplexen gebunden (Porphyrine, Vanabine). Aus diesem Grund ldsst sich das Ni/V-Verhiltnis als
Paldoindikator nutzen. So wird ein niedriges Ni/V-Verhéltnis als bevorzugter Einbau von Vanadium
(Porphyrin) iiber Nickel in Kerogen sowie Algen als marine Quelle fiir die Néhrstoffmineralisation in der
Wasserséule interpretiert. Die Ni/V-Verhéltnisse dieser Arbeit deuten darauf hin, dass die Erhaltung des
Porphyrins bevorzugt auf den hangenden Part der Olschiefer beschriinkt ist. Der Ubergang von den
liegenden Olschiefern (hohes Ni/V) zum Hangenden kann als signifikanter Wechsel von einem salinar
dominierten Ablagerungsmilieu zu einem marin (Karbonat) dominiertem Sedimentationsregime (niedriges
Ni/V) interpretiert werden. Damit werden die Interpretationen der Frankfurter Arbeitsgruppe bestitigt,
welche die Anwesenheit von (thiolane(3-methyl-5-(3,7,11-trimethyldodecyl)-thiolane) als Indikator fiir

ein salinares Ablagerungsmilieu interpretiert haben (mdl. Mttlg. Wilhelm Piittmann, 2010).

Anderungen im Verhiltnis von relativ immobilen Elementen die an verwitterungsresistente
Schwermineralien gebunden sind, wie Titan und Zirkon, ermdglichen Aussagen liber den Reifegrad des
abgelagerten Materials. Die Verteilung des Zr-Ti-AlL,Os;-Verhéltnisses im Sedimentprofil zeigt an, dass
sich im Ablagerungszeitraum die Zusammensetzung der angelieferten Sedimente allméhlich gedndert hat.
An der Basis dominiert die klastische, schwermineralreiche Komponente wohingegen zum Top hin eine

Verschiebung zu einem tonreicheren Material stattfand.

Spétdiagenese im Sediment ist ein wichtiger Aspekt der bei der Diskussion der geochemischen Ergebnisse
keinesfalls vernachldssigt werden darf. Solche Prozesse verdndern die Sedimentzusammensetzung nach
der Ablagerung und filhren zu einer signifikanten Verfdlschung und letztendlich zur Ausléschung
primirer Umweltsignale. Diese Art von Verdnderungen konnen beispielsweise durch die Analyse des
834Sg 1 sowie der 8'*0-Werte in benthischen und planktischen Foraminiferenschalen erfasst werden. Es
konnte mehrfach gezeigt werden, dass die 534S m-Werte zeitlichen Schwankungen unterliegen. Fiir die
Oberkreide wird ein 8**Squm -Referenzwert von ~ 17%o angenommen (Claypool et al., 1980; Strauss,

1997). Im Gegensatz dazu sind die 634Sw|fat-Signale in den Sedimenten der Ghareb Formation
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ungewdhnlich leicht mit Werten von -20%o bis -3%o. Diese Signale spiegeln somit nicht die urspriingliche
Meerwasserzusammensetzung der Oberkreide hinsichtlich 8**Squm wider. Stattdessen konnte zum ersten
Mal gezeigt werden, dass die leichten 834Ssu1fat—Signale einem Mischsignal aus der Oxidation des Pyrits im
Sediment und dem des Sulfats des urspriinglichen Meerwasserwertes entsprechen. Die Ursache fiir die

Verfalschung ist in der Penetration des Profils mit meteorischem Wasser zu suchen.

Die §'®0-Werte in benthischen- und planktischen Foraminiferen unterstiitzen diese Schlussfolgerungen.
Die Werte schwanken zwischen -7%o und -3%o und sind damit deutlich leichter als vergleichbare §'*O-
Werte in der Oberkreide (-2,5 bis -1%o) (Friedrich, 2005). Aufgrund der starken Veridnderung des
Isotopensignals, kann dieses nicht mehr als Indikator fiir Paldotemperaturen verwendet werden. Ein §'°O-
Werte von ~ -10%o ist typisch fiir rezente meteorische Wésser in niederen Breitengraden aber vermutlich
auch in der Oberkreide. Daher kann angenommen werden, dass eine Penetration von meteorischen
Wissern zu einer gleichméafigen Verdnderung des Isotopensignals gefiihrt hat (Faure and Mensing, 2005;

Amiot et al., 2004).

Mit der Bestimmung der Mg/Ca- und Sr/Ca- Verhiltnisse in benthischen wie auch planktischen
Foraminiferenschalen konnen Riickschliisse iiber die Paldo-Wassertemperatur sowie {iiber die
Schwankungen des Meerwasserspiegels gezogen werden. So zeigen die in dieser Arbeit bestimmten
Mg/Ca-Verhiltnisse der benthischen wie auch der planktischen Foraminiferen einen
Temperaturunterschied zwischen Boden- und Oberflichenwasser von ca. 4°C an. Das Sr/Ca- Verhéltnis in
benthischen Foraminiferen zeigt dhnliche Schwankungen wie die Meeresspiegelkurve zur Zeit des

Ubergangs am Campan- Maastricht (Haq, 2014).

Zusammenfassend ldsst sich sagen, dass auf Basis des geochemischen Multiparameteransatzes und der
statistischen multivariaten Analyse Paldoindikatoren ermittelt werden konnten. Mit deren Hilfe konnen die
Umweltbedingungen am Ubergang vom Campan zum Maastricht rekonstruiert werden. Daraus ergibt sich
ein neues konzeptionelles Ablagerungsmodell, welches den Unterschied im Gehalt an organischer Materie

und die Spurenelementvariabilitit erkldren kann. Wichtige Parameter sind dabei das Zusammenwirken
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von Meeresspiegelanstieg, extrem geringem sedimentdren Eintrag sowie der Riickgang in der
Wassermassenzirkulation bei gleichzeitiger Erhdhung der Primérproduktion durch Remobilisierung von
Phosphor aus den liegenden Phosphoriten. Die Summe aller Faktoren fithrte zur Ablagerung der
organikreichen Karbonate an der Basis der Olschiefer. Die einsetzende Sulfurisierung (Vulkanisierung)
der Organik erklart die auBBerordentlich gute Konservierung des hohen organischen Kohlenstoffgehaltes.
Die beginnende Regression verursacht eine Erhohung des Sauerstoffgehaltes in der Wassersdule infolge
des Riickzugs der Oxygen-Minimum-Zone (OMZ). Daraus resultiert eine abrupte Abnahme im
organischen Kohlenstoffgehalt und die Riickkehr der benthischen wie auch der planktischen
Foraminiferen. Am Meeresboden bildeten sich periodisch sauerstoffreiche Bedingungen aus an die sich
das benthische Leben anpassen konnte. Die Riickkehr gekielter Foraminiferen bei 33 mbsf, welche als

Paldoindikator fur sauerstoffreiches Oberflichenwasser benutzt werden, unterstiitzt diese These.

Als Ursache fiir die unterschiedlichen geochemischen Milieus wihrend der Sedimentation des Olschiefers
zur Zeit des Campan-Maastrichts kann das Ablaufen eines kompletten Transgressions- und
Regressionszyklus angefiihrt werden. Der Ubergang von den unteren Olschiefern zu den hangenden
Einheiten (33 mbsf) zeigt eine komplette Neuausrichtung des Paldoumfeldes an. Dies ist verbunden mit
Anderungen der Sedimentationsrate, der Sedimentzusammensetzung, des 634Spym, des C,,-Gehaltes, des
Sulfurisierungsgrades und der Riickkehr der benthischen und planktischen Foraminiferen. Eine erneute
Trangression am Ubergang zu den hangenden Mergeln fiihrte schlieBlich zur Uberflutung und zur

Entstehung offen mariner Verhéltnisse.
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Abstract

Abstract

A binational team of palaeontologists (Ben-Gurion University, Beer Sheva, Israel), organic geochemists
(Johann- Wolfgang v. Goethe University, Frankfurt, Germany) and professionals in inorganic
geochemistry (Institute of Mineralogy and Geochemistry, KIT, Germany), has conducted a series of
analyses to reveal new insights into the palacontology, palacoclimate and geochemistry of the Upper

Cretaceous along the southern coast of the Tethyan Ocean.

Since more than a decade, organic rich deposits, commonly known as black shale, oil shale, and
sapropelite, have inspired scientists around the world. The factors, which caused such accumulations are
not only of commercial interest, but also specifically for related topics in palaeoclimate, such as oil shales
(0S), formed throughout the Earth’s history in a wide variety of marine, lacustrine, and continental
environments. In nearshore marine settings, the deposition of organic rich sediments is related to a
massive increase in primary production because of the wind-driven upwelling of nutrient-rich water

towards the ocean surface.

Organic rich deposits during a time span of more than 20 Ma in the Upper Cretaceous are part of a major
upwelling system at the former southern coast of the Tethyan Ocean. In Israel, the Late Cretaceous
organic rich carbonates, locally termed as “oil shales,” cover a patchy area and are mostly associated with
silica (chert) - phosphorite and anomalously high substances of organic matter (Si-P-C). In the southern
Negev, Israel, the accumulation of a 40 m thick oil shale sequence during the latest Campanian marks a
major change in the dynamics of the Late Cretaceous southern Tethys upwelling system (Ashckenazi-

Polivoda et al., 2011).

The part of the Institute of Mineralogy and Geochemistry, Karlsruhe, within the binational project, was to
focus on analyses on the inorganic geochemistry of these samples, with the goal to achieve a high-

resolution general lithogeochemical characterisation of the section.




Abstract

In the course of the thesis, it is shown how subtle changes in bottom-water aeration, surface water
productivity, and terrigeneous vs. bioclastic input, are reflected in the geochemistry and foraminiferal
assemblages of the sediments. Lastly, the results were merged into a new conceptual geochemical model

about the evolution of the high organic carbonates along the Southern Tethyan coast.

To achieve this, we combined high-resolution sedimentological, biostratigraphical and inorganic
geochemical analyses on a profile of one of the largest oil shale reservoirs in southern Israel. The reservoir
is located in an open quarry (Mishor Rotem) in the central Negev desert and represents the transition from
the Mishash formation (Campanian) to the Ghareb Formation (Maastrichtian). For a better understanding
of the palacoenvironmental changes on a profile, extracted samples were split for inorganic, organic and

biostratigraphical analyses.

The quarry was originally considered representative because the sampled material and foraminiferal
assemblages were fresh and unaltered, with a low thermal maturity and well-preserved fossils
(Ashckenazi-Polivoda et al., 2011). About 250 samples were taken in 10 and 20 cm intervals from a 50 m
sequence which includes the upper part of the Phosphate Member (PM) of the Mishash formation, as well
as the complete Oil Shale Member (OSM), and the base of the Marl Member (MM) of the Ghareb
formation. The chemical composition of selected bulk sediment samples and of foraminifera tests were
analysed by means of different high resolution techniques (ED-, WD- XRF, ICP-MS, ICP- OES, HR-ICP-
MS). Results obtained by means of ED- and WD-XRF were used for multivariate statistical analyses. This
method groups related variables, and thus geochemically coherent groups, into a limited number of factors

that account for a substantial proportion of the variance of the data.

Principal component analysis of major and trace elements concentrations of the studied sequence allows
distinguishing between two factors. The two-factor model explains 84% of the variance contained in the
initial data set, with high factor loadings. Based on the geochemical characteristics of the parameters, the
factors have been interpreted to represent the degree of water oxygenation (Factor 1) and the input of the

bioclastic versus terrigeneous detrital components into the sediment (Factor 2). The Israeli co-partner used
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similar statistical techniques that are based on the vertical distribution pattern of foraminiferal
assemblages. Statistical results defining a high-resolution palacoenvironmental scheme, which summarise
five planktic (P-Type) and benthic (B-Type) foraminiferal assemblages. Due to productivity reasons of

surface water and favourable bottom-water aeration, those assemblages flourished effectively.

In order to disclose the environmental factors, which controlled the deposition of the oil shales of the
Ghareb fm., the chemostratigraphic data evaluated by means of factor analysis and the resulted factor
scores were matched with the biostratigraphic interpretation prepared by the Israeli co-partner. Summating
all notions, it seems like the statistical analysis of micropalacontology and inorganic composition of the

sediments lead to an identical conclusion about the palacoenvironment. This will be briefly shown below.

The pattern, which occurred in the bulk inorganic sediment chemistry and organic carbon, coincides with
gradual upward changes, in benthic and planktic foraminiferal community, within the profile. This is in
accordance to the Israeli project partner, their results implying a gradual shift from eutrophic to
mesotrophic and strong anoxic to dysoxic conditions (Ashckenazi-Polivoda et al., 2011). This, in return,
corresponds with own results, implying a gradual shift from calcareous, bioclastic sedimentation in a
strong anoxic environment, towards the top of the oil shale profile to more aerated conditions and
simultaneously to more detrital input. A more detailed discussion about the indication of factors that show

how the palacoenvironment has been changed is given by the application of several inorganic proxies.

All results from the high-resolution inorganic geochemistry reveal that the oil shale deposits show a
division into two different geochemical main units, which is termed as Lower Oil Shale unit at the base
and the overlying Upper Oil Shale unit. The cross plot between uranium and phosphor gave some insights
into the geochemical history of these two parts. In terms of differences in the redox potential, both the
units Lower Oil Shale (LOS I, II) and Upper Oil Shale horizon differ significantly, thus concluding that
LOS were deposited under highly anoxic/sulphidic conditions at the sediment/water interface. In the
contrary, regarding the oxygen content in the sediment, the Upper Oil Shale unit displayed upward

oscillating conditions. This might be caused due to a bioturbated sedimentation regime with periods of a
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higher oxygen concentration in the pore water. Further conclusions about the seawater chemistry are given
by using a cross plot between the bulk sediment concentration of Mo and the amount of total organic

carbon (TOC).

The molybdenum concentration in the sediment depends on the concentration of dissolved Mo in the
seawater itself and the level of organic carbon in the sediment (Algeo and Lyons, 2006). In times of highly
reducing/euxinic conditions molybdenum correlates well with the organic carbon concentration in the
sediment. A calculation of the rsMo/C,, ratio therefore leads directly to the Mo concentration in seawater.
Deviations in the regression slope (rs) can be used to reveal information about the bottom water renewal
time (tpw). There is a low concentration of dissolved Mo as a result of limited water circulation. Hence,
the application of this proxy yields a rsMo/C,, ~ 8 for the PM, whereas for the OSM only a rsMo/Cq ~1
exist. This is interpreted in terms of a drastic change in the deepwater renewal time at the Campanian-
Maastrichtian transition. Micropalaeontological results from the Israeli partner support the above
mentioned notion, and reveal a drastic change in the foraminiferal assemblage composition, which is
further interpreted in terms of a massive change in the water mass circulation along the former Tethyan

coast.

Similar results from the pyrite sulphur isotopy support this, not merely the results from chemical
determination of bond sulphur tell, that at the base of the OSM more than 90% of sulphur is bond onto to
organic matter. Subsequently, based on wet chemical analysis and sulphur isotopy, a shift from a more
sulphate-limiting system at the base of the OSM to more aerated conditions towards the top of the profile
can be seen. This is in strong accordance to sulphur isotope signatures (8**Squphiae), Which show extremely
heavy values at the base to lighter and more strongly fractionated values at the top of the profile. Such
super-heavy 834Sm1phide values from -16%o to -24%o were interpreted as a result of a massive reduction in
the water mass circulation at the base of the OSM (Szlen et al., 1993). Another possible explanation for
the above mentioned notions arises from an installation of a chemocline close to the bottom, which is

sufficient to prevent a thermal water mass stratification. Furthermore, this perhaps signifies a formation of
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syngenetic pyrites formed in the upper water column ore above the sediment/water interface. Unlike the
Lower Oil Shale, the Upper Oil Shale horizon was influenced by more aerated conditions due to a retreat
of the Oxygen-Minimum-Zone (OMZ) from the inner passive continental margin, thus allowing
bioturbation at the sediment/water interface. These findings are corroborated due to a light isotopic
sulphide composition from -30%o to -42%o and a higher degree in fractionation (33%o to 60%o). This
corresponds with the rsMo/C,,,, and micropalaeontogical results by the Israeli partner. Their outcomes
imply a re-occurrence of the benthic and planktic foraminifera assemblage composition at the transition

from the LOS toward the Upper Oil Shale unit.

In order to identify in which marine settings the deposition of organic rich sediments took place, a well-
established proxy for determining the source of marine organic matter is given by the application of the
Ni/V relationship. Own results show a Ni/V ratio of < 0.5 in the Lower Oil Shale, due to the preferred
incorporation of vanadium into the porphyrin, instead of nickel. On the contrary, a higher Ni/V ratio of >
1 is observed in the Upper Oil Shale horizon, which might be explained by the low input and preservation
of porphyrin in to an environment that changes from a saline (non-marine?) to marine carbonate (non-
siliciclastic) environment. Furthermore, based on the results, it was concluded that a gradual shift from a
restricted water circulation to a more open marine condition towards the deposition of the MM took place.
The German partner from the University Frankfurt, probably support the above mentioned notions due to
the detection of several sulphur containing compounds (thiolane(3-methyl-5-(3,7,11-trimethyldodecyl)-
thiolane), which belong to the aromatic hydrocarbon fraction. These results may suggest a deposition of
hydrocarbons in sediments, which were deposited under hyper-saline and euxinic conditions (pers. com.

Wilhelm Piittmann, 2010).

In pursuit of the project, a main goal was to answer the question whether the sedimentary input has
changed significantly. The transition from the underlying PM to the LOS reveals a distinctive change in
the sediment composition. The results obtained by applying a ternary diagram (Zr — Ti — Al,O;) indicate a

change in the transport mode and point to a gradual change in the sedimentary composition of the
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delivered material. During the transition from the LOS, being a clastic component, a gradual change to
sediments containing more clay mineral is observed from base to top of the profile. Such distinct changes
might be explained due to sea-level changes which is shown by Haq (2014). Consequently, a change in the
sea level leads to a complete reorganisation in the transport route/length and delivery method of the

deposited sediments.

The preservation of the foraminiferal assemblage can also be used to reveal a late diagenetic
statement. This can be shown exemplary by the analysis of the '*0/'°O ratios from benthic and planktic
foraminifera, obtained by our Israeli partner, which show light §'*0-values of about ~ -7%o. In addition,
the analysis of sulphur isotopes reveal isotopic light values of 34Ssu1phate, interpreted as a massive
penetration of meteoric water which has led to an oxidation of pyrite and light §34Ssupnate values between
-3%0 and -20%o. Therefore, both results support the theory, that the profile is affected by weathering
processes that significantly alter the original chemical composition of the deposited sediment and enclosed

foraminifer’s shells.

Due to their occurrence on the seabed as well as in the water column, both benthic as well as planktic
foraminifera are excellent markers for changes in palaco-seawater chemistry. An analysis was performed,
to acquire new insights into the palacoxygenation of the environment. For this purpose, a cleaning
procedure was used, which is based on previous works of Boyle (1981), Boyle and Keigwin (1985),
Elderfield et al. (1996), Hastings et al. (1996) and has been refined by Meudt (2004). Some elements, such
as Mo, As, and U, are enriched in organic-rich anoxic waters and should be a signal for an enrichment of
redox-sensitive elements in the respective tests. Typically in times of high productivity (high biomass
production), which are expressed by depletion of micronutrient (Ni, Cu, Zn, Cd) in seawater, lower minor
elements concentrations in foraminifer’s shells occurs. The interpretation of these results reveals that both
benthic and planktic foraminifera match the pore water milieu and cannot be used for interpretations in the

palaeoenvironment.
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State of the research

1. Objectives

The main objective of the inorganic part of this project is by analysing trace elements, stable isotopes and
their relationship to foraminiferal assemblages, to establish factors that controlling the accumulation,

distribution, and preservation of the organic matter.

It was originally concluded, that the chosen profile exhibit thermal inmature and well-preserved
sediments, including foraminifera. However, preliminary analysis exhibit isotopic values in lgObenthic+planktic
foraminifera that show lighter values, which expected. By this fact, an additional goal arises from that to
get more precise conclusion about the extent of late diagenetic influence on bulk sediment and

foraminifera.

To achieve these goals, in course of this project we have used well established proxies (e.g. V/Ni, U, Fe-S-
C systematics and 8°*S) and by determination of selected trace elements in foraminifera to get more
conclusions about a high resolution stratigraphy and subtle changes in to the pore water and overlying
water column. Subsequently, obtained 8**S was also used, to distinguish between oxidizing conditions

(sulphate) and reducing conditions (sulphide) at time of diagenesis.

In order to minimize effects from late diagenetic stage, that change the composition of trace elements in
test's of foraminifera and bulk sediment as well, I applied a multi-proxy analyses in combining with a

multi-variant statistical analyses.

In a last step, the ascertained high-resolution proxies merged into a conceptual geochemical deposition
model, which explains the evolution of the upwelling sequence during the transition from Campanian to

Maastrichtian time.
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2. State of the research
Organic rich rocks (oil shale/black shale) are in many ways an interesting object in marine and geological

research (Dyni, 2003). One of the reasons is that these rocks represent anoxic events that are temporally
and spatially widespread throughout the earth’s history. Another significant aspect is the increasing
economic importance of oil and gas resources, which is promoting the acquisition of new knowledge on
their formation. Based on their different types of accumulation, these rocks provide a wealth of
information about past environments and unique ecosystems: “They range in age from Cambrian to
Tertiary and were formed in a variety of marine, continental, and lacustrine depositional environments
thousands of square kilometres and reach thicknesses of 700 or more meters” (Dyni, 2003). One of the
most important factors of oil shale deposits is their widespread distribution around the world — some 600
deposits in more than 30 countries are known. These identified resources contain shale oil of almost 500

billion tonnes, or approximately 3.2 trillion barrels (http://iei-energy.com/).

Organic-carbon-rich rocks, commonly termed as "black shales," consist of dark grey to black, laminated,
carbonaceous mud rocks characterised by an impoverished benthic fauna, or devoid of metazoan life
(Shpirt et al. 2007, Arthur and Sageman, 1994). The amount of organic carbon in black shale never
exceeds 15 wt. % (Fiichtbauer and Miiller, 1988). Unlike black shales, oil shales are broadly defined as
fine-grained sediments that contain a significant amount of organic matter, generally more than 10 wt. %,
in form of hydrocarbons (oil and gas) (Dyni, 2004, 2003; Fiichtbauer and Miiller, 1988). According to

Neuendorf et al. (2005), black shale can be defined as:

“... a dark, thinly laminated carbonaceous shale, exceptionally rich in organic matter (5 % or more carbon
content) and sulphide (esp. iron sulphide, usually pyrite), and more commonly containing unusual

concentrations of certain trace elements (U, V, Cu, Ni).”

Whereas oil shale is defined as: “... a kerogen-bearing, finely laminated brown or black sedimentary rock
that will yield liquid or gaseous hydrocarbons on distillation.” (Neuendorf et al., 2005). The debate about

the correct definitions for these kinds of rocks is still underway. In order to avoid misleading
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interpretations, we follow both definitions by Neuendorf et al. (2005), which state that black shale usually
contains appreciable amounts of trace elements, whereas oil shale is broadly defined as yielding liquid
hydrocarbons on distillation. According to Minster and Miknis (1994), Gvirtzman et al. (1989), Reiss et
al. (1985), Spiro et al. (1983) and Shahar (1968), we prefer using the traditional term of our Israeli project

partner ,,0Oil shale — organic rich carbonates®.

As shown in fig. 1, the deposition of both

Water-Mass
Mixing

| River Inftux

(black and oil shales) requires a supply of

Evaporative
Cross Flow

;

organic matter and conditions that are

‘ Consumer Population

conducive for the preservation of organic

‘ Oxidant Supply Rate
Burial Rate

Clastic Supply Rate

Destruction

material (Production). These conditions

include the depletion of dissolved oxygen

Biogenic Supply Rate

Chemical Supply Rate

in the water overlying the sediment/water
interface (Destruction - Dilution), and
Fig.1 Factors controlling the accumulation of organic-rich

rocks (ORR) (Passey et al., 2010) the subsequent accommeodation of

organic matter on the seafloor, which will finally result in the deposition of organic-rich rocks (ORR)

(Passey et al., 2010).

Based on the composition of marine vs. terrestrial organic matter, mineral content, soluble OM (bitumen),
and insoluble OM (kerogen), attempts were made to classify different types of organic-rich rocks (Cook
and Sherwood, 1991; Hutton, 1987). Based on the classification scheme of Hutton (1991, 1987), which is
shown in fig. 2 (next page), oil shales can be categorised in three groups, comprising humic coals,
bitumen-impregnated rocks, and oil shales. Depending on their environment of deposition Dyni (2004), oil
shales can be further classified in terms of terrestrial, lacustrine, and marine origin. Lipid-rich organic
matter is the main source for all types of oil shales, but a main difference between these arises from the
different composition of the lipid-rich organic matter. For example, in terrestrial organic matter lipids are

mostly made up of resin spores, waxy cuticles, and the corky tissue of roots
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Fig.2 Classification of oil shales (Hutton, 1987)

and stems of vascular terrestrial
plants that are generally found in
coal-forming swamps and bogs

(Dyni, 2004, 2003).

In contrast, in lacustrine oil
shales, the constituting lipid-rich
organic matter is derived from
algae that live in saline, brackish

lakes (Dyni, 2004, 2003). In oil

shales from marine origin, the lipid-rich organic matter is derived from marine algae such as dinoflagellata

and acritarchs (Dyni, 2004, 2003). From preliminary investigations, the type of organic matter in the

research area is known (C/N ratio and §"°C), and they are mainly derived from marine algae (Schneider-

Mor et al. 2012). Therefore, we will mainly focus on marine oil shales (kukersite, tasmanite, and marinite)

in this project. These terms refer to the different locations, where these types of organic rich sediments

have been initially described.
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2.1.  The palacooceanography of upwelling systems
Important areas of marine organic rich rock accumulation are high productivity systems that are mostly
located on the western margins of the continents. Such areas are also known for extraordinarily high
accumulation rates for carbonates, phosphates, and silica (Giraudeau et al. 2000; Obrien et al. 1981);

Obrien and Veeh, 1980).

Today, eastern bondary current systems (EBCS)
are developed along the eastern margins of both
the Pacific and Atlantic Oceans (Doney et al.
2012; Stewart, 2007). Recent EBCS are
characterized by high primary production due to

sustained nutrient input by vertical water

circulation (Marchesiello, 2009). Approximately,

Fig.3 Areas of recent upwelling (EBCS) in the world,
red lines (http://oceanservice.noaa.gov)

25% of the annual marine fish catches come from
there, despite upwelling’s cover only 5% of world's ocean (Mann and Lazier, 2006). The main factors that
affect the strength of organic matter accumulation in upwelling systems are: wind stress (monsoonal
winds, passat winds), changes in the composition of intermediate waters between 200 and 500 m water
depth (e.g. caused by freshwater input), and changes in the strength of upwelled water. Additional factors
are related to changes in the expansion of the oxygen minimum zone (OMZ), circulation of advected
bottom water and the input of detrital material by rivers and winds. Recent studies confirmed these notions
and found some additional oceanographic factors that influence the primary production (Gilly et al. 2013,
2011; Marchesiello, 2009; Rossi, 2008; Gruber, 2006; Kuypers, 2005). For example, the upper bondaries
of the OMZ? can have major effect on the vertical distribution of planktonic organisms and therefore on

their contribution to the sediments.

2 midwater ocean layer with reduced oxygen concentrations in the world's ocean (<20-40umol kg™), typically at depths of 100-1.000 m; these
result from a confluence of upwelling, high primary productivity, stratification, and minimal mixing acting on “old” seawater Levin and Sibuet
(2012); Gilly et al. (2013)
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Recently, some attempts have been made to explain the formation of black shales. Lately, Gilly et al.
(2013) argues that primary production is the main cause of organic matter accumulation, because a higher

surface productivity creates more organic detritus that can be consumed by microbial communities.

Concerning the organic matter accumulation, (Challands et al. 2009), summarised several models:

(1) the runoff model (Bjerrum et al. 2006; Beckmann et al. 2005a) has been proposed tropical latitudes
and under a warm climate, when the continental runoff increased the transport of nutrients and lead to an

increase in productivity and organic carbon export

(2) the upwelling model (e.g. Pope and Steffen, 2003; Summerhayes et al. 1992; Totman Parrish and
Curtis, 1982) is most suitable for mid- to high latitudes with well-developed trade wind zones and possibly

best applicable for the studied case here
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(3) the transgressive model (Leggett, 1980) explains the organic rich accumulation as a function of the
expansion of the deep ocean oxygen minimum zone during a rising sea level, enhancing the OC

preservation in high productivity near-shore environments

(4) the productivity model (e.g. Brumsack, 2006; Calvert and Pedersen, 1993; Demaison and Moore,
1980; Arthur and Schlanger, 1979) stating that the main factor for organic matter accumulation is a high
surface productivity and subsequently a high degradation rate of organic matter, which leads to an

oxygen-deficit in both surface- and bottom water and thereby to the preservation of organic matter (OM)

(5) the stagnation model developed by Tyson (1991), Stein (1990) and Reiss et al. (1985) proposed that
widespread anoxic bottom water conditions were the result of restricted water circulation and/or related to

high flux of organic matter from phytoplankton

In summary, in all these models organic matter accumulation is a consequence of an oxygen deficit in the
water column or the sediment/water interface. This is caused by high surface productivity and promotes a
high accumulation rate and preservation of organic matter. However, Zonneveld et al. (2010)
demonstrated in his review that additional factors influence the preservation of organic matter. This
includes the amount and the type of mineral ballast and both the flux rate, composition and preservation of

OM that is produced in the upper water column and subsequently delivered down to the seafloor.
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Fig.5 Schematic model of a resuspension loop of aggregated particles, modified after Thomsen et al.,

(2002)

Besides the mineral ballast, small refractory particles, including coccolithophorida, diatoms (opal) are too

small for sinking. To enhance the sinking velocities, these particles will be incorporated in pellets or

marine snow aggregates. For example, Inthorn et al. (2006), Thomsen et al. (2002) and Littke (1993)

differ between distinct types of mineral ballast® and transport to calculate the difference in sinking

velocities (fig. 5). This distinction is important for understanding the degradation potential of the OM,

which varies in cases of terrestrial or marine organic sources due to their different composition. Moreover,

terrestrial OM can alter before entering the marine realm. For example, particles that are transported in

suspension undergo repeated sedimentation followed by aggregation/disaggregation and scavenging

which, in further (repeated) steps, leads to the release of finer organic debris. These processes of lateral

suspension and transport have a significant effect on the quality and the preservation of organic matter

(Thomsen et al., 2002).

3 Different types and sizes of mineral ballast: terrigeneous organoclasts (100-10um), quartz grains (10pum), fecal pellets (1mm), according to

Littke (1993).
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2.2.  Modern major upwelling systems

One major objective for reconstructing ancient upwelling systems is to compare its main oceanographic,

faunal and geochemical features to those of modern ones. In the course of the following lines, the author

will introduce some of the features that determine the formation of upwelling systems and discuss their

formation.

Distinguishing different oceanographic conditions

Fig.6 Surface waters are replaced by cold, nutrient-
rich water that has up-welled from below
(http://oceanexplorer.noaa.gov)

concentrations of chlorophyll-a (Thiede and Suess, 1983).

Oxygen-Minimum Zone

Three originators that cause an upwelling are
Ekman transport, Coriolis effect and wind
currents (Bakun, 1990). The strength of a wind
current determines the intensity of the
upwelling water, as shown in fig. 6 (Tomczak
and Godfrey, 2003). It has been shown that
upwelling water is nutrient- and O,-rich, and
stimulates the bioproductivity in the surface

water which is expressed in  high

The stimulation of surface productivity is a result of a complex interplay between sunlight,

temperature, salinity, and dissolved nutrients. The concentration of dissolved oxygen in the ocean varies

greatly both in depth and along the surface (Stramma et al., 2012). Direct consequences of this process are

phytoplankton blooms resulting in thermal stratification of the water column and the formation of an

oxygen-minimum zone (OMZ) below the euphotic zone (Stramma et al. 2012; Keeling et al. 2010;

Paulmier and Ruiz-Pino, 2009).
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characteristic profile for dissolved oxygen
in the water column for the eastern tropical
North Pacific region. Different colours
indicating depth of (1) Euphotic zone (2)
oxygen limited zone - OLZ (3) oxygen
minimum zone — OMZ, modified after Gilly
etal (2013)
Upwelling cell

Such areas in the world's oceans (Pacific, Indian-
Atlantic ocean) are well defined due to a decline in
the oxygen content in the upper water column and
their decreasing trend towards the bottom. They range
in depth from 100 — 900 m. As shown in fig. 7, within
this layer the oxygen threshold in an OMZ is defined
as < 20 pmol kg (Paulmier and Ruiz-Pino, 2009). All
recent upwelling systems are affected by the
installation of a permanent OMZ. This zone impinges
the sediment in different depths that range, for
example at the California margin, from ~500 up to
2000 m (Thunell et al. 1994; Shiller, 1983), Arabian
Sea (150 - 3200 m), (Cowie, 2005; Nagender Nath et
al. 1997), Namibian/ Benguela margin (200 - 400 m),

(Emeis and Morse, 1993), Peru (50 - 600 m) (Mufioz

et al. 2004).

Widespread phenomenon of Eastern Boundary Currents (EBC) is the installation of upwelling cells. For

example, seven different cells are occurring off the Namibian coast. These cells are producing 0.35 Gt

carbon per year (Campillo-Campbell and Gordoa, 2004; Carr, 2003). Similar observations are reported

from the Peruvian upwelling system, in which occurring upwelling cells (plumes about 100-300 km

diameter) are restricted to a patchy area of cells located at 100-300 km off the Peruvian/Chilean coast

(Acha et al., 2004). Numerous reports state that these upwelling cells are accompanied by filaments that
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can be described as narrow bands of cold water in vicinity to the coast. Their principal feature is to bring

cold-water currents closer off the upwelling coasts (Tomczak and Godfrey, 2003).

Eddies and filaments

Fig.8 The Arabian Sea including the Omar margin at the
Arabian coast, modified after Tomczak and Godfrey,
(2003) and Luther et al. (1990). Note blue stripes are
filaments

A so-called quasi-stationary front close to the
position of the shelf-break often occurs. These
oceanographic boundaries between the coastal
upwelling and the oceanic basin regime are
frequently marked by jet currents, eddies and
filaments directed alongside the coast. Such
filaments are observed in regions of major
upwelling in Peru/Chile (Acha et al. 2004),
Namibia/ Benguela (Tomczak and Godfrey,
2003) and the Arabian Sea. As shown in fig.

8, within this region both the Findlater Jet

Axis and the filaments transport cold and nutrient rich water (Brock and McClain, 1992).

As mentioned above, another feature that is in still controversial debate is by so- called eddies which are

defined as ephemeral meso scale surface counter clockwise circulation of water masses. It is thought that

such phenomenon might lead to loss of nitrogen from the near surface water off the coast (Gruber et al.,

2011). In terms of the Peruvian system these eddies develop alongside the coast and decay in a time span

within few days or weeks (Acha et al., 2004). In opposite to the eddies that are observed in the Benguela

current, this one transport water from the Indian Ocean in to the Atlantic Ocean, their life time spans about

many years. Their “main task™ is to contribute to recirculation of North Atlantic Deep Water (Tomczak

and Godftrey, 2003).
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Faunal distribution of calcareous and siliceous organism
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Fig.9 A cross-section in a recent upwelling system, modified after Inthorn et al., (2006), and Giraudeau
etal., (2000)

One of the first aspects that should be viewed is the faunal distribution of some calcareous and siliceous
organisms, which are responsible for the major organic flux in the euphotic zone. Figure 9 shows an
example for the faunal distribution in the surface water of the recent Namibian upwelling system (Walvis

Bay).

The Walvis Bay is exemplary for other upwelling areas despite some minor differences to other upwelling
areas. Giraudeau et al. (2000) explores the phenomenon of the distinct contribution of biogenic
components (carbonates, opal, and organic matter) to the total biogenic flux. In upwelling areas

coccolithophores and planktic foraminifera are the main contributors to calcareous sedimentation at the
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outer shelf regions, whereas diatoms compose the dominant component that controls the sedimentation
onto the inner shelf area. Coccolithophorida prefer to inhabitate mesotrophic* and oligotrophic water
masses (outer shelf), in contrast to diatoms that live preferentially in eutrophic inshore water. These
diverse habitats are separated by differences in the influence of water masses, bottom topography, and
additional topographic factors like the location of the shelf breakfront. In turn, the shelf breakfront
determines the location of the upwelling cell and therefore the nutrient availability. This notion is
confirmed by Schiebel et al. (2004), and (Thomsen et al. 2002), at the Oman margin. In addition, both
authors stressed that the major part of the biogenic flux and bulk sediments is resuspended material from
the outer shelf area (see also section 6 for a detailed discussion). Hence, we find a similar sequence of
carbonate-, opal and phosphor-rich sedimentation (Ca-Si-P) in ancient analogues (for example Cretaceous

Levante Basin).

Geochemistry of surface sediments: example California Margin
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Fig. 10 The Southern Continent Californian Borderland
margin as part of the California upwelling region (map is
drawn with ARCGIS).

complex interplay of seasonal

upwelling, ocean currents, and trade

4 . . . . . S . . . .
It common to differentiate between distinct stages in terms of the nutrient availability in water masses: oligo-, meso-, eutrophic systems in which
the most limiting factor is the phosphate content.
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winds in combination with aeolian and fluviatile input. Within this area, seasonal wind patterns that occur
in winter cause an enhanced surface productivity. Unlike during the summer months, when the winds are
prevailing from the south and trigger a monsoonal climate with increased rainfall and reduced primary
productivity (Barron et al., 2004). The opal production in early autumn coincides with a stronger
upwelling, which initiates an anoxia in the water column, a condition that has led to the most rapid
accumulation of biogenic sediments in the world (Barron et al., 2004). The water below sill depth (475m)
is generally low in oxygen and shows evidence of nitrate reduction (Shiller, 1983). The OMZ at the
California margin ranges in depth from ~500 up to 2000 m. Moreover, the southern California Borderland
margin is separated by a series of sills, which hamper the water mass circulation followed by a restricted

circulation, and high carbon flux induces almost anoxic conditions (Tomczak and Godfrey, 2003; Pinet,

1992).

Sed rate [cm/ka]
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Fig.11 ODP sites for sedimentation rate along the Californian continental margin, data source and modified
after Lyle et al. (2000), note the use of a logarithmic scale for sedimentation rate
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With respect to the California margin, several authors have examined the sedimentation rates in this zone
in detail. Lyle et al. (2000, 1992), fig. 11, analysed the sedimentation rate on five Leg 167 drill sites and

three piston cores.

They report different sedimentation rates up to 5 - 50 cm/ka within this area (Hovan et al. 2000; Lyle et al.
2000). Similarly, Barron et al. (2004) re-evaluated the sedimentation rate for the last 150 ka and calculated

an average rate ~100 cm/ka.

Irino and Pedersen, (2000) analysed the minor and trace elements, to track sediment source and pathways,
by using Q-mode factor analysis, north of the Santa Barbara Basin, Site 1017. Results of this study reveal
that a mafic complex in the mainland (Fransican Complex), acts as the main source for detrital input into

the continental margin, which may enhance the bioproductivity at the Californian shelf.

Phytoplankton assimilate major and trace elements from the seawater (Coale and Bruland, 1988). The
phytoplankton is grazed by zooplankton and the trace elements are integrated into the zooplankton
biomass. A study by Renteria-Cano et al. (2010), in this region, concluded four clusters in which major
and trace elements contribute to the zooplankton biomass: These include firstly - redox sensitive metals
(Cr, Cu, Mo, As), secondly - trace metals from terrigeneous origin (mostly REE), thirdly - biologically

active trace metals (Fe, Sr, Ba, Zn, Br, Zr) and lastly - major elements (Na, Ca).

A special role is played by U, Mo, V, and Cd as proxies for anoxia and productivity (Dean, 2007;
McManus et al. 2006; Zheng et al. 2002; La Lanza-Espino and Soto, 1999; Brumsack, 1989). On transects
at the Oregon coast, Zheng et al. (2002) measured the diffusive flux of uranium into the sediment in pore
water. Results primarily suggest a separation in slope and deep sediments and a strong coupling between
the authigenic enrichment of U, which is higher in slope sediment than in the deeper sites. This is a result
of bioturbation in slope sediments, which leads to a remobilisation of authigenic U, and subsequently an

upward diffusion into an oxidizing zone. Moreover, due to a lack of connection between the organic-
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carbon flux and pore water condition, it is apparent that the U reduction is mediated by bacteria,

(McManus et al. 2006; Zheng et al. 2002; Lovley, 1991).

Ishiwatari et al. (2000) analysed the organic carbon (4 wt. %), and total sulphur content, which ranges
between 0 - 1.78 wt. %, at the Northern Californian margin (34.3°N). Finally, (Volkov, 1984) and
(Rozanov et al. 1976) report about sediments from the Southern Gulf of California with an average Co,

content of 3.25 - 9 wt. %.

Fe-S-C systematic

In this section, a few cases will be considered to exemplify to what extent the Fe-S-C system can be used

to describe the degree of anoxia in upwelling regions.

Despite some limitations, several authors have used the degree of pyritisation (DOP) in combination with
Fe-S-C system to recognise the extent of anoxia in organic rich sediments (Rickard, 2012; Schultz, 2004;

Werne et al. 2002; Emeis and Morse, 1993; Hatch and Leventhal, 1992).

Originally, the assumption was made that all S, formed in normal marine sediments with an overlying
oxic water column, show a linear relationship between Co-Spyrite (C/S- value) with a positive intercept. In
addition, this can be used empirically, to separate between anoxic and euxinic conditions by a positive

intercept of C/S ratio of 2.84+0.8. (Hatch and Leventhal, 1992).

For the Benguela upwelling system (Walvis Ridge), (Emeis and Morse, 1993) found an average C/S ratio
of 4.45 that is atypical for marine sediments. Similar ratios were found by (Emeis and Morse, 1993) in the
Peru and Oman upwelling areas. In the same area, much higher C/S ~ 20 values were reported by Inthorn

et al. (2006).

Several authors analysed the iron-sulphur-carbon system in the Peruvian upwelling system, for example

(Liickge et al. 1996), sites 679-681, (Emeis and Morse, 1993,1990), and Peru margin, sites 680 and 688,
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(Emeis and Morse, 1990, Volkov, 1984). Elevated C/S ratios are 6.8 (site 688) and 5.7 (site 680),

respectively. These exceed the expected values in normal marine conditions.

On three DSDP sites (722, 723 724%), a C/S ratio is reported from the Oman margin that deviates from the
usual C/S ratio in normal marine sediments (~2.8). Obtained C/S values show huge differences depending
on their location at the shelf area. In this context, ODP site 722, shows a C/S ratio ~4, whereas on site 723,
values are up to 48 and show large variances (1.5-48). Similar values are reported by (Seifert and
Michaelis, 1991) on site 724. The observed values do not deviate significantly from the average value
around 30. Emeis and Morse (1993) interpret such unusual values in terms of limits in the degradation of
organic matter and postulate a non-iron limited system. Schenau et al. (2002) suggest that the iron is still
available for pyrite formation, based on the DOP values (0.6-0.9). The obtained C/S values alternate
between organic—rich vs. organic-poor layers (4-13.2). This suggests neither a sulphate limited system nor

an accumulation of less reactive organic matter.

Based in a degree of pyritisation (DOP) close to 0.4, Emeis and Morse, (1993) conclude a non-iron limited
system for pyrite formation at the DSDP Hole 735B. Briichert et al. (2000), found similar DOP results
~0.4 at three boreholes at the DSDP site 1084. Based on the Fe-S-C relationship, Borchers et al. (2005)

assumed that a complete pyritisation takes place at the sediment/seawater interface .

From these studies, the conclusion can be drawn that C/S-ratios may be inappropriate as
palaecoenvironmental indicators within these areas. Further details have been discussed elsewhere

(Rickard, 2012; Morse and Berner, 1995; Emeis and Morse, 1993; Emeis et al. 1991).

* Site 722 is located far away from the outer shelf (2038m water depth — below the OMZ) about 150km, site 723 inner shelf (800m water depth —
within the OMZ) area to the Omar coast, 724 continental slope
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2.3. The palaeooceanography and climate of the Upper Cretaceous upwelling
system of the southern Tethys

The late Santonian to Maastrichtian sediments in Israel contain a sequence of organic rich carbonates (syn.
oil shales), phosphates, and cherts-porcelanites, so called (C-P-Si). This sequence was deposited mainly in
approximately 30 synclinal basins, formed by the gentle folding of the Syrian Arc system (Krenkel, 1924).
In the current study, the focus was led on the oil shale occurrence in an open quarry in the Mishor Rotem
area, Negev (southern Israel), where we had direct access to freshly exposed rocks. This area was
described as residing within the inner-shelf of the Southern Tethyan margins (Soudry et al. 2006; Hoek et
al. 1996; Eshet et al. 1994; Almogi-Labin and Bein, 1993; Eshet et al. 1992). During the Late Cretaceous,
the oceanic Tethyan domain was situated within the intertropical belt (fig.12), a few hundred kilometres
above the Gondwana shoreline, at ~12°N (Gilles S. Odin, 2001; Camoin et al. 1993; Dercourt et al. 1993).

Following the breakup of the Pangaecan continent, in the Late Cretaceous, a vast area of shallow

Late Maastrichtian 96.5-65 Ma
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epicontinental seas covered the global continental margins (Hay, 2008), including the northern African
margin that led to the development of the Arabian platform (Guiraud and Bosworth, 1999; Gvirtzman et
al. 1989). In Israel, different oceanographic, tectonic (Syrian Arch) and eustatic conditions during the
Santonian-Maastrichtian interval have led to the deposition of the high productivity sediments, namely
cherts, porcelanites and phosphates of the Mishash Fm., as well as organic rich carbonates (OSM) and
overlying marls of the Ghareb Fm. (Gvirtzman et al. 1989; Reiss et al. 1985; Totman Parrish and Curtis,

1982).

Beyond the Syrian Arc to the south, the Mishash Formation becomes more uniform, predominantly of
pelagic chalk interbedded with chert-porcelanite horizons and some continent-derived clastics (Almogi-
Labin et al., 2012). The organic content (C,,. average 15%) with enrichment of trace elements reflects an
upwelling system (Ashckenazi-Polivoda et al., 2011, 2010; Edelman-Furstenberg, 2009, Almogi-Labin
and Bein, 1993; Gvirtzman et al., 1989). On the basis of lithological and faunal analysis, the Negev area
was described as the more proximal location relative to the more distal depositional basins situated in
central Israel (Ashckenazi-Polivoda et al., 2011; Abramovich et al., 2010; Edelman-Furstenberg, 2009;
Almogi-Labin and Bein, 1993). These distal locations (for example, the Shefela basin) contain almost
exclusively oil shale deposits without the chert-phosphate-porcelanites lithology appearing in the proximal

areas.
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The Late Cretaceous is known as a time of
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Keller et al. 2004; Abramovich et al., 2003;
MacLeod et al. 2001; Barrera and Savin, 1999;
Li and Keller, 1999). Simultaneously, in the
Late Cretaceous, three major sea-level changes from 75-74, 72-71, and 69-68 Ma are evident, fig. 13,
(Haq et al., 1987). There is still an on-going debate whether the observed trend represents a long-term
cooling or marks only a transient glacial episode: “Little is known about the causes, was this a continuous
or a stepwise event”? (Voigt et al., 2010). Two different hypotheses about the reason for the oxygen
isotopic shift have been made. Firstly, by interpreting this phenomenon in terms of changes in
intermediate to deep water circulation (Friedrich et al., 2008; Barrera and Savin, 1999; Li and Keller,
1999). Secondly, other authors explain this through a temporal build-up of ephemeral ice sheets in
Antarctica (Bornemann et al., 2008). Some of the first authors who recognised this problem and did not
exclude the possibility of the existence of an (ephemeral) ice shield, were Huber et al. (2002) and Barrera
and Savin, (1999). Unlike Haq et al. (1987), who merely noted several changes in the sea-level.

Continuously, Barrera and Savin, (1999) could show that a long-term cooling event in the intermediate
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and surface water masses took place, with the help of records of 8'*0 in planktic and benthic foraminifera
including different sites in the North- , South Atlantic, Indic and Tropical Pacific Ocean. Even more, the
long-term trend (Friedrich et al. 2012; Barrera and Savin, 1999) has been interrupted by three events with
positive isotopic incursion (short-term cooling events). A first excursion in the oxygen isotopes in a time
interval between 71 - 69.5 Ma has been observed, and a second interruption in the long-term trend in the
period between 68 - 67.5 Ma, and finally a last excursion is terminated approx. 65.78 - 65.57 Ma. Similar
events have been recorded in the Southern Atlantic, tropical Pacific, and Indian Ocean — these worldwide
observations confirm major sea-level changes, which suggest the existence of ephemeral ice-sheets during
the Late Cretaceous time (Miller et al., 2003; Friedrich et al., 2012; Koch and Friedrich, 2012; Miller et
al., 2003; Barrera and Savin, 1999). Finally, the transition from the Campanian-Maastrichtian is marked
by a drastic change in stable isotope excursions (in both §"*C and §'*0) which can be interpreted as major
drops in the sea level. Recently, this event is termed as Campanian-Maastrichtian Boundary Event

(CMBE); (Voigt et al., 2012).

In summation, the time interval between the Campanian and Maastrichtian (71-70 Ma) is marked by
rapidly decreasing temperatures, a fall in sea-level, and changes in the seawater circulation (Friedrich et

al., 2012; Koch and Friedrich, 2012; MacLeod et al., 2011)

Which factors lead to the development of a stable major upwelling system on the Southern Tethyan

margin?

In general, it is accepted that these rocks in the Southern Negev relate to a stable upwelling system over
20 Ma. years (Ashckenazi-Polivoda et al., 2011). The most intense upwelling phase occurred during the
middle-late Campanian (Soudry et al., 2006). Subsequently, in this time interval the palaco oceanographic
setting has been changed in the late Maastrichtian to more open marine conditions, (Almogi-Labin and
Bein, 1993; Bein et al., 1990). Atmospheric condition is one of the most important factors that have a
significant effect on the development of an upwelling system. During the Late Cretaceous time interval,

the prevailing trade winds direction was from NE — SW, with a stable high pressure system around the
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northern hemisphere (Soudry et al. 2006; Totman
Parrish and Curtis, 1982), thus having led to the
development of a stable upwelling system on the

Southern Tethyan shelf margin.

As a consequence, Soudry et al. (2006) proposed

that the massive accumulation of organic rich

sediments is a result of persistent upwelling

4 i

147

Fig. 14 Surface currents in the Late Cretaceous time
(www.scotese.com). Blue area is represented by  circulation, recycling dissolved phosphorous from
cold water, red shaded area mark warm,

intermediate water mass circulation intermediate Tethyan waters and distributing it to

the photic zone. Moreover, the author proposed that a major source of intermediate Tethys waters during
the Late Cretaceous was probably the North Pacific Ocean. As shown in fig. 14, from &y data Soudry et
al. (2006), and based on literature data (Stille et al. 1996; Stille, 1992), it is conclusive that two distinct
sources of intermediate seawater led to the accumulation of organic-rich sediments at the southern
Tethyan coast. Firstly, a so-called “Tethyan current” flowing in the eastern Mediterranean sea, and
secondly, an “Atlantic current” which promotes the accumulation of phosphates at the West African coast
during the Late Campanian time. In support of this notion, MacLeod et al. (2011) used &nq analyses to
demonstrate fluctuations in circulation patterns in the North Atlantic. His data suggest that changes in the
deep-water circulation, south of the Demara Rise, were responsible for climate effects at the Campanian-

Maastrichtian transition in the northern Atlantic.

Nevertheless, based on palaco-geographic reconstructions, it is apparent that the on-going breakup of
Pangaea in the Cretaceous time has led to the formation of a great wide shelf area. The covered shelf areas

are not comparable to those of modern day areas (Almogi-Labin et al., 2012).
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2.4.  Geochemical tools and proxies used in palacoenvironmental
reconstruction

In order to evaluate how anoxia may change the geochemistry of the pore waters of superficial sediment

and the overlying bottom waters, proxies may help to differentiate between anoxic, dysoxic and oxic

stages.

Sulphur-Iron Systematics

In past years, several approaches have been developed to recognise and distinguish among anoxic-
sulphidic and iron-rich or iron-limited systems (Tribovillard et al., 2006; Lyons and Severmann, 2006;
Lyons et al., 2003b; Raiswell and Canfield, 1996; Berner and Raiswell, 1984). Total organic carbon
(TOC) — S — Fe relationships is an important tool in reconstructing depositional environments, to describe
the degree of oxygenation, both within the sediment/water interface and the water column (Schultz, 2004;
Emeis and Morse, 1993; Hatch and Leventhal, 1992; Berner and Raiswell, 1983; Leventhal, 1983).
Furthermore, the occurrence of reduced sulphur (TRS: total reduced sulphur) in sediments is of interest, as
pyrite and iron mono-sulphides or organic sulphur are a consequence of microbial sulphate reducing

bacteria (SRB) decomposing organic matter. This, in turn, results in the release of sulphide ions in the
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Fig.15 Left: represents an idealised plot resulting from the formation of iron-limited syngenetic pyrite,
while the right graphic represents an S,,.i1/Cory plot of Black Sea sediments, also shown is the normal
Holocene marine sediment ratio of 2.8, modified after Rickard, (2012), Raiswell and Berner, (1985) and
Berner and Raiswell, (1983)
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pore-water, followed by its reaction with dissolved iron (IT). The amount of pyrite formed diagenetically is
limited by availability of one or more of these compounds. It is assumed, that in normal marine sediments,
the C/S ratio is controlled by the amount of microbiologically degradable organic carbon. In oxic normal
marine sediments an empirical regression slope of about 2.8 between the total reduced sulphur and the
amount of organic matter (C,) is observed (Leventhal, 1987; Berner and Raiswell, 1984), see also section
2.3 and fig. 15 (previous page). Freshwater sediments show high > 10 C/S ratios, because within this
environment, pyrite formation is limited by low sulphate concentrations in the pore water. In a euxinic
environment (e.g. Black Sea, Cariaco Basin), a low C/S ratio (< 2.8) usually occurs. Such ratio is
explained due to the occurrence of sulphide in the anoxic waters and the formation of pyrite in the water
column, as well as the diffusion of H,S into the sediment. Under these conditions, the availability of
reactive iron is the limiting factor in pyrite formation. Researchers seem to agree that in normal marine
environments the organic carbon reservoir is the main limiting factor in pyrite formation (Werne et al.,

2002; Lyons and Berner, 1992; Emeis and Morse, 1990).

Proxies in distinhishing environments (Stable Isotopes (0, C, S))

Oxygen

To reconstruct past ocean temperature, the oxygen isotope signal of the benthic and planktic foraminifera
can be used. Planktic foraminifera adapt the temperatures in the upper water column (sea surface
temperature - SST); whereas benthic foraminifera are recorders for reconstruction of the global ice signal

and temperature at the seafloor (bottom water temperature — BWT).

Two of the first geochemical proxies, which were routinely measured in foraminifera, are the '*O and "*C
(Katz et al., 2010). Foraminifera are made of calcitic tests and are widely distributed in recent and ancient
world oceans. Additionally, benthic foraminifera can be also used to track the deep-water source regions

(Katz et al., 2010). Since fractionation typically occurs in the magnitudes parts per thousand or per ten
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thousand, the measured isotope ratio is normalised against a standard and example delta notation as

indicated.
This is expressed by the following term (eq.1):

Equation 1

18 16
0/ " Osumy —1}-1000 %o  Eq.1

18 _
5 OSample - 180/]60
Standard

The 8'°0 of the calcitic organism shells is interpreted in terms of seawater-temperature, which can be

determined by the following empirical equation (eq. 2).

Equation 2
7°C= 16.5-4.3 (**80.-"* sOw) + 0.14 (**0,-"* 50,,)’ Eq.2

In this equation '*O, reflects the foraminifera isotopic composition of calcite tests, whereas '*O,, is the
isotopic composition of the ambient seawater and pore water. Additionally, the isotopic composition of
the seawater '*O, is a function of: (1) global ice volume and (2) river-water input and
evaporation/precipitation (Katz et al., 2010; Hoefs, 2009). For example, a salinity greater than 3.5%o in the
ocean seawater, leads to higher '*O values, as a result of the evaporation that leads to a depletion of '*O in
the vapour phase. During glacial periods, a great amount of water is stored in continental ice-caps or sea-
ice, this ice is depleted in '*O (Hoefs, 2009). In summation, a change in 0, causes a simultaneous change
in 80.. Additionally, an increase of up to 1°C in seawater temperature (30,,) leads to a decrease in (50.),
of approximately 0.23 %o (Katz et al., 2010). Other authors Miller et al. (2008), Pekar et al. (2002), and
Fairbanks and Matthews, (1978) used this relationship to estimate sea-level changes in the Eocene-
Oligocene time. They found an empirical calibration of an average sea-level change of 0.10 to 0.12%0/10
m (Katz et al., 2010). For example, Barrera and Savin, (1999) used this approach to reconstruct

temperature differences in the SST and the BWT in the time interval between 75 - 65Ma.
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Sulphur

The sulphur isotopic composition of sedimentary sulphides has been widely applied to distinguish
environments with high or low rates of bacterial sulphate reduction. In order to investigate variation in the
oxygenation state and biogeochemistry of marine sediments, sulphur isotopy may provide information
about (1) activity of sulphate reducing bacteria (SRB) (2) water column stratification (3) sedimentation

rate via open/close system conditions (4) extent of water column anoxia.

Culture experiments with dissolved sulphate have shown that microbial sulphate reducing bacteria lead to
a strong fractionation of the sulphur isotopes, with a strong depletion of **S in the produced hydrogen

sulphide (Sweeney and Kaplan, 1980).

Our knowledge about the seawater value in Phanerozoic time is based on the premise that the sulphate
value represents the seawater from which it originates (Strauss, 1997). According to this, the seawater
value has been significantly changed from values as high as +30%o (Cambrian) to lowest values during the
Permian (ca. +10%o) and modern values at around +21%o (Claypool et al., 1980). The different reservoirs
of sulphur (seawater sulphate, sedimentary pyrite, organic matter, etc.) are characterised by variations in
their 8°*S values (Baioumy, 2010; Bottrell and Coulson, 2003). The most important pathway, which
affects the 8**S of sulphur, is the reduction of (seawater) sulphate by bacteria and its fixation as pyrite in
muds. Oxidative weathering of pyrite (mainly from shales) and its return to the sea as sulphate, as well as
crystallisation of sulphate minerals in form of evaporites (mainly gypsum or anhydrite), is by far less
important. The availability of reactive iron and decomposable organic matter, as well as sedimentation
rate and the chemocline position, are important variables which affect the §**S values in sedimentary

systems (Bottcher et al., 2000).
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Fig. 16 Pathways for sulphur disproportionation in marine environment, modified after Werne et al.
(2004), Canfield, (2001),and Fossing et al. (1995)

In marine anoxic and sulphidic environments, sulphate-reducing bacteria (SRB) reduce sulphate to
sulphide. The change between open and closed system (e.g. by bioturbation) is the “classical” way to
explain the occurrence of relatively high 8**S-values in reduced sulphur species. High sedimentation rates
or restricted water circulation conditions might result in restricted or closed to semi closed conditions, at
which the pore-water sulphate and sulphide are not able to diffuse freely through the sediments. This leads
to relatively heavy isotopic 834Spyme values of about -20%. and smaller degrees in fractionation (Werne et
al., 2003; Wijsman et al., 2001b). Therefore, small differences in isotopic composition between seawater
sulphate and pyrite are indicative for closed or semi-closed systems of sulphate supply (Wijsman et al.,
2001b). Compared to this, somewhat larger fractionations are associated with open systems conditions,

with unlimited diffusion of seawater sulphate into the sediment.
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Very high fractionations during bacterial sulphate reduction, leading to very strongly depleted H,S, are
lately explained by partial reoxidation followed by disproportionation of sulphur species with intermediate
oxidation state, like thiosulphate, S°, etc. (Jorgensen, 1990), as shown in fig. 16. Sulphide (H,S) can freely
diffuse upwards through the sediment to the anoxic/oxic water interface to be reoxidised, in repetitive

cycles (up to 90% of all H,S). Common oxidants involved are oxygen, NO5', Fe (III) or Mn (IV).

In addition, the activity of some specialised sulphide oxidising bacteria can be considered (Beggioata
spp.) (Fossing, 1990). Sediments open to the supply of oxidants, repetitive cycles of sulphate reduction,
oxidation and disproportionation, have been suggested to result in progressively lighter isotopic sulphur,
of over 50 - 60%o lighter if compared to the initial seawater sulphate (Canfield, 1994; Canfield and

Thamdrup, 1994).

In general, large fractionation rates are often associated with open systems or small extensions with
sulphate reduction in restricted systems. Small differences in isotopic composition between seawater
sulphate and pyrite are an indicator for closed or semi-closed systems of sulphur (Wijsman et al., 2001b).

Pyrite oxidation and reoxidation of HS™ can also lead to thiosulphates (Jargensen, 1990).

Dissimilatory bacterial reductions from sulphate reducing bacteria lead to the accumulation of reduced
sulphur (H,S) in bottom water or pore water. Mostly, this is accompanied by the simultaneous formation
of iron sulphides (if the system is not iron limited) and organic sulphur (Briichert and Pratt, 1996).
Because the pool of reactive iron is more susceptible for sulphurisation than organic matter (Raiswell and
Canfield, 2012), a part of the sulphur can be incorporated into the organic matter, in an iron limited system

(Werne et al., 2004).

In very special cases, e.g., the Namibia upwelling system, the H,S circulates freely in dense
unconsolidated diatomaceous ooze, and the concentration of H,S can exceed 18 mmol/l (while normal
H,S concentrations in pore water seldom exceed 5 mmol/l). When changes in the atmospheric and

oceanographic pressure fields occur, the gas can erupt from the bottom and will be released to the
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overlying sediment/water interface. Such outgassing events within this area have been described by
Monteiro and Roychoudhury, (2005), Emeis et al. (2004), Weeks et al. (2004), and from the St. Helena

Bay/South Africa (Monteiro et al., 2008).
Carbon isotopy

Stable isotope composition of foraminifera (6'*0, 8"°C) is one of the most used tools in tracing changes in
the water column stratification, detecting changes in sea surface temperatures and variations in the
primary production (Friedrich et al. 2012; Wilson et al., 2002). Recently, it is common to differ between
two main approaches that include firstly, the use of 8'°C values of benthic and planktic foraminifera,
which provide information on the carbon cycle of the ocean and changes in organic matter fluxes
(Friedrich and Erbacher, 2006), and secondly, the use of 813C0rg depends on the metabolic pathway that
uses algae or plants (C3, C4). Their isotopic signature is very typical; therefore, conclusions about the

composition and changes in the organic matter composition can be drawn.

The isotopic composition of carbon in marine matter adapts to variations in the ocean productivity, the
concentration of CO, in surface water, the input of continental derived material (plant tissues), and the

occurrece of diagenesis (Maslin and Swann, 2006).

The use of 813Corg as a proxy for organic matter source is devoted to the fact that each photosynthetic
activity in the photic zone lowers the concentration of dissolved inorganic carbon (DIC) in the water
column. All carbon that is stored in plants shows depletion, in relation to the PDB®, resulting in negative
(lighter) values. The degree of fractionation in C depends on the metabolic process in plants. Plants and
algae prefer '>C over "°C for photosynthesis, due to the light values in ">C of all organic matter (Maslin
and Swann, 2006, Faure and Mensing, 2005). Organisms preferentially take up light '*C, and have a §"°C

signature of about —25%., depending on their metabolic pathway. For example, in upwelling areas, the

6 . .
reference standard value for carbon isotope ratio
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organic matter reaches the seafloor, where it escapes from the euphotic zone as particle organic matter

(POC), becomes oxidized, and underlies respiration by forming dissolved organic matter (DIC).

Because of the export of nutrients from the water surface down to the bottom, in upwelling areas, the
upwelled water is enriched in " Corg values up to -25%o. Consequently, organic matter, including kerogen,

petroleum, coal, and gas, adapts highly negative values too.

However as shown in fig. 17, the isotopic

140 -
120 ] OAE 1a-d,2 composition of organic matter in the
100 Cretaceous time was discovered to range
g 80+ from -28%o to -25%o (Dean et al. 1986).
5 |
o 604 . 13 . . .
LCI'L_’ 1 - Lightest “C enrichment in the earth's
40 ; Albian - Santonian
5 ] history is often reported from Oceanic
0_- Anoxic Event (OAE). Such events have
-30 -29 -28 -27 -26 -25 -24 -23 -22 -21 -20 -19

51°C been repeatedly interpreted for the
org

Fig.17 (51’)C(,,<g in Upper Cretaceous time, preferentially in  Cretaceous time in terms of a fast
Oceanic Anoxic Event (OAE), that signifies an enrichment of
light carbon isotopes, reference data are taken from  deposition (burial) of marine organic
(Beckmann et al., 2005b; Arnaboldi and Meyers, 20006,
Dumitrescu and Brassell, 2006, Meyers, 2006; Friedrich et  matter (algae).
al., 2008, Sinninghe Damsté et al., 2008).

Another goal arises from the use of carbon isotopy in calcite forming organisms. One of the best
documented markers for differences in palacoproductivity, is the difference between the change in §"*C
values in benthic and planktic foraminifera, obtained from the surface and the sub-surface/bottom water

(Katz et al. 2010; Fischer and Wefer, 1999; Wefer, 1985).

The modern isotopic organic carbon composition of dissolved organic carbon in seawater is around 0%o
(Hoefs, 2009). Whereas the isotopic carbon composition in marine calcite forming organisms is around
+2%o to +3%o (Maslin and Swann, 2006). It is noteworthy that the 3Cy, in benthic foraminifera, track the

concentration of dissolved organic carbon in the pore water, whereas the 3Cp, in planktic foraminifera, is
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used as a tracer for the surface productivity (Mackensen, 2008; Fischer and Wefer, 1999). However,
differences in the isotopic carbon composition, between the surface and bottom water, can be used to track
differences in the biological productivity (organic matter flux) in the ocean. This is due to the surface
water being enriched with °C (more positive values), whereas the bottom water shows depletion in °C
(more negative values). Consequently, the difference in the isotopic organic carbon composition between
planktic and benthic foraminifera can be used to calculate the organic carbon transport from the surface to

the bottom (Fischer and Wefer, 1999).

In order to evaluate surface water productivity, two or more planktic foraminiferal species that live in
different depth and habitats can be used. So for example in the NW Arabian Sea, differences in the
isotopic carbon composition of planktic foraminiferal species (Globigerinoides ruber and Globigerinoides
bulloides) were used. These species live in different water depths, therefore displaying variation in the
surface water productivity or the strength in the upwelled water, which are mainly controlled by the

monsoon system (Peeters et al., 2002; Ganssen and Sarnthein, 1983).

Continuously, shifts in the isotopic carbon composition of marine carbonate organisms is similarly
interpreted in terms of the buried organic carbon (Hoefs, 2009). As is shown in fig. 18, based on these
considerations, (Friedrich et al. 2012), estimated positive 8" Crentic values (~6%o) in the Cretaceous time
for different locations. Such exceptionally high values are explained due to the massive accumulation of
organic rich sediments (black shales) during this time slice. Nevertheless, the data sets also display a
continuously declining trend towards lighter values ~ 1%o to the Maastrichtian time. For the research area,
the early Maastrichtian time (shaded area) is represented by a cooling event. This is due to the rapidly
decreasing trend in the bottom water temperature and an abrupt change in the organic matter
accumulation. Such a rapid trend could be due to a reorganisation of the ocean current, caused by the
opening of the Equatorial Atlantic Gateway (EAG) between Africa and South America (Friedrich et al.,

2012). These data sets also contain estimates of the bottom water temperature lgObemhic, as mentioned in
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the previous section. The incorporation of oxygen into shells of foraminifera depends on the temperature

and salinity of the surrounding water.
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Fig. 18 Stable oxygen and carbon isotope compilation of benthic foraminifera for 115-65 Ma
Black - North Atlantic Ocean, grey - high southern latitudes, red - Pacific Ocean, blue -
subtropical South Atlantic Ocean, green - Indian Ocean. OAE - oceanic anoxic event; EAG -
Equatorial Atlantic Gateway (Friedrich et al., 2012).

Trace elements in_foraminifera, proxy for palaeothermometry- productivity, ph- value and salinity in

seawater

Despite some limitation and unresolved problems, the use of Mg/Ca as an empirical proxy for
palacothermometry is widely accepted. More recently, numerous papers on the Mg/Ca relationship of
planktic and benthic foraminifera have been published. Some example for this topic are the recent
research work that was originally published by Branson et al. (2013), Griffiths et al. (2013), Fhlaithearta et

al. (2010) and Hoogakker et al. (2009).

46



State of the research

Former research that based on the work of Oomori et al. (1987) and on thermodynamic principles, Lea et
al. (1999) predicted an increasing incorporation of Mg with increasing temperatures of about 3% per °C in
foraminifera tests. However, cultured species of planktonic foraminifera (Globigerina bulloides and
Orbulina universa) show an increase in the amount of incorporated Mg of up to 8 - 10% per °C. This
range of values is consistent with results from marine sediments (Anand et al. 2003; Lea et al., 1999;

Niirnberg et al., 1996).

Additionally, parameters which might affect the Mg/Ca control in the foraminifera shells are the pH and
the salinity. Newer studies dealt with the influence of the pH on the calcification rate of foraminifera tests
and on the incorporation of Mg and Sr. Allison et al. (2011) and Kisakiirek et al. (2008) used cultured
benthic calcitic foraminifera Elphidium Williamsoni to investigate the influence of pH (in a range from 7.8
- 8.3) on the incorporation of these trace elements. However, their results do not seem to be statistically
significant. Unlike Russell et al. (2004), who found a Mg/Ca content in planktic foraminifera which is
dependent on the pH (pH <8.2), Mg/Ca decreases by 7 + 5% (Orbulina universa) and 16t 6%
(Globigerina bulloides) per 0.1 unit increase in pH. Based on these results, the author concluded that

above a pH of 8.2, no significant changes in the Mg/Ca composition were observed.

Hoogakker et al. (2009) and Ferguson et al. (2008) report a high Mg/Ca content in highly saline water
from the Red Sea (7-13 mmol/mol) and the Mediterranean Sea (4-7mmol/mol). The authors conclude that
this anomalously high content cannot be due to the incorporation of Mg in foraminifera tests, but this
might be a secondary signal for the high Mg-calcite precipitation from CaCO; supersaturated interstitial

water (this will be discussed in section 6.2 Mg-content in foraminifera).

Regarding the Mg content in tests of the low oxygen tolerating species Bolivina spp., Douglas and
Staines-Urias, (2007) reports that the shell Mg/Ca composition differs between dead and living species.
Living species show a higher amount in Mg/Ca than the dead one, and there is no trend to the temperature
observable. These examples might show the controversial views about the use of Mg/Ca content as proxy

for palacothermometry.
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Orbulina universa : Amphistegina lessonii

e

Fig. 19 The distribution of Mg in foraminifera. Electron microprobe maps of the samples reveal
patterns of Mg/Ca banding within such bands, modified after (Branson et al. 2013)
In recent years there is an increasing wealth of evidence which suggests that one of the main factors which
affect the Mg/Ca content in foraminiferal calcite is organic matter and bacteria. The latter is also known as
“vital-effect” (biological control) (Ferguson et al., 2008; Lea et al., 1999; Mucci et al., 1985). However,
one of the fundamental questions, namely the incorporation mode of Mg in foraminifera is still unresolved
(Branson et al., 2013). In the last years, it has become more and more obvious that the incorporation of

Mg goes hand in hand with elevated concentrations of organic molecules, sulphur, and trace elements

(Erez, 2003).

New applications, for example, using Near-Edge X-ray Absorption Fine Structure Spectroscopy
(NEXAFS) (Branson et al. 2013), electron microprobe mapping (Sadekov and Eggins, 2005) and
particularly laser ablation — LA - ICP-MS (Eggins et al. 2004, 2003), confirm this notion and extend the

common view about the use of Mg/Ca ratio for the palacothermometry.

As shown in fig. 19, micro analytical investigations by LA - ICPMS have revealed bands of high and low
Mg in tests of planktic and benthic species. Such bands of high Mg content dramatically exceed the

amount of Mg, which is known to be incorporated by calcifying foraminifera (Branson et al., 2013; Eggins
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et al., 2004, 2003). These results indicate that on band (high Mg) or off band (low Mg) alternations in Mg
content are driven by the temperature and the kinetics of calcite growth (Branson et al., 2013). Such high-
resolution investigations may be important to differentiate between distinct lifetimes of foraminifera and

habitats in which they live.

In recent years, it has becomes more evident, that trace element incorporation in foraminifera tests is an
important tool differentiate between different environments in which foraminifera live. Unfortunately, the
exact mechanism in their incorporation is still unknown. Nevertheless, empirical research gives some

insight in their behaviour in calcitic organism and conclusions concerning their life habitat.

To reach conclusions about the CO%~ saturation state in ocean water, Russell et al. (2004, 1994) used
U/Ca content in tests of cultured planktic foraminiferal species (Globigerina bulloiodes and Orbulina
universa) that note a correlation between the U/Ca content in cultured foraminifera species; U/Ca decrease
exponentially with increasing seawater CO3~content. This U content is explained by the incorporation of
uranyl complexes or the reduced U adsorption at higher CO3~ seawater concentrations on the foraminifera

shells.

The element copper has a strong affinity to organic compounds and therefore, it should not be surprising
that incorporation takes place at high concentrations of organic matter in the sediment. Lead shows some
similarity to copper. Thus, so far, the elements Cd, Ba, Zn are commonly used as proxy for
palaeoproductivity, because they show a nutrient-type behaviour (Katz et al., 2010; Lea, 1999; Dehairs et
al., 1980). For example, the Ba content is mostly connected to the decaying organic matter and to the

release from phytoplankton (Dehairs et al., 1980).

However, the incorporation of Cd, Zn and Ba in calcite foraminifera tests is reported by Rosenthal et al.
(1997), Boyle et al. (1995) and (Boyle, 1981). The incorporation of cadmium in foraminifera shells is
independently of seawater temperature but varies in the degree of calcite saturation (Marchitto, 2004).

Initially, it was assumed that Zn can be used as a trace of past seawater circulation, because zinc exhibits a
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ten-fold difference between deep water in the North Atlantic and North Pacific (Katz et al., 2010).
Otherwise zinc is sensitive to the degree of carbonate saturation state and therefore might be used as a

proxy for deep ocean carbonate chemistry in benthic foraminifera (Bryan and Marchitto, 2010).

Clay mineralogy — a tool for determining changes in the weathering mode

Fluctuations in the abundance of clay minerals are a result of the combined effect of climatic factors, sea-
level changes, and variations in source area as well as in transport mechanisms (Mallinson et al., 2003;
Lamy et al., 1999; Deconinck and Chamley, 1995). Detrital smectite generally forms during continental
weathering, whereas authigenic smectite results from alterations of volcanic glass and the transformation
of feldspar to muscovite (Anderson, 2009; Mallinson et al., 2003; Deconinck and Chamley, 1995; Moore

and Reynolds, 1989; Birkeland, 1984).

Moreover, the occurrence of kaolinite indicates high rates of chemical weathering under humid and warm
climatic conditions (Bolle and Adatte, 2001; Chamley, 1989; Birkeland, 1984). Illite may be
representative for colder, more arid climates, dominated by physical weathering, but may also be derived

from an alteration of biotite under warmer and wetter conditions (Birkeland, 1984).

Aeolian/ Fluviatile input: Si/Al, Ti/Al, Zv/Al - detrital proxy.

These relationships are commonly interpreted and used to decipher between aeolian and fluviatile input.
Their potential to discern between these two different kinds of mechanisms can be assessed by applying
SEM to detect changes in grain size and shape (Calvert and Pedersen, 2007; Sageman and Lyons, 2003).
So, for example, the use of the Si/Al relationship reflects the excess of silicon against aluminosilicates;

nonetheless, silicon can be of detrital origin or biogeneous origin.
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In weathering products, Al shows enrichment in
micas and clays or in residual feldspars, whereas
Ti is mostly hosted in mafic minerals (pyroxenes
or amphiboles, and ilmenite) and partly felsic
minerals, for example rutile. Additionally, Zr is
mostly hosted in the mineral zircon (ZrSiOy).
During the transport of these elements, their
composition  underlies no  modification.
Subsequently, this leads to the accumulation of

immobile elements, such as Al, Ti and Zr.

However, (Hayashi et al., 1997; Garcia et al., 1994) could show that there is no significant deviation of the

ALO5/TiO, ratio in shales/sandstones relative to that in their parent rocks. The material will be sorted

according to the hydraulic properties of the host material (Zr/Ti bearing minerals). Felsic or mafic rocks,

or immature volcanic rocks, will plot into different fields in this diagram (Khider and McQueen, 2005;

Garcia et al., 1994) (fig. 20). The application of this relationship is shown in section 5.1.
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Trace element proxy to detect changes in the oxygenation state of marine sediment

Figure 21 shows a comparison of

Comparison of selected trace and major metal enrichment in oil shales

the enrichment factors (EF) of
major and trace elements in

different marine settings as well as

coastal upwelling (¥

e shalest the research area. Obviously, their
ack shales

Ghareb Fm. (2.3

1 Brumsack, 2006

s sy by SO WOAES EF displays some differences in

P — 1% NASC-North American Shale composite

relation to their depositional
Fig.21 Graph shows the comparison of selected minor and trace '
elements in relation to their setting - modified after Brumsack —setting. Many trace elements
(2006)

follow different pathways on the
way down the sediment. Trace elements in seawater can exist in a variety of physical and chemical forms.
The simplest physical distinction is particulate (metals adsorbed onto particle surfaces) versus dissolved
forms (soluble complexes and colloidal forms), (Bruland and Lohan, 2004; Bruland et al. 2001). The
concentration of trace elements in seawater range from ~10°mol*kg" - 10"’ mol*kg™” (Henderson and
Henderson, 2009; Bruland and Lohan, 2004; Wedepohl, 1969-1972; Turekian, 1968). Their chemical
behaviour in the seawater is in first order influenced by three processes: (1) complexation, (2) biological
assimilation, which requires the biological uptake on the cell surface and (3) adsorption on the surface
sites of suspended particles (Bruland and Lohan, 2004). Based on these three processes, Tribovillard et al.
(2006), Bruland and Lohan, (2004), and Mongenot et al. (1996) and other authors, grouped trace elements

in four categories (conservative-type-, nutrient-type-, scavenged-type-, hybrid-type distribution)

depending on their distribution in the seawater.

A first approach to detect changes in the state of oxygenation at the seafloor was the analyses of trace
elements that change their valence state in distinct environments. Sources for authigenic trace elements
(Cd, Ag) are organic matter, whereas the seawater itself act as the main source for Mo, and U. In turn,

other elements fall between these two categorizes and show a nutrient type behaviour amongst these are
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Cu Cr, V, Ni, , Zn, Co (Calvert and Pedersen, 2007; Tribovillard et al. 2006; Piper, 1994). On the one
hand Cr, V, and U occur in oxic environments as soluble species. On the other hand, in an anoxic
surrounding they are able to change their valence state to lower valence and high insoluble species. In the
presence of H,S some elements (chalcophile elements, like Ag, Cu, Ni, Zn, Cd), are precipitated by
forming insoluble sulphides (Huerta-Diaz and Morse, 1992, 1990). The combined use of U, Mo, and V,

allows deciphering between anoxic-suboxic conditions.
Uranium

Uranium in seawater is present mainly as U(VI) in the conservative form of uranyl ions that bind to
carbonate ions, forming UO,(CO;);*" (Tribovillard et al., 2006). The major source of uranium is the
seawater itself; it contains up to 0.0033 ppm U (Turekian, 1968). Borchers et al. (2005), reported from the
Namibian diatom ooze an average U content of 30ug/g. Variations in the uranium concentration of
sediment with time are controlled directly by the uranium content of the source material settling from the
water column and indirectly by the organic content of this material and the sedimentation rate
(Klinkhammer and Palmer, 1991; Crusius and Thomson, 2000; Anderson et al., 1989; Anderson, 1987).
On the other hand McManus et al. (2005) and Zheng et al. (2002) reported, that in an reducing
environment, uranium can be removed from the overlying water column by forming organo-metallic
ligands and humic acid. In pore water, the removal of uranium is induced by bacteria by the reduction
from soluble U®" to less soluble U*" (Boonchayaanant et al., 2009; Sani et al. 2004; Lovley and Phillips,
1992; Lovley et al., 1991). Consequently, in terms of a normal alkalinity of seawater and pH ranges, the
reduction of uranium takes place under conditions, which are similar to those of Fe’* to Fe** (Chaillou et

al., 2008; McManus et al., 2005).

Vanadium/Nickel

Nickel (Ni*") and vanadium (VO®") are often found in mixed tetradentates, humate complexes, and

tetrapyrole (organometallic) complexes. The latter one show highest thermal stability (Lewan and
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Maynard, 1982). Vanadium and nickel are the most abundant trace elements in crude oil, in thermally
inmature rocks and in buried sediments (Louda and Baker, 1981; Hodgson et al., 1968). They occur
preferentially as (organometallic) porphyrin complexes, which originate from chlorophyll degradation
(Killops and Killops, 2005; Barwise, 1990; Lewan, 1984; Lewan and Maynard, 1982). Under anaerobic
conditions these tetrapyrole complexes and the organic matter show a high preservation grade and a high
resistance against weathering and microbial degradation (Davis and Gibbs, 1975). A systematic
enrichment of nickel over vanadium has been observed in different crude oils, organic rich sediments and
in shales. On basis of the work of Lewan, (1984), many other authors have used the Ni/V cross plots to
define the source rock or the environment. For example Barwise, (1990) could show in crude oils a
systematic variation in nickel — vanadium content, which is in close relation to source rock typ and the
deposition environement. Their interpretation of this relationship in terms of a definition over the
palaeoenvironment based on the premise that there is an change in the input of the porphyrin- precursor of
chlorophylls to the organic matter that is mainly derived from marine algae and bacteria. Differences in
the relation between Ni and V can be used to distinguish between marine or non — marine sourced oils

(Barwise, 1990).

Molybdenum/C,,,

Because of its redox sensitive behaviour, molybdenum is strongly enriched in organic rich sediments
deposited under oxygen-depleted conditions (Algeo and Lyons, 2006). There is a vast literature about the
geochemical behaviour of Mo and its use as a proxy for palacoredox conditions (Algeo and Lyons, 2006;
Siebert et al., 2003; Zheng et al., 2000; Morford and Emerson, 1999; Helz et al., 1996; Calvert and
Pedersen, 1993; Emerson and Huested, 1991). Two main specifications exist, firstly oxic conditions
favour the occurrence of unreactive molybdate oxyanions MO4*(Algeo and Lyons, 2006). Secondly, in
anoxic environments the organic detritus and Mn/Fe oxyhydroxides are able to scavenge Mo (OM act as a
simply carrier for iron and other trace elements) and its deposition in the sediment (Tribovillard et al.

2004). Along a redox gradient from the bottom water, Mo diffuses into the reducing sediment, where it
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precipitates (Emerson and Huested, 1991). Another possibility for the fixation of Mo arises from the
complexation as particle reactive thiomolybdates in marine anoxic sediments. That is explained by the
longer exposure time to a critical concentration (switch point 11uM S*) of H,S, this promotes the

scavenging of Mo by humic materials and iron-rich phases (Zheng et al. 2000; Helz et al., 1996).

The Mo/C,, ratio and the slope of the regression line show different values in silled basin environments.
Algeo and Lyons (2006) used these differences in the slope of regression line to define this as a palaeo-
redox proxy. Their approach is based on the premise that in anoxic silled basins the slope of the regression
line depends on the water mass circulation pattern. It is thought that in environments with restricted water
mass circulation, and in absence of an adequate re-supply the concentration of dissolved Mo in the water
column becomes more and more depleted (Algeo and Lyons, 2006). Such an environment is defined as
restricted in respect of surface (subpycnoclinal) water renewal/depletion. Algeo and Rowe, (2011) and
Algeo and Lyons, (2006) have applied cross-plots of sedimentary Mo/C,, to distinguish among
environments with different rates of replenishment of Mo (deep-water renewal time - 1). A completely
isolated water body in such basins leads to a decrease of the rsMo/TOC’ ratio. McArthur et al., (2008)
note that the implementation of this method is allowed only for (weak?) euxinic conditions. Another note
concerns the validity of this method for upwelling areas. Most upwelling systems lacks topographic
barriers, which usually are characterized by a highly variable hydrographic regime. Topographic barriers
generally act as a bondary for oxygen deficit in the water column. Most upwelling regimes are located
within open-marine systems, with no restricted water mass circulation. Based on these considerations, the
deep-water renewal time off the Namibian shelf was estimated to be below one year (Algeo and Lyons,

2006). The application of this proxy will be presented in section 4.1

! regression slope in the relationship between molybdenum (Mo) and total organic matter (Cory)
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Degree of pyritization (DOP)

Degree of pyritization (DOP)
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Fig.22 Degree of pyritization from Black Sea sediments-
data source (Lyons and Severmann, 2006) DOP is

defined as:

Fepyrite

Fepyritet Féreactive

Berner (1970) defined the DOP as a
relationship between the pyrite bonded Fe,
the sum of pyrite bonded Fe, and Fe which is
soluble in HCI1 (Feur — highly reactive iron).

The degree of pyritisation (DOP) is defined

Fepyrite

as: . This is one of the most

Fepyritet Féereactive

reliable indicators of euxinic/sulphidic
conditions in bottom-water oxygenation in
organic bearing rocks, see also fig. 22 (Lyons
and Severmann, 2006). Thus, the DOP
represents the proportion of the original
sediment's Fepyr that has been converted to
(Raiswell

and Canfield, 2012).

pyrite

Possibilities arise from the introduction of a

series of proxies that deal with the amount of reactive iron (Feyr), which subsequently forms pyrite; see

also Raiswell and Canfield, (2012), Lyons and Severmann, (2006) and Poulton and Canfield, (2005). Such

an example is given by the use of a Feyr/Fer and inorganic carbon, and Feygr/Fer that is plotted against the

DOP. This application allows the differentiation between anoxic and euxinic conditions in the bulk

sediment, which is extensively discussed in section 5.3 (Shen et al., 2002; Raiswell and Canfield, 1998;

Canfield et al. 1992).
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Chemical constituents in pore water
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Fig.23 Schematic redox trends
in the water column and pore
water modified after Diener,
(2012) and Rickard, (2012).

Usually, anoxic/ suboxic sediments or water columns show a stepwise
decline in the oxygen concentration. In order to gain energy and
maintenance their life, depending on their electron potential,
microbenthic communities using electron acceptors other than oxygen
(Murray and Yakushev, 2006). This is shown in in fig. 23 displaying
an idealised cross section at the sediment water interface. The oxic
zone (300 — 400uM O,) persists until all O, is exhausted, and is
controlled by the amount of organic carbon that is consumed by
microorganism and stored in the sediment. After exhaustion of all the
oxygen, in a stratified water column or undisturbed sediment, a
cascade of chemical reactions is initiated. This depends on the supply
of various electron acceptors in the order of their decreasing electron
potential. The suboxic region follows below and is characterised by
high dissolved manganese (10uM - 100 uM) and iron (25 nM - 10
uM) concentrations. In the amoxic zone S* occurs. Permanently
anoxic basins are defined as environments with less than 6 - 10

MO, (,q), Which also contain sulphide minerals in the scale between

micrometre to millimetre. In the anoxic zone, the formation of pyrite can take place especially close to the

interface of Fe’" and H,S curves. Within the sulphate-reducing zone the H,S concentration ranges in

micromolar units. Euxinic conditions will start at circumstances in which all measurable O, disappears

and the onset of measurable S

In marine environments, bottom sediments are dominated by the occurrence of bacterial mats. Sulphate-

reducer (Thioploca spp.) Fossing et al. (1995) and sulphide-oxidising bacteria (Beggiatoa spp.) (Canfield

and Desmarais, 1991) usually dominate these bacterial communities. They mostly occur below the OMZ.
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Such mats are either distributed in patchy areas or covering the whole bottom sediment, which is reported
from the Peruvian upwelling zone (Bohlen et al. 2011; Mosch et al. 2010; McCaffrey et al. 1989), NE
Arabian Sea (Erbacher and Nelskamp, 2006; Schmaljohann et al. 2001), Baja California (Fike et al. 2009),

and Namibian coastal zone (Briichert et al., 2003).

Alteration of primary signals

An accurate reconstruction of the palaco-bottom water is hampered by the alteration of metals that are
sensitive to oxygen. In order to be able draw meaningful and valid conclusions, the pristine environmental
signals, carried by proxies/indicator parameters, should not be affected/changed during diagenetic or post-

diagenetic processes.

Several processes affect the environment in their later stage of diagenesis. This comprises firstly the
compaction by drainage dissolution or formation of sulphides according to their environment of the pore
waters, and secondly, in the course of the oxidative dissolution by which sulphuric acid is created, a
conversion of calcium carbonate component to gypsum (CaSO, * 2H,0) is commonly observed. Within
such a milieu, the formation of paramorphism, e.g., calcite to pyrite/anhydrite/halite may also occur. Upon
the oxidation of pyrite, oxide residues in form of diffuse russet areas, and partially rounded particles of
FeOOH, remain in the sediment. A further dissolution of the carbonate component by stagnant pore
waters, because of the higher solubility of aragonite, leads to a preferred loss of aragonite from the
sediment. This might lead to the formation and precipitation of a calcitic matrix. Further consequences are
(1) reduction of pore volumina and grain growth, (2) transformation of aragonite to high magnesium

calcite — low magnesium calcite, and (3) growth of idiomorphic calcite and dolomite.

According to the processes described above, samples should display diffuse organic matter (OM) in a dark
brown and black colouration matrix, rather than well shaped black/dark brown particles (Riboulleau et al.,
2003). Regarding certain trace element compositions, those are sensitive to the exposure of oxygen

(chalcophile elements). All these processes significantly alter the composition of sediments. Upon further
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diagenesis, it is important to note that the authigenic formation of minerals is the most substantial process

that changes the pristine diagenetic signal.

An example of how alteration affects the sediment composition, during several stages of diagenesis, is
given in equation 3, which shows the authigenic formation of opal, muscovite/illite (Madsen et al., 2010;
Anderson, 2009; Noe-Nygaard and Surlyk, 1985; Spiro and Rozenson, 1982). Which includes the

transformation of metastable phases into a stable phase: opal-A - opal-CT - quartz/cherts.

Equation 3
~KAISi;05(s)+ H* > 2 KAI3Sis019 (OH,) () + Si0;(aq )+ K+ Eq. 3
K-feldspare muscovite opal CT

Apart from this, diagenesis also leads to the dolomitisation, as commonly observed in carbonate-rich, bio-

siliceous deposits, which might start from a decomposition of organic matter by microbial attack. Such a
process leads to an increase of pH, a dissolution of carbonates, lowering of SOﬁ_ in pore water, and a
subsequent release of Ca*", Mg”", cog—, resulting in the precipitation of dolomite (Roberts et al., 2013;

Bontognali, et al., 2010; Wang et al., 2009; Wright and Wacey, 2005; Wright, 1999; Vasconcelos and

McKenzie, 1997; Vasconcelos et al., 1995).
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3. Material and Methods

The largest oil shale deposits in Israel
can be found in the Shefela basin, with
estimated reserves that contain roughly
150 billion barrels of oil (60% of the
Saudi reserves), of which 40 billion
barrels are situated within the Israeli

area (http://iei-energy.com).

Nevertheless, Late Cretaceous
deposition in southern Israel took
place in tectonic controlled northeast
trending shelf basins, as shown in fig.
24 (Almogi-Labin and Bein, 1993).
The oil shales were deposited over a
time interval of approximately 12.2
Ma Sediment

(Gradstein, 1999).

deposits, which are well exposed in the

3.1. Lithostratigraphy of the Mishor Rotem Section
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Fig.24 Overview of the Israeli oil shale resources

modified after Minster, (2009)

Mishor Rotem quarry, represent the
transition from the Mishash formation

to the Ghareb formation. The section

spans a time interval from the Upper Campanian to the Lower Maastrichtian and covers a time slice of up

to 1.42 Ma, with a sedimentation rate of approx. 2.4 cm/ka (Ashckenazi-Polivoda et al., 2011). From base

to top, three units can be distinguished. These comprise of a phosphorite layer at the base (Mishash fm.),

followed by the organic-rich chalks, and the Marl Member (MM) at the top. The top of the Phosphorite
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Member (PM) (top of the Mishash fm.), consists of fluor-apatite and a low TOC content, in a 1 - 4 wt. %
range. Fish skeletons, oval phosphates, and gypsum occur, and bone fragments, peloides and fecal pellets,
are the main constitutens of this sequence (Soudry et al. 2006). A condensed layer of a ca. 0.9 m thick
horizon marks the transition from the Mishash fm. to the Ghareb fm. Within this unit dolomite (20 wt. %),
fluorapatite (45 wt. %) and calcite (30 wt. %) can be found, and the TOC content drops below 2 wt. %
(Bein et al. 1990). Moreover, no foraminiferal assemblages are placed within this horizon (Ashckenazi-
Polivoda et al., 2011). The Ghareb fm. starts with a monotonous section of dark-grey colour. This unit,
termed as Oil Shale Member (OSM), is composed of organic-rich carbonates — carbonate rich mudstone
with an average carbonate content of 50 - 75 wt. %. At the base, the organic matter content rises fast up to
15 wt. % (Reiss et al., 1985). A sharp change in colour from dark-grey to light-yellow signifies the contact
of the OSM and the Marl Member (MM), which contains well layered limestone, biomikrite, dolomitic-
and phosphatic marls, with a calcite content of up to 60 - 75 wt. % (Ashckenazi-Polivoda et al., 2011;

Reiss et al., 1985).

3.2.  Sampling
The samples were taken from an open quarry in the Negev Desert. This area is located in the Mishor
Rotem (Efe's syncline 31°04°51.82"N; 35°10°02.85"E), which belongs to the owner Rotem Amfert Negev
Ltd. However, the biggest oil shale reservoir in Israel is disclosed there (Ashckenazi-Polivoda et al. 2011;
Minster, 2009). The location is a part of the ZIN basin, which has an elongated shape, is about 23 km in
length, and covers an area of ca. 70 km®, with proven reserves of several billions of m® (Yoffe et al. 2002).
Organic matter in the Negev desert normally shows a high oxidation grade. For this reason, several of
these locations are not suitable for organic geochemical, biostratigraphical analyses and analyses of stabile
isotopes. One exception is disclosed in the Mishor Rotem quarry; the rocks show less thermal maturity

and well preserved microfossils.

61



Material and Methods

3.3.  Sample preparation and analytical methods

3.3.1. Bulk samples

Mineralogical composition

The bulk mineral composition of the samples was analysed by means of X-ray diffraction (XRD) analysis
(Kristalloflex D500, Siemens, Germany) at 40 kV and 25 mA in a 0 - 26 geometry. CuKa, - radiation was
used at angles between 3° and 63° with an increment of 0.02°, resulting in a continuous scanning of 0.5°
per minute. The detection limit is about 1 wt. %. Crystallographic identification based on 20—peaks was
done with QualX, version 1.2, by using the American Mineralogist Crystal Structure Database for the
reference peaks. The main mineral occurring in the oil shale samples is calcite. To detect further minerals,
which can be masked by calcite or diluted by organic matter, the samples were treated with 3.5% peroxide

and afterwards with 10% hydrochloric acid to remove organic matter and carbonate.

Chemical composition

Energy dispersive X-ray fluorescence analysis (ED-XRF)

50 to 100 g of each sediment sample were ground with a vibratory (agate) disc mill and dried at 110°C for
24h. Concentrations of trace elements (V, Cr, Ni, Cu, Zn, Ga, As, Rb, Sr, Y, Zr, Nb, Mo, Cd, Ba, La, Ce,
Pb, Th, U) and some major elements (SiO,, TiO,, Al,O;, Fe;03, CaO, MnO, K,0, SO,, P,Os) were
determined by means of energy dispersive X-ray fluorescence (ED-XRF), using an Epsilon 5 spectrometer
(PANalytical). For the analyses, spectro-cups were filled with 5 g of the powdered sample material and
subsequently sealed with 6 pm Mylar film. Signal stability was monitored by measuring a variety 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). Precision varied between 1 and 3%. Whereas the accuracy varies between 1 - 3ppm,
exceptionally Ba (51ppm), and V (7ppm).The detection limits range from 1 to 5 ppm, higher detection

limits apply only to Cr (10 ppm) and V (50 ppm).
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(WD) X-ray fluorescence analyses (Wavelength Dispersive- XRF)

To complement the element spectrum (MgO, Na,O), additional measurements were carried out by
wavelength dispersive (WD) - XRF on a selected set of samples, using a S4 Explorer WD-spectrometer
(BrukerAXS, Germany). Prior to the WD-XRF analyses, exactly 0.5 g of the sample material was
calcinated at 950°C to assess the loss on ignition (LOI). Fused glass discs were prepared by mixing the
calcinated material with SPECTROFlux (Alfa Aesar, Germany) in a weight ratio of 1:10. Standards from
certified reference materials (AGV-1, SDO, BHVO) were prepared, following to the same procedure, and
run simultaneously with the samples. Accuracy was found to be within 10% of the certified values of the
reference materials, while the precision was better than +0.1 wt. %. For Si, Ti, Al, Fe, Ca, and P, the WD-
and ED-XRF data correlate very well (r >0.97). Considering the higher accuracy of the WD
measurements, the ED-analyses were corrected, according to the regression equation established between

the two sets of analytical data.

Determination of total sulphur (Sy)

Sulphur values were obtained by analyses with an Eltra-Element Analyser CS 2000 using a broadband
non-dispersive IR cell. Samples were crushed and ground to pass through a >63 pm sieve. Approximately
250 mg were used for the sulphur determination in samples with a lower carbonat content, while 110 mg
were used for samples with higher carbonate content. The method is based on sample-combustion and the
measurement of the resulting gas via infrared absorption. Used standards were the Eltra cement standard
90811-13 and 90811-81, respectively. Repeated measurements indicate an analytical precision of £2.1%

(90811-81) and +0.5% (90811-13), whereas the detection limit is 100 ppm, respectively.
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Determination of highly reactive iron (Feyg)

The amount of reactive iron was assessed using the dithionate method (Raiswell et al. 1994, Canfield,
1989). A buffered solution of pH 4.8 was prepared from 68.8 g/L tri-sodium citrate dihydrate
(C¢Hs5NazO7* 2H,0) with 0.35 M acetic acid and 0.2 M sodium citrate. The extraction was carried out by
treating 0.2 g of sediment with 50 ml of buffered dithionate solution for 2h, before the Fe concentration
was determined. Inductively coupled plasma optical emission spectroscopy (ICP-OES) was initially used
for the analysis of Fe with a Varian 715-ES instrument. Iron was measured at a wavelength of 238.204
nm. The average of three measured values was taken. The reference standard CertiPur (VWR), containing
1 g/ of Fe, was used, with the detection limit for Fe of 1 ug/L. Repeated measurements indicate an

analytical precision of £0.04% (double standard deviation).

High-resolution inductively coupled plasma mass spectrometry (HR-ICP-MS)

The element contents (Mg, Mn, Fe, Co, Ni, Cu, Zn, As, Rb, Sr, Mo, Cd, Ba, Pb, U) in foraminifera tests
were performed with a double focusing single collector mass spectrometer; inductively generated plasma
served as ion source (Axiom, VG Elemental, UK). All measurements were done by using a micro
concentric atomiser (flow rate ~100 pL./min), a Scott-spray chamber and nickel cones. The measurements
were carried out in the magnetic scanning mode, which uses both the electrostatic and magnetic influence

of the ion beam.

The concentrations were calculated as the mean of three measurements from the sample. The detection
limit for each selected trace element is described in section 10. The calibration standard was a High Purity
Standard with a stock solution of 1000 mg/L (= 0.4%) and a dilution factor of 10. The accuracy of the
measurements was calculated with a reference solution in form of certified multi-element standard within
1% HNO; matrix (HPS = Certified Reference Material-Trace Elements in Drinking Water, CRM-
TMDW). The trace metals of the high purity standard (Promochem, HPS) were measured after calibration

and after measurement of the samples. All samples were diluted in 2 ml, 1 ml respectively of 1% HNO;
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solution. The detection limit for each element can be obtained from tables 29, 30, in the appendix. The
relative standard deviations (RSD) amounted to 0 - 9.43% (Zn). With regard to the precision of the
double-focusing sector field SF-ICP-MS (Axiom, VG Elemental, UK), the RSD of the three sample

measurements was calculated and amounted to values between 1 and 3%.
Wet chemical extraction of different bond of sulphur species

Extraction of the following five fractions of the sample has been carried out: acid volatile sulphides
(AVS) primarily including Fe-monosulphides, (mackinawite, pyrrothite, greigite); acid soluble sulphates
(ASS) including gypsum, anhydrite; CrCl, reducible sulphides (CRS) consisting of disulphides, mainly
in form of pyrite; organic sulphur including intramolecular bonded sulphur (extracted with Thode

solution); intermolecular bonded sulphur, removed with Eschka mixture.
Introduction to extraction techniques

A completely selective extraction of sulphur from sediments is not possible. This also counts for the
extraction of monosulphides by means of SnCl, and HCI. The degree of extractability of different kinds of
bonded sulphur (including monosulphides) is depending on a number of factors, such as the grain size of
the material. However, because of the low concentrations, mostly below one percent in sediments and a
low particle size, “traditional” techniques, for example x-ray diffractometry and the sample-examination
by microscopy, are not helpful for quantifying sulphur minerals in the bulk sediments (van der Veen,

2003; Morse et al., 1987; Cornwell and Morse, 1987).

For iron sulphide digestion, several techniques have been developed, which are based on the premise that
iron monosulphides dissolve in acid (mostly HCI) faster than pyrite under similar conditions. In order to
quantify the concentration of total reduced sulphur (H,S, S°, AVS, FeS,) in sediments, a combination of

HCI+CrCl, is mostly used (Zhabina and Volkov, 1978).
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The extraction steps of bonded sulphur from marine sediments are described in (Rickard and Luther,
2007; Groot, 2004; van der Veen, 2003; Cornwell and Morse, 1987). According to the cited authors, the

analysed samples may contain:

Monosulphide (FeS,: 0.9<x<1.5; Fe’*S”)

This group includes minerals like mackinawite, pyrrhotite, and greigite, respectively. Monosulphides are

considered to be soluble in HCI, whereas pyrite (disulphide) is not (Morse et al., 1987).

Mackinawite (FeS) is a Fe(Il) sulphide that occurs mainly in marine and limnic sediments, and is
commonly viewed as most important precursor of pyrite. Mackinawite show a higher solubility compared
to pyrite. Dissolved species can be oxidised very quickly under oxygen-rich aqueous conditions. A
conversion of mackinawite to greigite and subsequently to pyrite is also possible (Rickard and Luther,

2007). Mackinawite may contain amounts of Ni, Co, and Cu (Morse et al., 1987).

Pyrrhotite (Fe;—, S; x = 0-0.2) According to (Rickard, 1995), pyrrhotite comes along with pyrite and
greigite in oily sediments. A treatment of the sample with HCl will lead to the formation of
hydrogensulphide, if pyrrhotite is present. So pyrrothite is recognised as part of the AVS group, alongside
other monosulphides. The mineral is not commonly identified in anoxic marine sediments (Cornwell and

Morse, 1987).

Greigite (Fe;Sy)

Greigite is preferably observed in recent freshwater, brackish water and marsh sediments. For example,
the Baltic Sea (Bottcher and Lepland, 2000) and Framvaren Fjord (Cutter and Kluckhohn, 1999). Greigite
is a lot more sustainable in lacustrine environments because of the low concentrations of dissolved sulphur
species, in contrast to the marine area. The conversion of greigite to pyrite in freshwater sediments thus
takes place more slowly and incompletely (van der Veen, 2003;Wilkin and Barnes, 1997). Nevertheless,

greigite is also observed in marine settings, for example the Black Sea (Lewis and Landing, 1991). Newer
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results indicate a greigite formation in sediments from the continental margin of Oman and the California

upwelling region (Rowan et al., 2009).

As noted above, greigite is detected in the sediment as AVS by means of hot hydrochloric acid. The
addition of SnCl, increases the amount of extracted greigite, but in this case poorly crystalline pyrite will

partially also dissolve (Morse et al., 1987).

Iron disulphide (pyrite - cubic, FeS,)

Annually, 5 million tons of pyrite is produced in the world's oceans. Pyrite is the most abundant iron
sulphide on the surface and it is stable in the absence of oxygen (Rickard and Luther, 2007; Berner, 1970).
For the formation of pyrite, in addition to sulphate, degradable organic matter and reactive iron
compounds are needed (Marnette et al., 1993). Pyrite often contains traces of minor elements, especially
chalcophile elements, that are used to evaluate palaeoenvironmental conditions (Pisarzowska et al. 2014;

Berner et al. 2013; Huerta-Diaz and Morse, 1992).

Two mechanisms for the formation of pyrite can be distinguished: The first requires the presence of Fe(Il)
- ions and polysulphides (FeS — S(-II)). The second is dependent on the existence of reactive iron
compounds and elemental sulphur (Rickard and Luther, 2007). These reactive iron compounds include
hydroxides, oxyhydroxides (goethite / lepidokrokite - FeOOH), and oxides of hematite (Fe,O;) and
magnetite (Fe;O4), placed in fresh water and seawater as detritus. By the involvement of intermediates
such as mackinawite and greigite, the inorganic precipitation and bacterial formation of pyrite follows a
pathway via a progressive sulphurisation, dissolution, and precipitation, by including changes in aqueous

sulphur speciation (Schoonen and Barnes, 1991).

Under standard conditions, formation of pyrite follows two mechanisms that are described as the “H,S-

pathway” (Berzelius- reaction; eq. 4), and the “polysulphide pathway” — (Bunsen- reaction; eq. 5).
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Equation 4

FeS + H,S — [Fe—S — SH,] » FeS, + H, "Berzelius reaction" Eq.4

Equation 5

FeSaag + Srzl_(aq) — FeSys) + Sﬁ:l(aq) "Bunsen reaction” Eq. 5

A rate limiting role is given by the concentration of H,S (circumneutral conditions at pH ~7) or
polysulphide concentration (alkaline conditions at pH ~8.1) (Rickard and Luther, 2007). In such an
environment, the pyrite formation follows the polysulphide pathway and in this case, is about two

magnitudes slower than in the H,S one (Butler and Rickard, 2000).

In a natural environment, bacterial mediated sulphur — disproportionation plays a major role in
anoxic/sulphidic environments that enhance the pyrite formation up to 10° times faster than inorganic

precipitation can (Canfield et al. 1998).

As noted above, pyrite can be precipitated at a concentration of picomolar HS™ (less than 1 nM) and in the
presence of nanomolar dissolved iron. This implies that extraordinarily low quantities of sulphur species

are required to precipitate pyrite (Rickard and Luther, 2007).

Sulphate

The main source of sulphate is represented by the fluvial entry (Drews, 2010). Calcium sulphate, gypsum
and anhydrite are major constitutes of carbonate sediments, whereas barite and celestine are often
observed with less abundances. However, sulphate can also be adsorbed onto the surface of iron oxides or
hydroxides (Chen et al., 1997). They may include additional labile organic sulphur compounds such as

sulphate ester (Nriagu and Soon, 1985).
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Sulphur (elemental sulphur, sulphate, poyisulphide, organic sulphur)

According to equation 6, an addition of H,S to oxygen free water is a result of the formation of
polysulphide ions through the interaction of S with HS™ (Morse et al., 1987). Subsequently, the resulting
polysulphides S2~ react with H* to form HS™, (Rickard and Luther, 2007). The net result is accompanied

at a given pH value, whereas all total reduced sulphur (St) can be expressed by equation 6.

Equation 6

Sp = [HS,] + [HST] + [S7] + [SF7] + [HSy] + [S§7]1 + [S7]  Eq.6
Equation 6 is an example for using this term to describe dominant sulphur species in pore water at a given
pH of 8 (Morse et al., 1987). The most abundant sulphide species in a natural environment are H,S >

HS™ > HS; (Rickard and Luther, 2007).

According to the notions above, polysulphides refer to alternating chains of sulphur atoms. They are an
important part of the pore water in tidal- and marine sediments, and highly reactive and can therefore bond

to both metals and organic matter compounds.

A possibility to extract polysulphides includes the extraction with acetone or carbon disulphide (CS,).
According to Henneke et al. (1997) in a wet chemical sequential extraction scheme Sg and non- polar

organic polysulphides can also be extracted.

Organic sulphur

Sulphurisation of organic matter leads to the formation of a wide variety of organic sulphur compounds in
nature, especially in marine sediments. More than 1500 different compounds are currently known (Werne

et al. 2004, Sinninghe Damsté and Leeuw, 1990)

Sulphur can be incorporated intra-molecularly into organic compounds, forming a cyclo-sulphur group
such as a thiophene or thiane, or it can be incorporated inter-molecularly, resulting in organic compounds

linked via C-S-C bonds into a macromolecular matrix.
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Intramolecular S incorporation

Fig. 25 shows the intramolecular S-incorporation, which is defined as the integration of heterocyclic
compounds into kerogen-bonded sulphur. They can be divided into three main constituents - (1) thiane,
heterocyclic compounds that contain a saturated six-membered ring with five carbon atoms and one
sulphur atom, (2) thiolane®, the saturated analogue to (3) thiophene - that are all related to intra-

molecular sulphur incorporation (Werne, 2000; Rospondek et al., 1997; Kohnen et al., 1991).

S H H
\ /
ConC
F
S H= OO ~H
S
(1) Thiane (CsH;,S) (2) Thiolane (C,H;S) (3) Thiophene (C4H,S)

Fig.25 Different heterocyclic compounds in sulphur rich kerogen

Typical for thiophenes is the incorporation into the so-called highly branched isoprenoid (HBI). The HBI
components are composed of carbon skeletons of 20, 25, 30 or 35 carbon atoms. They have been reported
from a wide variety of ancient and recent sedimentary settings (Jaraula et al., 2010; Werne et al., 2008;

Sinninghe Damsté et al., 2007; Volkman et al., 1987).

HBIs occur predominantly as saturated hydrocarbons or in sulphurised form (Zhang et al., 2011; Kdoster et
al., 1998). Kolonic et al. (2002) reported on pristane and phytane skeletons that have been released upon
desulphurisation of samples from the largest oil shale reservoir in North Africa, the Tarfaya Basin, SW
Morocco. These skeletons contain thiolane, thiophenes and thianes. The observations are comparable to
those obtained from deposits in the Monterey and Duwi formations (Stankiewicz et al. 1996), and Kashpir

oil shales (Riboulleau et al. 2003) and the sulphur-rich Orbagnoux deposits (Mongenot et al. 1999).

8 Organosulphur compound with the formula (CH,),S - five-membered saturated heterocycle having four carbon atoms and one sulphur atom
Swanston (2000).
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Intermolecular S incorporation (hopanoides)

Such hopanoides are widespread in kerogen (Farrimond et al., 2003). Hopanoides are pentacyclic
compounds and are based on the structure of hopanes. Their function is to improve the strength of bacteria
membrane. This helps the bacteria to adapt to different environments (Madigan and Martinko, 2009). In

hopanoides, the sulphur is linked to polysulphides and sulphides.

Extraction techniques

A very detailed overview about different extraction techniques is given in Rickard and Morse, (2005), van
der Veen, (2003), Rice et al. (1993) and (Cornwell and Morse, 1987). There are two main approaches to
recover differently bonded sulphur. This includes methods for sulphur extraction in both sequentially and

non-sequentially operated methods.

In a sequential procedure, the individual forms of sulphur are extracted successively. In a parallel
extraction procedure, a new sample aliquot per sulphur species is used. This enhances the probability of
sample inhomogenities (van der Veen, 2003). The sequential procedure is based on a method that was
originally proposed by (Zhabina and Volkov, 1978). Here, all used solutions must be purged with nitrogen
or another inert gas first, to remove all of the oxygen. Different reagents can effectively convert acid-
volatile sulphide (AVS), CrCl,-reducible sulphide (CRS), and elemental sulphur into hydrogen sulphide
(Hsieh and Shieh, 1997). Subsequently, the H,S has to be transferred by means of an inert gas (Ar, He, N,)
into a flask containing a Cd-acetate, where sulphur is precipitated in form of CdS. An overview about the
use of different extraction solutions (precipitation with Ag, Zn, Cd) is given in van der Veen, (2003), who

modified the method of Zhabina and Volkov (1978).
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Methodology of sulphur extraction

Fig. 26 and 27 (next page and page 75) illustrate the principle steps of the wet chemical extraction of
different sulphur species. The first step involves the determination of the AVS- bonded sulphur. The
sample was treated with 6M HCI. Liberated H,S reacts with Cd-acetate to CdS. The released H,S
represents different iron sulphide species (mackinawite, greigite, pyrrothite). 5 g of dried and finely
ground sample material was filled into a round-based flask. 40 ml of cadmium acetate solution and 40 ml
of acetic acid, together with 60 ml monodestilled water, was added to a water-cooled glass column unit.
Subsequently, a mixture of 50 ml 6M HCI and 50 ml mineralised water was injected into the bottom flask
with the sample material. By heating the flask to 80°C, the released H,S was transported by means of a N,
gas stream into the cooled glass column, where the evolved H,S was precipitated in form of CdS.
Adhering residual CdS onto the glass wall (cooling unit) was rinsed out with acetic acid and splashed into

the beaker.

In the second step of the sequential extraction procedure, the supernatant with acid soluble sulphates has
to be separated from the residue, which contained all the other forms of sulphur. For this, the content of
the round-based flask from the former step was filled into a 50 ml tube and was centrifuged for 8 min at
4000 rpm. The supernatant was transferred into a 500 ml plastic bottle. This procedure was repeated two
more times until the supernatant became colourless. NaOH was used as buffer solution to set the pH-value
at 3 - 3.5. It followed the addition of barium chloride solution, in order to precipitate barium sulphate,

which was further used to identify the isotopic composition of sulphate-bonded sulphur (eq. 7).

Equation 7

S0%+ Ba?*+ 2Cl" » BaS0,l +2CI° Eq.7

Now, the residue contains the di-sulphide (pyrite) and organically bonded sulphur. From this residue, the
pyrite-sulphur (actually CrCl, — reducible sulphides: CRS) was extracted by means of a mixture of CrCl,

and HCI. It was necessary to prepare a fresh CrCl, solution, which was obtained by reduction of CrCls.
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Cooling unit with precipitation
of CdS

Flexible hose with H2S
) supply of extraction liquid

N2 input “’l 3

S s W

Magnetic stirrer with heating plate

Fig.26 Extraction equipment for different kind of bond sulphur

For this, the CrCl; solution was sent through a column with amalgamated zinc. Thereby, a change from
green to blue colour could be observed, indicating the reduction of chromium (III) to chromium (II), Eq.

8(van der Veen, 2003).

Equation 8

2CrCl; + Zn — 2CrCl, + ZnCl, Eq.8
' +e ——Cr*

The further processing has to be done rapidly otherwise, a re-oxidation to chromium (III) takes place.
Subsequently, the extraction agent was prepared. This consisted of a mixture of 65 ml CrCl, solution and
35 ml of concentrated HCl in 300 ml of demineralised water. The addition of concentrated HCI improves
the conversion of CrCl; to Cr** (Hsieh and Shieh, 1997), see eq. 8. The remaining sample material from
the previous step was re-introduced into the round-based flask and processed similarly to the extraction of

the AVS. Equation 9 displays the chemical equation for CRS- sulphur extraction (van der Veen, 2003):
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Equation 9

FeS, + 2Cr’ "+ 8H'— 4H,S1 + 2Cr* '+ Fe’* Eq.9
According to Francois, (1987) it is important to note that chromium reduction liberates some of the
organic polysulphides and humic substances, but their contribution to the total amount of extracted

organic sulphur is negligibly low (Canfield et al., 1986).

The residue from this step was processed with Thode solution in a similar way as described above. The
Thode solution extracts organically bonded sulphur (intramolecular sulphur), and in part some of the

elemental sulphur contained in the bulk sediment.

The strongly reducing Thode solution is a mixture of:

1. HJ = 500 ml (850g) d=1,7
2. H,PO, = 245 ml (50%)
3. 12M HCI = 816 ml

The remaining material from the previous extraction step was treated with 100 ml of Thode solution at
80°C for about three hours. The liberated hydrogen sulphide was converted into cadmium sulphide as

described above (Eq. 10).

Equation 10
H,S + CdC4HO4 - CdS + H,C4HeO4, Eq.10

After this step, the sample material remaining in the flask contains the organically bonded sulphur

fraction.

Organically bond sulphur

The organically bonded sulphur (actually kerogen sulphur) was extracted by means of the Eschka method,

according to ASTM D-3117, ISO334, ISO351. For this 1 g of the remaining sample material was mixed
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with 3 g of Eschka mixture, consisting of two parts by weight of calcified MgO with one part of
anhydrous Na,CO;. In order to prevent any lost during combustion, the sample mixture was covered with
an additional amount of 2 g of Eschka powder. The platinum crucible was transferred into an oven and
heated at 800°C for 6 h. During combustion, sulphur compounds in samplematerial reacted with MgO and

Na,COjs to form MgSO,4 and Na,SO,.

After cooling, the crucible was placed into a hot water bath (80°C) for 45 minutes to get sulphate into
solution. The beaker content was filtered and the residue washed again and heated gently for 10 minutes in
order to oxidize sulphite to sulphate. Finally, sulphate in solution was precipitated with BaCl, to give

BaSO, which was used in isotopic measurements. In fig. 27 is shown the analytical procedure as described

above.
Sample Residue Residue Filtration A EIE
6N HCl Filtrate CrCl,+HCl 100 ml Thode Eschka
solution*
2- 2-
Cd2+ +Ba2+ Cd2+ Cd2+ +Ba2+
c«fs |3an4 cds cds Ban4
acid volatile acid soluble CrCl, reducible  intramolecular intermolecular org.
sulphides (AVS) sulphates (ASS) sulphides (CRS) org. sulphur sulphur (Kerogen-S)

) EA - [RMS

Fig.27 Analytical scheme used to separate various forms of sulphur in oil shale and associated rocks
(adapted from Mayer and Krouse, 2004)
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Analysis of the stable sulphur isotopes: Continuous Flow- IR-MS, (CF-IRMS)

The continuous flow mass-spectrometry (IR-IRMS) is widely used for online determination of the isotopic
composition of inorganic and organic materials (Barrie and Prosser, 1996). In terms of the reduced amount
of sample material needed, and high performance, the CF-IRMS is to be preferred over the classic and

laser methods (heating, ablation method) (Grassineau et al., 2001).
Device description

For this work, the extracted sulphur fractions were measured for their sulphur isotope composition with a
stable isotope ratio mass spectrometer (IsoPrime), coupled in continuous flow mode with an element

analyser (NA1500; Carlo Erba, Milan, Italy) (EA-Py-CF-IRMS).
Analytical procedure

From each sample/standard, 300-500 pg were weighed together with ~5 mg of V,0s into tin-foil capsules.
The weighed sample/standard is dropped by the automatic sampler into an oxidation/reduction column,
kept at 1020°C. The packing of the column in the furnace is shown in fig. 28 (Fry et al. 2002, Grassineau
et al. 2001). The sulphur is oxidised to SO, in the reaction column. Helium acts only as a carrier to
transport the gas through the column. The tungsten oxide causes the conversion of sulphur species (CdS,
BaSOQ,) into SO5/SO,, while copper leads to the reduction of SO; to SO, (Grassineau et al. 2001). The
resulting gaseous burning products are dried using a magnesium perchlorate water trap. After passing the
water trap, the gas reaches the chromatographic column where the different gaseous species are separated,
while the SO, is transferred into the analyser of the mass spectrometer. The isotopic composition of the

SO, from the sample is compared to the value of the reference gas.

Isotopic composition of the samples was calibrated against internationally certified standards with known
isotopic composition: IAEA-S1 (Ag,S, 8**S = -0.3%o); IAEA-S2 (Ag,S, 8*S = +22.7%o + 0.2%o0), IAEA-
S3 (Ag:S, 8™S = - 32.3%0 + 0.2%o), and NBS-127 (BaSOy4 8>*S = +20.32%0 + 0.4%o). Precision of the

preparation and analysis, estimated from replicate analyses of standards, is generally better than +£0.2%o.
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All data are expressed in standard delta notation as per mil (%o) deviation, relative to the Vienna-defined

Cafion Diablo Troilite (V-CDT).
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3.3.2. Foraminifera

Preparation and cleaning procedure

The determination of the trace element composition of benthic (Gavelinella) and planktic (Heterohelix)
foraminifera tests aimed at gaining insights about the differences in the composition of surface and bottom
water, as well as on detecting temporal composition trends because of radical changes in the upwelling
system and oceanic circulation in the southern Tethys during the Late Cretaceous. Methods of preparing
and analysing foraminiferal samples for trace element composition vary between laboratories; there is no
standardised method per se (Barker et al., 2005). A good overview about different cleaning techniques is

given by (Barker et al., 2003).

Actual cleaning techniques comprise two different schemes that include firstly “oxidative cleaning
technique — Mg cleaning” and secondly “reducing cleaning technique — Cd cleaning” (Pena et al., 2005).
The so-called Mg-technique contains a step to remove clays (referred as C,HsOH), and with an oxidising
agent (mostly H,O,) all organic matter becomes oxidised. Finally, a leaching step which involves the use
of weak acid is recommend by (Barker et al., 2003; Elderfield and Ganssen, 2000). The “original”
cleaning Cd-technique, which was initially introduced by Lea and Boyle, (1991), Boyle and Keigwin,
(1985) and Boyle, (1981), includes an additional reduction step to remove Mn-Fe-oxyhydroxides.
Additionally, this cleaning step allows the removal of all insoluble mineral phases, e.g., pyrite overgrowth
(Boyle, 1981). They are typically on the surface of the foraminifera tests. The possibility of silicate
coatings removal from the surface of foraminifera tests, has previously been described (Pena et al. 2005,

Barker et al., 2003; Martin and Lea, 2002; Lea and Boyle, 1991; Boyle and Keigwin, 1985; Boyle, 1981).

The cleaning procedure, which was performed for this work, is based on previous works (Brown and
Elderfield, 1996; Hastings and Emerson, 1996; Boyle and Keigwin, 1985; Boyle, 1981). There are

existing descriptions in form of detailed laboratory guides (Meudt, 2004, Barker et al. 2003).

For the purposes of the palaco-investigations, the specimen were broken up under the binocular

microscope between two glass plates in order to free the filling of the chambers and subsequently
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submitting them to the meticulous cleaning procedure. This includes the following four major steps: (i)
removal of adhering clay particles with double distilled water and methanol, (ii) removal of any coatings
(notably Fe- and Mn- oxyhydroxides) in a reducing environment by means of hydroxyl ammonium
chloride, (iii) oxidising and removing organic impurities with H,O,, and (iv) etching the surface of the
fragments with diluted (0.25 vol. %) HNOs, which aims to remove any trace of impurities. Finally, the
thoroughly cleaned material was dissolved in 1 ml of 1 vol. % HNOs and the solution was analysed with a

high resolution ICP-MS, equipped with a micro-concentric nebuliser with low uptake time.

From each sample, a minimum of ~100 pg of foraminifera tests (>10 specimens) have been picked under
the binocular microscope. A main selection criterion was a good preservation. This includes no visible
(under magnification) dilution effects on the surface of the shells as well as no recrystallisation of calcite
and inclusion of clay minerals and pyrite. In order to enlarge the surface to be analysed, we used a glass
top to crush the foraminifera tests into two parts. A critical minimum for the initial weight of each
analysed sample was a weight of 50 pg. Samples with less than 50 pug were analysed but not considered in
the statistical analysis. The crushed samples were filled into a 1.5 ml plastic reaction tube. The following

procedure includes five dissolution steps and it is described in detail below, see also fig. 29, next page.

First Step: removal of clay particle with H,Opiqesr and CH;OH

This step aims to remove any occurring clay particles from the surface of the foraminifera. An amount of
(~500 pl) HyOpigest was added to the reaction tube. Resulting air bubbles were removed by tapping against
the reaction tube. The tube was closed and placed into an ultrasonic bath for 1-2 minutes. In order to
resolve any occurring air bubbles, it was tapped against the frame several times. The tube was left in the
rack for about a half minute to allow the shell fragments to settle at the bottom. By using a 1000 pl
pipette, the water was carefully removed. This step was repeated once with HyOpigest, twice with 100 pl
methanol (in p.a. quality) and finally three times with H;Opigese (1000 pl) to flush out the methanol
repeatedly. After the third wash cycle and before storing, the samples were placed in an oven at 40° C

overnight.
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Initial weight of the foraminifera test’s ‘

¥

Breaking up the test’s with glass plates ‘

¥

Removal of the clay particles with
H.O.... and C,H.,OH

Reduction of the metal oxides with
[NH,OH]CI

¥

Oxidizing the organic material with
NaOH and H.O,

Resolution of remaining of superficial element
impurities by diluted HNO,

Analyse with HR-IC-MS

Dissolution by HNO, #»

Fig.29 Flow chart of the modified purification
process for foraminifera test (Meudt, 2004).

Second step: reducing solution step

This step includes the elimination of all metal
oxides that form during diagenesis. They cover or
adsorb onto the surface of living foraminifera tests.
First, a one molar solution of the reducing agent
hydroxyl ammonium chloride ([NH;OH]CI) in a
5% ammonia solution was generated. For this
purpose, 10 ml of concentrated ammonia solution
H,Opigess was filled up to 50 ml, dissolved in 3.6 g
of hydroxyl ammonium chloride, and transferred
under the hood in a 50 ml Teflon bottle. The
reagent should be generated immediately before
usage, because otherwise a gradual autoxidation

decomposes the reducing agent (Jander et al. 2006;

Holleman and Wiberg, 1995). The hydroxyl ammonium chloride and ammonia solution must be at least in

p.a. quality.

500 pl of the reagent were pipetted into each sample. Resulting air bubbles were removed by tapping

against the frame and the vessels were closed. Vessels were placed in an ultrasonic bath and heated at 60°

C for 4-5 minutes. Reoccurring air bubbles were detached by tapping against the frame. After a one-

minute break, the reagent was pipetted until only a residual layer was left at the base of the vessel. The

tubes were filled again with H,Opigesr. (1000 pl). Afterwards, the water was suctioned again. The last

procedure was repeated three times and the samples were stored in an oven at 40° C overnight.
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Oxidising solution step

This step was performed for the removal of all organic matter. In a small beaker, 100 ul H,O, is added to
30 ml of 0.1N NaOH solution. Both reagents have p.a. quality. 250 pl of the reagent was added to each
sample, air bubbles were removed by tapping against the frame. After that, the vessels were closed. The
tubes were inserted into floating racks for 4-5 minutes at 60° C in a heated ultrasonic bath. Teflon tubes
were filled with 500 pl HyOpigese and after the one-minute break, the reagent was pipetted until only a
residual layer was left at the base of the vessel. Then, the tubes were rinsed three times with double-

distilled H,O (1000 pl) and the samples were stored in an oven at 40° C overnight.

Mild acid leaching

This step involves the partial dissolution of any remaining oxidic coatings from the surface of the
foraminifera tests. 25 pl of 0.25% HNO; in sub-boil or ultrapure quality was added to each sample. After
2 minutes, the samples were filled up with 1ml H,Opi4ec and then pipetted off. Each sample was washed

three times with double-distilled H,O. After washing, the shell fragments were stored in a refrigerator.

Dissolution of the samples

To dissolve the remaining fragments, 100 pl of 1% HNO; (sub-boiled or in ultrapure quality) were added
and subsequently exposed to an ultrasonic bath for 15 minutes. If any fragments were visible, additional
100 pl of 1% HNO; were added again and the procedure was repeated. Subsequently, the solution was
transferred into a Teflon tube with a conical base. Then the addition of 1% HNO; in a reaction vessel
followed. About 10 pl of insoluble residues remained in the reaction vessel, which could be discarded
because they were usually intercalated silicate or coatings on the surface of foraminifera shells. These
silicate materials could block the fine capillary tubes in the mass spectrometer. Now, the solution

contained dissolved foraminifera that were ready for analyses by means of the mass spectrometry.
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4. Results

4.1. Stratigraphy and Lithology
Splits of samples taken from the Rotem-Mishor quarry were used for the inorganic geochemical analyses.
Samples were taken every 10 - 20 cm over a range of 50 m. A high-resolution sample set, composed of a
total of N=266 samples, was used to determine the trace elements and C,, composition, while another set
of N=45 samples, taken with a lower resolution (every 80 - 100 cm), was used to determine the main
element and mineralogical composition. Sampling covered the uppermost part of the Phosphorite Member
(PM) of the Mishash formation (5.8 m), the entire Oil Shale Member (OSM) (42 m), and the base of the
Marl Member (MM) (~3 m) of the Ghareb formation. A detailed description on the lithology and

biostratigraphy is given in (Ashckenazi-Polivoda et al., 2011).

Table 1 Overview of different investigates carried out within this work

Analyses High resolution sample set Low resolution sample set
(n=220) (n=45)

Minor elements (ED-XRF) X

Major elements(WD-XRF) X
Determination of C,,, X

Determination of Sy, X
Determination of FeHR9 X
Mineralogical composition (XRD) X

Trace elements in foraminifera X

Sulphur isotopy X

? Highly reactive iron
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4.2. Mineralogical and geochemical composition

4.2.1. Mineralogical composition

Samples from the Ghareb fm. are termed as organic-rich carbonates, namely oil shales, being fine-grained
rocks of grey colour. These rocks consist mostly of calcite (up to 55 wt. %), dispersed organic matter of
up to 18 wt. % (OM), and quartz, with further minor or accessory amounts of clay minerals, apatite,
gypsum, dolomite, goethite, and traces of pyrite. Of particular consideration are biogenic fragments,
which typically contain noticeable parts of foraminifera. Details of the mineralogical composition are

given in table 2.

Table 2 Average mineralogical composition of the oil shale (Mishor Rotem)* calculated from wet
chemical analyses

Main minerals Minor minerals
calcite max. 55 wt. % dolomite
quartz, opal gypsum*
organic matter — max. 18 wt. % muscovite (?)
kaolinite/smectite/illite microcline

apatite* (~7 wt. %)
goethite® (~3 wt. %)
very low pyrite* (~1 wt. %) (by XRD not detectable)

After treatment with 3.5% peroxide and 10% hydrochloric acid, to remove organic matter content and
carbonate, results from the diffractometry analysis reveal a pattern, which signify constituents of quartz,
clay minerals and amorphous components of opal and iron-hydroxides, see fig. 30 and fig. 32. This is in
accordance with Spiro and Rozenson, (1982, 1980) and Spiro, (1977), who report calcareous, locally
bituminous shales with an assemblage of authigenic silicate minerals including microcline, heulandite,
quartz, opal —CT, anatas, iron-hydroxides along with detrital quartz, kaolinite, smectite and illite, from the

Ghareb fm., Campanian — Maastrichtian (Horon, Efe’ syncline, Nebi Musa).
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Fig.30 Graphs display examples of mineralogical analysis by XRD. Samples were pretreated with HCI and
H>0, to extract carbonate and organic matter. Number refers to identified major peaks for:(1)
montmorillonite (2) kaolinite (3) feldpare — muscovite (4) quartz (5) apatite

Fig.31 illustrates a mix of bones and
amorphous apatite-like phases (rounded
particles) (OSP013, 49.8m Phosphorite
Unit) 1pol.

Phosphorites are grey-green coloured, conglomeratic rocks

and consist mainly of apatite and micritic calcite. The apatite

constituents include fragments of bones and teeth as well as

amorphous, optically isotropic, phosphatic phases (fig. 31).
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Based on the bulk sediment analysis (fig. 32), all
three units are clearly distinguishable by their
organic matter content (<2 wt. % in marl), their
apatite content (max. ~60 wt. % in phosphorite),
the of

and non-detection

clay mineral
compositions in the PM. The mineralogical
composition according to the XRD-results is

similar to the Jordanian oil shales and Egyptian

oil shales from the Red Sea, (Abed and Arouri ,

Average mineralogical composition (Oil Shale Member)

35%

18%

39%

Il Caicite (calc. from CO,)

[ SIL (Sum of Si0,, ALO,, K,0)

[ Organic matter (calculated)

[___] Apatite (calc. P,0,)

I Accessory amounts (calc. goethite, sulphate, pyrite)

Fig.32 Bulk rock composition of the organic rich
carbonates based on the semi- quantitative analysis
(oil shale)

2006) and (EI-Sabagh et al. 2000).

The relative abundance of the three most important groups of clay minerals was evaluated semi-

quantitatively with PowderX by integrating the surface area of the peaks as delivered by the software for

kaolinite, illite and smectite, at 7.16 A, 10.0 A and 17.0 A, (fig. 33, table 3). For a detailed discussion, see

(section. 5.1).

Table 3 comparison of XRD results from selected
samples in OSM (note OSP 18 = 43.8 mbsf, SAOS
167 = 35.5 mbsf) analysis was done by the Israeli

Clay mineral OSP  SAOS
18 167
Kaolinite 15% 12%
Smectite (high:low 67:33) 50% 44%
Illite 5% 8%
Mixed layer ISS (RO (70:24:6) 27% 35%
Chlorite 3% 1%

Depth [m]

B it
I Smectite
Il K=olinite

Claymineral (rel. %)

Fig.33 Downward fluctuation of the relative
clay mineral content in the MM and OSM.
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4.2.2. Major elements

The following lines describe the chemical pattern that occurred from the top of the PM (Mishash
formation) to the OSM - MM (Ghareb formation). All depths are given in metres below surface (mbsf).
Bulk element analyses show that SiO,, CaO, AL,Os, P,Os, Fe;0s, SOs, and organic carbon (C,g), are major
constituents in all members, whereas MnO, MgO, TiO,, Na,O, and K,O, are additional elements. All

major elements are described and expressed as oxides.

Phosphorite Member (PM) 49.9 to 45 mbsf

Calcium content shows variations ranging from 27.9 - 48.7 wt. %, being the concomitantly highest
fraction of all elements. Silicon, Mn, Ti, and K, are below the detection limit. Sodium and the Fe,Os,
AlL,O5 concentrations are very close to the detection limit, with an average concentration of 0.1 to 0.2 wt.
%, respectively. The MgO content ranges from 0.2 - 0.5 wt. %, while P,Os ranges from 10.2 to 15.4 wt.
%. Regarding all analysed elements, a noticeable change in concentrations occurs at the transition horizon

to the condensed layer (44.4 - 45 mbsf) and OSM.

Oil Shale Member (OSM) 44.2 - 2.8 mbsf

In this unit, calcium is the major constituent and ranges from 23.6 to 49 wt. %. Siliconoxide ranges from
4.9 - 19.4 wt. % and shows, together with Fe,O;, a concomitantly increasing trend, from the base to the
top, regarding the concentrations. A reverse trend is observable for sulphur. Titanium concentrations range
in the same magnitude (0.1 - 0.4 wt. %), compared to those of the PM, while Al,O; ranges between 1 - 9
wt. %. MgO values are comparable to the PM and the MM and are close to the detection limit, ranging
from 0.5 to 0.9 wt. %. Potassium and sodium concentrations are similar throughout the OSM. The K,O
and Na,O concentrations range from 0 to 0.4 wt. %. P,Os shows a drastically decreasing trend in the
OSM. The content drops from 4.0 at the base to 0.8 wt. % at the top. Manganese concentrations are below

the detection limit.
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Marl Member (MM)

- In the MM, the average value of CaO is
ari

Upper Oil Shale

Middle Oil Shale at 41 wt. %, which is higher than in the
Transition Middle - Lower Oil Shale

Lower QOil Shale Il

Lower Oil Shale | OSM. Siliconoxide concentrations are

org

"% v OO e

comparable to the OSM, values range
from 10.8. - 13.3 wt. %. The AlO;

values show slightly lower values than in

comparison to the OSM. Within the MM,

ca0o SiO

the average concentration is 5.4 wt. %,

Fig.34 Ternary diagram displays a comparison of the
different main constituents of bulk sediment between Qil
Shale - and MM, which is CaO = carbonate, SiO, = quartz,

C,,, = organic carbon

whereas the average Fe,O; concentration
varies from 1.8 to 2.2 wt. %. Phosphorus
content is very similar to the OSM, the average concentration is 1.9 wt. %. The average concentration of
MgO is 0.6 wt. %. Titanium oxide concentration (0.2 wt. %) is close to the detection limit. Sodium shows
a concentration of 0.1 wt. % and Mn and K are not detectable. A ternary diagram (fig. 34) displays a clear
separation between OSM and MM by their main components that are CaO, SiO, and C,, content. The
classification of the complete profile in different subunits, which based on the different chemical and

mineralogical bulk sediment composition, shows table 4 (page 91).

4.2.3. Minor elements

In the PM, some trace metals like Cu, Ni, Zn, and Cr show their lowest values. Exceptionally and in close
relation to P, V, Mo, U, Cd have their highest concentrations at the top of the member. At 45 m a clear
condensed layer evidently occurs. Within this zone, all elements drop in value. This transition zone

separates the PM from the overlying OSM.

Within the OSM, a general decreasing trend in the concentrations of micronutrients, such as Ni, Cu, Zn,
Cr, is observed. Such a pattern displays an up-section trend that correlates well with the content of organic

carbon. Oxyanion building elements with low mobility under reducing conditions, such as Mo, V, U, and
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As, display their highest concentrations in the basal part of the OSM. A sudden decrease of their
concentrations at 35 mbsf marks a change in the deposition regime. Moreover, elements like Rb, Ga, and
Ce, which are in conjunction to the detrital component, mirror the same increasing up-section trend that is
known from the main elements. Finally, rare earth elements (La, Y), which are typical for conditions that
favour the deposition of Ca-phosphate (phosphorite/ apatite), are in close relation to the constant (low)
values of P throughout the remaining profile. These entire elements show a sudden decrease at around 25
mbsf. Throughout the transition from the OSM to the overlying MM, there are no significant deviations in
terms of trace element concentrations observable. This notably features the covariance with the
foraminiferal assemblages, indicating that at least a part of the chemical signals, observable in the
sediments, are not only due to diagenetic remobilisation processes, but rather reflect changes in the
depositional environment, which is mandatory for a successful utilisation of geochemical proxies. The
application of such indicators, and the evaluation/interpretation of the geochemical data set by
multivariate statistical methods, is shown in the following section. The variation in concentration of main
elements and selected trace elements, along the section, are shown in fig. 35- 37. A summary of trace and

main element data is given in Table 5.

Table 4 Classification of the organic rich carbonates (oil shale) in distinct subunits

Unit mbsf Abbreviation Sub-division

Upper 32-212 UoS Upper Oil Shale

Middle 21.4-29 MOS Middle Oil Shale

Middle 29.2-334 TMS Transition Middle — Lower
Oil Shale

Base 33.6-38 LOSII Lower Oil Shale II

Base 38.2-44.2 LOSI Lower Oil Shale |
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Fig.36 Minor element composition in three analysed units. Elements were grouped on basis the factoranalysis, results are shown in

section 5.1. Numbers refers to the different subdivision of the profile.

I:| Phosphorites

2 Condensed layer

1 Phosphorites

S)NSaY



6

Sr Ba \' Ga Rb Zr Y La Ce

[ppm] [ppm] [ppm] [ppm] [ppm] [ppm] [ppm] [ppm] [ppm]
1000 30000 1000 30000 1000 40000 3579 12 200 10 20 30 400 20 40 60 1000 100 2000 10 20 30 500 10 20 30 50
10 : . 1 1 1
——o %‘
E 201 1 . . 1 .
K=
a
[7]
[=]
30 - : 1 1 : 1
40 1 1 1 1
[ 1 Man [ 1 oishale Phosphorites
Campanian-Maastrichtian Boundary Condensed layer
i I
8 Marl 5 Transition Lower Oil Shale - Middle Oil Shale 3 Lower Oil Shale | 2 Condensed layer
7 Upper Oil Shale 6 Middle Oil Shale 4 Lower Oil Shale Il 1 Phosphorites

Fig.37 Minor element composition in three analysed units. Elements were grouped on basis the factoranalysis

S)NSaY



€6

Stratigraphic Unit Phosphorite Oil Shale Marl

! Main Element [%] n Average  Max Min Stdev n Average  Max Min Stdev n Average  Max Min Stdev

Sio, 4 0.7 1.5 0.2 0.6 33 11.6 19.4 49 43 3 12.5 133 10.8 1.1

TiO, 4 Sbdl Spdl ®bdl ®bdl 33 0.2 0.4 0.1 0.1 3 0.2 0.2 0.2 0.0

AlLO, 4 0.2 0.5 0.0 0.2 33 4.7 9.0 1.0 23 3 54 5.9 4.6 0.6

Fe,0; 4 0.2 0.3 0.1 0.1 33 2.0 3.7 0.5 0.9 3 2.1 2.2 1.8 0.2

MnO 4 Sbdl Sbdl “bdl “bdl 33 Sbdl Sbdl Sbdl Sbdl 3 “bdl “bdl Sbdl Sbdl

MgO 4 0.3 0.5 0.2 0.1 33 0.7 0.9 0.5 0.1 3 0.6 0.6 0.5 0.0

Ca0 4 35.6 48.7 279 7.9 33 33.7 43.0 23.6 4.5 3 40.8 422 40.0 1.0

K,0 4 Sbdl Spdl ®bdl ®bdl 33 0.2 0.5 0.0 0.1 3 ®bdl ®bdl ®bdl ®bdl

Na,O 4 0.1 0.2 0.1 0.0 33 0.2 0.4 0.0 0.1 3 0.1 0.1 0.0 0.0

P,05 4 12.3 15.4 10.2 2.1 33 1.9 4.0 0.8 0.9 3 1.9 2.1 1.8 0.1

Corg 4 3.1 5.0 0.7 1.6 31 9.8 222 0.6 42 3 0.8 1.0 0.7 0.1

Cearp 3 6.0 7.7 33 1.9 23 4.8 6.9 33 1.0 3 7.0 7.6 6.6 0.4

z SO, 4 25 43 1.6 1.1 32 6.4 14.1 0.4 2.1 3 1.1 2.5 0.3 1.0
‘oM 4 5.5 8.9 1.2 29 31 17.5 39.7 1.0 7.5 3 1.5 1.8 13 0.3

LOI (950°C) 4 48.1 59.5 35.4 8.6 34 40.5 49.0 33.1 4.4 3 34.1 35.7 322 1.4

Stotal 4 1.0 1.7 0.6 0.4 32 2.6 5.6 0.1 0.9 4 0.4 1.0 0.1 0.4

Detection limit

* Trace Element [ppm] n Average  Max Min Stdev n Average  Max Min Stdev n Average  Max Min Stdev (ppm)
Cu 24 31 93 13 15 197 92 145 18 18 14 81 98 57 12 5
Cr 24 224 832 65 147 197 456 726 72 93 14 402 444 322 33 26
Ni 24 57 229 22 40 197 147 226 25 29 14 121 142 101 13 12
Sr 24 1477 1896 739 287 197 1295 1576 599 153 14 1378 1510 1245 85 1
Ba 24 213 1888 20 418 197 37 674 20 65 14 37 46 30 4 3
v 24 151 807 30 148 197 78 128 14 23 14 65 83 49 9 50
Mo 24 29 84 9 20 197 14 38 2 5 14 9 14 5 3 2
Zn 24 286 809 123 129 197 271 530 35 92 14 200 245 146 23 3
Cd 24 87 334 17 62 197 10 22 3 3 14 8 12 7 2 1
As 24 5 18 0 4 197 16 45 0 7 14 12 17 8 3 2
U 24 111 196 40 34 197 35 85 0 9 14 31 36 23 4 3
Ga 24 9 7 0 197 12 17 8 2 14 12 14 10 1 3
Rb 24 2 8 1 2 197 19 32 2 6 14 19 25 15 3 1
Y 24 48 121 12 25 197 44 116 5 15 14 32 36 26 3 0
Zr 24 16 27 7 4 197 45 90 8 10 14 42 47 32 4 2
La 24 23 40 13 7 197 21 30 7 3 14 23 26 20 2 4
Ce 24 15 23 10 4 197 22 34 6 6 14 28 34 25 3 4
Th 24 4 7 4 0 197 5 6 4 1 14 5 6 4 1 3
Pb 24 0 4 4 1 179 4 14 0 3 14 5 8 3 1 2
Nb 24 ‘bl ‘bl Sl bl 197 3 9 0 2 14 3 5 2 1 1
Ag 24 2 3 1 0 197 1 2 1 0 14 1 2 1 0 1
Sn 24 1 2 0 0 197 2 3 1 0 14 2 3 1 0 0
'WDXRF Standards: AGV-1 BHVO SDO Material: melt tablets
280, =S, [Wt%] x 2.5
‘oM = Corg [Wt%] x (100/75) x 1.34 (Tyson, 2001, Littke, 1993)
‘CSA .
*EDXRF Standards: AGV-IP GXR-2 GXR-3 GXR-4 GXR-5 GXR-6 SCO-1 SDO-1P SLI SOILV  SOIL-VII Material: powder samples

®bdl: below the detection limit
H,O content (85°C): 1-3 (Wt%)

Table 5 Comparison between the main and minor content in the analysed profile
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Interpretation of major and minor elements data and depth ranking:

Despite some pitfalls, (see also van der Weijden, (2002) and references therein), it is common to set the
enrichment of a given element in contrast to the average crustal threshold. Regarding this, the enrichment

factor of selected major and trace elements is defined as:

Equation 10

Element/Aluminiumg,mple

Enrichment factor= Eq.10

Element/Aluminiumg g

In this work the North American Shale Composit (NASC) was used for the main elements (Gromet et al.
1984). Unfortunately, the author did not determine each trace element of the shale composition that is
analysed here. Therefore, the average crustal values are taken from (Wedepohl, 1969-1972). An
enrichment factor more than one (black doted line) signifies an enrichment above the crustal threshold, as
defined by (McLennan, 1993; Gromet et al., 1984; Wedepohl, 1969-1972). On basis of the average
threshold, the fig. 38 displays the calculated enrichment factors that are shown for the three investigated

units (green line — MM, red line — OSM, black line — PM).

The major elements (Fe, Mn) show a depletion in all three units or a small enrichment in relation to the
“crustal average”. Unlike Ti, that shows enrichment by a factor of 10. Moreover, the EF's of PM vary in
two orders. However, in contrast to the EF's of the OM, that vary only for one order of magnitude. This
may signify a change, either in delivery source or regarding the transport mode (section 6) of sediments to
the deposition area. Relative to the crustal average, redox-sensitive elements (As, Mo, U) are enriched
chiefly in the PM up to 100 folds (U, Mo). In contrast, in the OM, As shows only a moderate enrichment
(up to 10 fold) or sometimes even a depletion. ,,Nutrient type” microelements, like Zn, Cu, Ni, are
enriched up to 100 times in the OS, whereas they are only moderately enriched in the MM (by a factor up

to 10) (fig. 38, next page). Chromium follows the same trend as Zn, Cu, Ni.
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Trace metal enrichment in Ghareb Fm. & Mishash Fm.

Cu A
Cd A
Ni

Cr A
Ba -

Mo
As -

Mn
Fe 4
Ti 7

10° 10° 10’ 10° 10’
. Element/Al, .
Enrichmentfactor (EF) = Eemenval,__.®

Fig.38 Comparison about the different calculated
enrichment factors (EF) for the analysed elements
throughout the profile. Dashed line marks the average
crustal envichment.

Two exceptions are noteworthy: the strong
depletion of Ba in all units, and the extremly
high enrichment of Cd that may be coupled to
the enrichment of P. Due to their possibly
biogenic origin, these elements show a high
enrichment relative to the “crustal average”,
the enrichment factor can vary up to a factor

of more than 100.

In summation, these findings indicate that the
EF’s relativ to the “crustal average” show for
all elements in the OSM and PM comparable
pattern. Contrasting the MM an enrichment in

a lower magnitude occurs.

Fig. 39 next page, shows a comparison between the aluminum normalised and non-normalised bulk trace

element values throughout the profile. Most obvious fact is, that below 33 mbsf (LOS 1, 1), an intensively

change of their enrichment is observed. Numbers in bold type represent the mean original bulk element

concentrations (non-normalised). A comparison between these values (aluminium normalised vs. non-

normalised) suggest apparently an enrichment of trace element in the LOS. The reason for this occurrence

can be first, that their enrichment is caused due to the constantly extraordinary low aluminium content and

secondly a change in the depositional regime.

It seems that the dilution effect cannot be the reason, due to the extraordinary low terrigenic input of

Al O;, responsible for the highest enrichment in chalcophile trace elements (CTE) in the LOS unit. The

highest enrichment of CTE and their strong association with the organic carbon and sulphur might explain

only the high primary productivity at the water surface and the carbon burial efficiency.
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Fig.39 show the comparison between the average bulk concentrations in Upper Oil Shale unit and Lower Oil Shale unit (LOS). Numbers in bold
type represent the mean original bulk element concentrations (non-normalised). A comparison between these values (aluminium normalised vs.
non-normalised) suggest apparently an enrichment of trace element in the LOS. Concluding remarks might be that the preferred enrichment in
the LOS is not caused due to dilution by terrigenic input.
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4.3. Iron — Sulphur — Carbon systematics (Fe-S-C)
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Fig.40 Total sulphur content in the profile (low-
resolution data set, N=46). Highest values
occur in lower parts of the oil shale unit,
generally between 25-45 m depth.

Total organic carbon (C,,)

The project partner at the University of Frankfurt
carried out analyses to determine the organic
carbon concentrations. Fig. 41 shows the
corresponding results. On the first look, it seems
as if the graph follows the same trend as for total
sulphur. For the PM, an average organic carbon
concentration of ~2.5 wt. % is observed. At a
depth of 48.2 mbsf, a distinct value occurs. Here,
the organic carbon shows a comparatively high

value of 17.2 wt. %. It follows a sudden rise of the

Total sulphur content along the whole sections

A total of 46 samples were selected (low-resolution
data set, fig. 40) to determine the total sulphur content.
The highest values up to 3.3 wt. % (sd +0.54) are
observed for the LOS II. Throughout the OSM, a
continuously decreasing trend is noticeable. A sudden
drop in the total sulphur content marks the transition to
the overlying marls. All three sections can be clearly

distinguished by their different sulphur content.
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Fig.41 illustrate the organic carbon content in three
analysed units. Note the dramatic change

at 45mbsf the transition PM — OSM, and 3mbsf
OSM - MM
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organic carbon content at the transition from the PM to the OSM. Above the LOS, the organic carbon has
highest concentrations of ~20 wt. %. At around 33 mbsf, the graph shows a sudden drop, the values
decrease to the half. For the next 15 m of the profile the graph shows subtle changes in organic carbon. At
20 mbsf, a sharp increase in the C,, is observed. The values rise about 5 wt. %. At the depth of 13 mbsf,
the values drop once more up to 6 wt. %. The next 10 m up-section, the values alternate between 6 and 12
wt. %. The transition from the OSM to the MM is marked by a sharp drop, their values decrease from 6 to

0.6 wt. %.

Degree of pyritization (DOP)

Degree of pyritization (DOP) The iron content that is actually present as

0.00 025 050 0.75 1.00 pyrite is shown in fig. 42. The values ranges

0 e between 0.27 - 0.83 and increases very weakly

—a with depth.
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3
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Fig.42 indicates the DOP (degree of pyritisation),
for definition see text below
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4.4. Calcium-normalized — element content of foraminifera test's
The determination of the trace element composition of benthic (Gavelinella) and planktic
(Heterohelix) foraminifera tests aims at gaining insight on differences in the composition of surface
and bottom water. This takes place to detect temporal compositional trends because of changes in the
upwelling system as well as in the oceanic circulation of the southern Tethys during the Late
Cretaceous. It is assumed that the enrichment of trace elements in foraminifera shells is a direct
consequence of the process of biomineralisation (Weiner and Addadi, 2011, Erez, 2003). The vertical
distribution of the Ca-normalised concentration of some potentially relevant elements in planktic and
benthic foraminifera is shown in fig. 45, pages 105, 106. Unfortunately, for most of these elements, no
regularities, which could have happened due to vertical concentration gradients between surface and
bottom water or due to the existence of time dependent changes in ambient water chemistry, are
observed. Several outliers, and the evidently capricious vertical distribution of the elements in both
data sets, make the straightforward interpretation of these data sets, in terms of primary seawater
signature, difficult and arguable. It is assumed that in both populations, typically marine
micronutrients, such as Fe, Mn, Co, Ni, Cu, Zn, Cd, and Mo tend to correlate with each other and form
distinct element associations. However, these associations do not reflect primary seawater signatures,
but are rather due to the prolonged contact of the tests with pore and ambient waters, enriched in these
elements during diagenesis. In other words, the enrichment of trace elements in benthic and planktic
foraminifera tests should mirror the chemical composition of pore water and the water column.
Therefore, for example, the benthic foraminifera from the lowest part of the OSM are deposited in the
most oxygen deficient environment of the whole sequence. Relatively high contents of Cr and U, but
low of Fe and Mn are measured. On the contrary, anoxic to euxinic bottom waters should rather have
been depleted in Cr and U, and enriched in Fe and Mn. To evaluate possible interchemical

relationships, a principal component analysis (PCA) was applied.

99



Results

Cadmium

Uranium
Vanadium
Iron

Copper

Barium
Manganese

Zinc

Magnesium*

Strontium
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Fig.43 Trace element (TE) abundances in foraminifera shells
(benthic and planktic) compared to reference values (red and
green bars), taken from (Meudt, 2004; Lea, 1999). Dashed
line marks the concentration of Iumol/mol of TE in
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foraminiferal test's.

The graph in fig. 43 shows the

direct comparison between the
analysed values and reference data
from (Meudt, 2004) and (Lea, 1999).
For most elements, there are no
significant  differences  between
analysed benthic and planktic trace
element abundances in comparison
to the reference values. However, the
high levels of Fe and V are critical.
Yet, due to their prolonged contact
with the surrounding pore water,
benthic foraminifera should show
slightly higher values than their
planktic counterpart does. Except for

3 elements (Cd, Mg, Sr), there are

notable differences between the analysed values of this work and the reference values from (Lea,

1999). Sources for the exceptionally high values of magnesium can be clay minerals and dolomite

precipitation, with respect to sulphate-reducing conditions by bacteria due to degradation of organic

sediment (van Lith et al., 2003). On the basis of the own investigations, the observations are similar to

Cléroux et al. (2008), showing very high Mg/Ca ratios. Most outstanding source for extraordinarily

high Mg/Ca ratio in calcite are clay minerals that can contain up to 10 wt. % Mg (Jasmund, 1993).

Depending on the weight of foraminifera shells (~15 pg), and according to (Barker et al. 2003),

planktic foraminifera have an average Mg/Ca ratio of up to 3 mmol/mol. The authors calculate an

increase of 10 wt. % in the measured ratio, equal to a rising of the Mg-content of one magnitude.

Furthermore, an increasing content of magnesium of 1 wt. % raises the uncertainty in the measured

Mg/Ca ratio.
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Another possibility for a high enrichment of magnesium in foraminifera test's arise either from
incorporation by chemical exchange during the early diagenesis or the incorporation as micro particles
during crystallization both as the mineral dolomite (Cléroux et al., 2008). The difficulty is to remove
the dolomite contamination and by now there is not known a method to remove dolomite efficiently
from the surface test’s. Otherwise, Cléroux et al. (2008) were able to show that 1 wt. % of dolomite
and smectite in biogenic calcite rises the Mg/Ca by 5.6 mmol and 0.7 mmol respectively. Both
Cléroux et al. (2008) and Barker et al. (2003) and other authors excluded such contaminated samples
from the data set. Another possibilities for high magnesium values may be remaining organic detritus
which is deposited in the inner chamber or at the surface on the shells (Martin and Lea, 2002;
Rathburn and Deckker, 1997; Rosenthal et al., 1997). In such case and to prevent a higher
contamination of the foraminiferal shells Martin and Lea, (2002) emphasize to rinse it with distilled
water and methanol. Otherwise, the authors could not support the observation that higher organic

matter contaminants enhance significantly the Mg/Ca ratio in benthic foraminifera.

Another option for the extraordinarily high enrichment of Mg involves the precipitation of dolomite
minerals Ca(MnMgFe*")(COs), in form of magnesium-, manganese-, iron-rich carbonate by bacteria
(Gonzalez-Muioz et al., 2008; van Lith et al., 2003; Vasconcelos et al., 1995). Many foraminifera
show Mn-rich carbonate overgrowth or Fe and Mn rich (Fe/Mn oxyhdroxides) coatings. For example

Glock et al. (2012) report that such

o Heterohelix globulosa spp. (Planktic)

_ m  Gavelinella spp. (Benthic) . .
16000 ] Heterohelix spp. r=0.84 L coating is preferred on the
15000 -] siginificant at level >0.05 et B v
14000 _ e o o unpurified inner surface shells of
2 13000 Bg L ' .
= 12000 oo L the shallow infaunal species
i . o i
£ 11000 - A8 g s o .
& 10000 - E. Fond (9} Uvigerina peregrine spp. and
2 9000 £ b .

8000 / : . Bolivina spissa spp. in the Peruvian
7000 —

LI BN BELA B B BELEN BELEN BN BN B upwelling site.
40 50 60 70 80 90 100 110 120 130

Mn/Ca [umol/mol . .
v ] In fact, as shown in fig. 44, there is

Fig.44 Correlation between Mg and Mn in

foraminiferal test (note the non — statistically significant a statistically significant correlation
trend in benthic species), wunits in [umol/mol]/
[umol/mol] only between manganese and
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magnesium in planktic, and only a slight trend in benthic, species with no statistically significant
correlation between manganese and magnesium. This result is supported by the factor analysis shown
in Factor 1 of benthic foraminifera, with a correlation between Pb, Cu, Ba, Cd, and Mn, which is
typical for Mn-Mg rich carbonates. Results are supported by observations by Pena et al. (2005), who
detected manganese-rich carbonates (kutnahorite-like) in the inner shells of unpurified foraminifera
from the Panama basin. These shells show Mn/Ca ratios of up to 400 mmol/mol and a Mg/Ca-ratio of
up to 50 mmol/mol, respectively. Furthermore, Pena et al. (2005) stressed that the cleaning residuals
contain kutnahorite-like minerals. These enhance the Mg values up to 7-36%, which subsequently
leads to an overestimation of the palaeotemperature up to 6° C. Own results, compared with those of
Pena et al. (2005), indicate a low Mn- but a higher Mg content of up to 15 mmol/mol, for both the
benthic and planktic shells, in the cleansed tests. On basis of SEM-EDX analyses, Pena et al. (2005)
determined a magnesium content in analysed shells of about 11 wt. %. XRD analyses obtained by this
study reveal that both planktic and benthic foraminifera contain dolomite. Therefore, we cannot rule
out further dolomite phases (Fe- or Ca-rich) or Mn-Fe oxyhydroxides that contribute to a higher
magnesium content. Vanadium is often scavenged at the surface of iron/manganese-oxyhydroxides.

Therefore, high values for both are likely, but the extraordinarily high values were unexpected.

The reductive part comprises the dissolution of all metal oxides by hydroxyl-ammonium chloride,

according to this chemical equation (Eq.11)

Equation 11

2Fe’” + 2H;NOH™ > N, + 2Fe*" +4H" +2H,0  Eq. 11
It is reasonable that this dissolution/oxidation part is not fully completed. A reason for the incomplete
dissolution may be the usage of different acids. Meudt, (2004) emphasises the necessity to remove the
oxyhydroxide coatings from the surface tests, by using hydroxyl-ammonium chloride. Unlike Boyle,
(1981), who obtained the best cleaning results by removing oxyhydroxides with sodium
dithionate/citrate cleaning methods. Unfortunately, Meudt, (2004) did not analyse the iron and
aluminium content, which is important to evaluate a possible enrichment in iron/manganese rich

coatings. A complete guidance and a critical evaluation of the removal of Fe/Mn-coatings and high
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magnesium contaminants is given in (Pena et al. 2005, Rosenthal et al. 2004, Barker et al. 2003).
Figures 45, 46 on next pages, display a summary of the results of trace element content in analysed

foraminifera.
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Results

4.5. Sulphur isotopy

Absolute content

Stotalx Ssu[phate, Spyrite Sorganic sulphates and Sorganic sulphur

From the base to the top of the OSM, a continuously decreasing sulphur trend is observable (fig. 49, page
112). The total sulphur within the whole profile ranges upt to values of 3.6 wt. %. Obviously, there is a
rapidly increasing trend up to 5-fold, from the underlying PM (0.7 wt. %) to the LOS (3.6 wt. %),
detectable. The highest total sulphur values are observed in the LOS I, II, with up to 3.6 wt. %. The
turnaround is marked at 38.2mbsf (LOS II). This depth marks the transition from the LOS II-horizon to
the overlying transition horizon between the Middle- and the Lower Oil Shale layer. Very striking features
are the exceptionally high total sulphur values of up to 2.5 wt. % in 20, 16, 14 mbsf (Upper Oil Shale).

Around this depth, a similar trend to the sulphate content is detectable.

The sulphate content in the entire profile (N=45) reaches values of up to 2.7 wt. %, with an average
content of 0.6 wt. %. Lowest sulphate values are observable in the LOS I, whereas in this part of the
profile the highest organic sulphur values are also detectable. In depths, belonging to the OSM at 16.2 and
14.2 mbsf, two extraordinary spikes of 2.3 and 2.3 wt. %, respectively are evident. In the MM at 1 mbsf,

another extraordinary spike of 2.7 wt. % is obvious.

The sulphide sulphur (chromium-reducible sulphur, CRS) at the base of the OSM is close to zero wt. %.
The transition to the Lower Oil Shale Unit II shows an increasing trend up to 0.5 wt. %. During the
transitional horizon the sulphur content of the pyrite stabilises at around 0.8 wt. %. The middle and upper
part of the OSM display the alternating pyrite sulphur values. There is no pyrite detectable in the MM.
The organic sulphur ranges between 1 and 2 wt. % in the Lower Oil Shale Unit (LOS). With some upward
fluctuation trends, the organic sulphur displays a decreasing tendency. Both show the highest values in the

LOS I, II, whereas in the remaining part of the profile alternating values are observable.
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20— Within the OSM, both organic and total sulphur
1 . display a significant correlation (r=0.46, p>0.05).
1.5 4 e
- . " & ™046  This is supported by the observation that an
o\? 1.0 o e % 7= [T]
3 LI '-’ ‘-' overwhelming part of the total sulphur is bonded to
%) . . P " I.
0.5 -, d4 ] the organic matter to form organic sulphur, fig. 47.
7
G ' T ' T ' J ' ! As shown in fig. 49, page 110, in the middle and
0 1 2 3 4
S, %] lower part of the section the sulphate and sulphide

Fig.47 display the correlation between organic sulphur display a weakly opposite trend. Sulphide

sulphur and total sulphur in the whole OSM, both

are in units [wi. %] and sulphate sulphur might increase moderately,

whereas the organic bonded sulphur displays a decreasing trend.

Relative sulphur content in the different fractions

In oil shales, most of the sulphur (up to 94 rel. %) is bonded to the organic fraction. A gradually
decreasing trend toward to the top of the OSM (40-50 rel. %) is observed (fig. 49, page 110). With values
up to 45 - 67 rel. % for sulphur in the central and uppermost part of the OSM, the pyrite-S (CRS) is
represented by a second, very common form of sulphur in the OSM. However, the concentration of pyrite
is low in its basal, most organic rich part (<10 %). In the MM and PM, almost all of the sulphur occurs as
sulphate, but in the oil shales the relative amount of sulphate-sulphur fluctuates strongly in a range mostly
between 15 - 35 rel. % (except for some peak values of up to 65 rel. %). The AVS fraction is too low to

allow the extraction of amounts sufficient for isotope measurements.

Complete data set listed in the appendix, table 25.
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Sulphur isotopy
5 Upper Oil Shale The &S values of the organic reduced
2 - o Middle Oil Shale
- > Transition Middle - Lower Oil Shale
1 . + Lower Oil Shale |l sulphur (ORS) vary throughout the
1 = Lower Oil Shale |
07 file, i latively cl
] G L1 profile, in a relatively close range
°\._g. ) T * 4( n
9 -2 /. between -6%o0 and +1 %o, and are always
w 1 %
‘oo -3 DE? 1 1
4] o 1=0.68 considerably higher than the more
-4 — <]
i /e
& .
549 77 scattered values recorded for pyrite-S
17
_6 L} I L} I L} I T I L} l T I 1 . . B
45 40 -35 -30 25 -20 -15 (fig. 50, page 111). Sulphur in pyrite is
S
sulphidet * °°

typically strongly depleted in 'S (-

Fig.48 Observed correlation between 6°'S [%o] of sulphides
and 6*S [%o] of organic sulphur in the OSM, note the non —
correlation in the LOS L

43%o to -34%o), but correlates rather well
with the values of the ORS (r = 0.68;
N=25;p>0 05), fig. 48, except for the samples from the lowest, most organic-rich part of the OSM (LOS
I). In the PM, the §**S-values increase suddenly by almost 20%o, attaining values as high as -16% (fig. 49,

page 111).
534Ssulphate (ASS)

As shown in fig. 50, page 111, 834Ss,ulph.(lte starts with heavy values and shows a rapidly decreasing trend to
lighter isotopes. During the transition, from the Phosphorite Unit to the Lower Oil Shale, a moderate
decreasing trend is occurring. At about 38 mbsf, a sharp cut from 3%o to — 15%. indicates a very strong
depletion. In the next 10m upwards an increasing trend to heavier values, with a short drop at 32m, is
observable. From 32 mbsf to 25 mbsf, some fluctuations between -3%o and -14%o are observable. The
most striking drop is at 25 mbsf, with the lightest values (-20 %o) of 5 4SsulphmE in the profile. The next 10
mbsf show small turnovers in the values. At about 15 mbsf and 5 mbsf, light values occur; between these

two stages an alternate trend with a slightly increasing tendency is observable.
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58

pyrite

The results show a distinct pattern for the whole profile (fig 50, page 111). From the bottom towards the
top of the section, some changes in the isotopic sulphur composition of 834Spyme are observable. A clear
cut occurs between the transitions from the Upper Phosphorite Unit to the Lower Oil Shale. The 8348[,“&e
rises fast from the base of the PM to the transition horizon of the OSM, from -23%o to -18%.. Up-section
from 43.8 to 37 mbsf, a slow decreasing trend for (33481,yme is observable. From this point onwards a

turnover with smaller ups and downs defines the remaining part of the oil shale section.
Organic Sulphur (534Sintramo/ecu/ar)

The value from the isotopic composition of the 5*'s intramolecular DEZINS With the heaviest results ~15%o of the
whole section (fig. 50). Subsequently, a strikingly sharp drop occurs at the transition to the Lower Oil
Shale, where the values drop to very light results (-15%o). In the following OSM some turnovers occur.

Increasing trends to heavier values complete the transition to the MM.
Organic Sulphur (534Sintermolecular)

Organic sulphur isotopes show the highest fractionation rate, together with sulphate isotopes (fig. 50). It
starts in the PM with very light values (-4%o, -3%o and -5%o respectively). In the transition zone, the values
rise very fast, up to 2%o. With some fluctuations and a decreasing long-term trend, the values decrease to
light values -6%o, similar to the values from the PM. At 25 mbsf, the opposite behaviour occurs, and
values rise up to 2%o. The upper part of the OSM shows repeating turnovers, finally resulting in heavy

values with an average of 8**S 0.25%o in the MM, comparable to the PM values.
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Multivariate statistical results

5. A comprehensive interpretation of the available data with multivariate
statistical methods

5.1.  Factor analysis of bulk sediment
The results of geochemical analyses, obtained by energy dispersive X-ray fluorescence, have been
interpreted by means of multivariate statistical methods. To assess inter-element relationships, a factor
analysis was done. This method groups related variables, and thus geochemically coherent groups, into a
limited number of factors that account for a substantial proportion of the variance of the data. Details from
this method are given in (Suhr, 2009; Costello and Osborne, 2007). STATISTICA 6.0 was used for a
principal factor analysis (PCA). After extraction of principal components, factor axes were rotated by
normalised Varimax method to facilitate the interpretation loadings. Consequently, it is possible to draw
conclusions from this, based on depositional factors and additional factors, determining the diagenesis in

the sediments.
Results of the bulk sediments (OSM)

Many authors, (i.e. Sageman and Lyons, 2003; Werne et al. 2002; Dean and Arthur, 1998, Arthur and
Sageman, 1994, Dean and Arthur, 1987), subdivide the terrigenic input into sedimentary deposits in three
main components: (1) biogenic component that includes the amount of organic matter, carbonate content,
and opal, (2) a detrital component that includes volcanogenic, fluvial and aeolian sources. A third,
authigenic component are redox sensitive elements that occur in different valence states. Based on these
categories, it is possible to group results from the factor analysis in two related factors. The factor analysis

from the bulk rock analysis in Mishor Rotem explains 84% of the total variance.

Factor 1 accounts for 44% of the total variance. The first factor mirrors the degree of bottom water
oxygenation (Cu, S, Ni, Zn, Cr, C,,), while this also includes elements which stand for conditions that

promote phosphorite deposition (P,Os U, As, Mo, Y). Trace elements (~20%) can be associated
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Fig.51 Bar plot of extracted factors and factor loading (blue labelled bar signifies positive, red labelled
bars display a negative factor loading).

with organic matter and sulphur; see also Abanda and Hannigan, (2007, 2006) and references therein. As

already indicated in previous section 3.1.1., up to 90% of sulphur is bond to the organic matter.

Factor 2 summarises 40% of the total variance, that is characterised by elements with high positive factor
loadings for TiO,, Rb, SiO,, Fe,05(), Ce, Ga, V, and ALOs. Only CaO comprises a negative algebraic sign

with an oppositely high loading.

We can therefore interpret, on basis of these results (fig. 51), Factor 1 as degree of bottom — water
oxygenation, and Factor 2 as the input of siliciclastic bioclastic (carbonate) material. Significant factor
magnitude is labelled in blue for positive and in red for negative factor loadings. A negative sign of factor
loadings indicates an inverse relationship. Factor loadings are numerical values between +1 and -1,

representing how each factor is associated with the individual variables.
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Fig.52 Cross plot showing the relationship between the calculated factor scores of factor 1 (bioclastic vs.
terrigeneous detrital input) and factor 2 (degree of bottom water oxygenation) in different parts of the OSM.

As shown in fig. 52, the result from the factor analysis is represented in calculated factor scores. Samples
are represented by points (factor scores) in the oil shale unit, which match a distinct sedimentary and
environmental unit. The calculated factor scores allow assessing the relative contribution of these two
factors in each of the samples and thus permit to trace more subtle variations in depositional conditions

during the formation of the oil shales.

Previously, as noted in section 4.3, based on geochemical results, the section is divided into different units
and sub-units. As a result, the bi-variate plot displays four sedimentary environments. The y-axis
represents the nature of sedimentary input. Increasing factor scores on this axis are related to a higher
input of detrital material. The opposite direction shows the influence of a stronger bioclastic input and

weak detrital sedimentation, whereas the x-axis shows the degree of water oxygenation. Higher factor
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scores on this axis display an increasing trend to anoxic conditions. The lower part of the scatter plot

displays a high bioclastic input in a more pronounced anoxic environment.

Between the nature of sedimentary input and the degree of water oxygenation, a good statistical
correlation (r=0.3, n=112, p>0.05) is observable for the middle and the upper part of the profile (fig. 52).
The lower part (LOS I) shows an excellent correlation between the nature of sediment input and the
degree of water oxygenation (r=0.92, n=22, p>0. 05), whereas the LOS II might be interpreted as a

transition horizon between these subunits.

With these statistical results, this plot can be interpreted in the following way: A clear trend is observable
from the base to the top of the profile. On the one hand, samples from the lower part of the profile (base of
LOS 1) fall in the field with a more intensive bioclastic input or carbonate sedimentation and a low oxic
level. On the other hand, samples from the top of the oil shale unit show a high bioclastic input with a high
oxic level. Most of the samples above the LOS II plot in a field with an oxic environment and increasing
detrital input. In the lower part of the oil shales, the relative amount of detrital components tends to
increase. Following a relatively short carbonate dominated episode, the clastic to carbonate ratio stays
relatively constant for the next ca. 10 mbsf. At ca. 36 - 35 mbsf, a sudden drop in the relative amount of
detrital input marks the beginning of a new episode with increasing amounts of detrital components, a

trend that continues up to the top of the oil shales.

Scores of F2 describe a very flat gradient at the base of the oil shales, indicating a rapid increase in anoxia.
Afterwards, the degree of anoxia tends to decrease gradually up to ca. 5 mbsf. The sudden drop in detrital
input at 35 mbsf correlates with a similar shift towards even less anoxic conditions. At the same time, a
turning point towards the development of a slightly less oxygenated depositional environment in an up-

section direction is visible.
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Bioclastic input

However, factor 2 comprises the factor loadings with an opposite algebraic sign for CaO and elements that
contribute to clay — and silicate minerals. The main contributor to the bioclastic input is carbonate. Fig. 53
shows a very strong statistical correlation (r=0.98) of C.., and CaO,,,; This implies that gypsum/anhydrite
and apatite are minor constituents in the OSM; otherwise, the main part of Ca is biogeneously bonded.
Biogeneous ooze is either calcareous or siliceous (Li and Schoonmaker, 2004). Calcite tests of
foraminifera are made up of CaCO; (low-Mg-calcite) or aragonite (Mason and Moore, 2001). Fig. 53 also
shows a significantly high correlation between Ca/Al and Sr/Al (r=0.99). A good explanation for the
extraordinarily high correlation coefficient, is given by the the fact that low-Mg calcite, formed by
foraminifera, can contain up to 1100 ppm Sr (Turekian, 1968). Similar values have been obtained from
own analyses, with benthic and planktic foraminifera containing up to 1300 ppm Sr. As earlier described
in section 2, a high calcareous sedimentation (> 50 wt%) is mostly localised at the outer shelf, where the
terrigeneous input is low (Briichert et al., 2000). Whereas, silica (diatoms) and phosphor-rich
sedimentation occurs, due to high terrigenic input and the resulting higher nutrient level in the inner shelf

area. This leads to the preferred deposition of cherts and phosphate-rich rocks in the inner shelf area.
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Fig.53 Left side: Correlation between inorganic carbon and corrected calcite, Sr vs. Ca respectively
in the OSM (CaO corrected by the inorganic constituents CaO= CaOuphare-CaOgijicae-CaO gparire)-
Right side: Graph displays the excellent correlation between Ca/Al and Sr/Al
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Calcium shows no correlation with P in the OSM. Assuming that all Mg was primarily bonded to the
calcite, and pristine dolomite was absent (dolomite is mostly a result of late diagenesis'’), the content of
MgCO:s in calcite was calculated. Calculations reveal that the lowest MgCO; (~below 1 Mol%) occurs in
the PM, while the MgCO; content in the OM and the MM lies at about 2 Mol% in form of low Mg -
calcite. Furthermore, with increasing diagenetic alteration due to equilibration with meteoric water, first a
depletion in Sr**, Na" and Mg”>" occurs Brand and Veizer, (1980), but calcite was later transformed to

dolomite as indicated also by XRD analyses.
Terrigenic input and possible sources

Based on the results from factor analyses, factor 2 matches the interplay between bioclastic (e.g.,
carbonate sedimentation) and terrigenic input. (Sageman and Lyons, 2003) summarised the different
possibilities to detect such variations. These include changes in element ratios, such as detrital clay
minerals to the heavy minerals zircon ZrSiO, (Zr) and ilmenite (FeTiO;) and/or rutile TiO, (Ti), changes
in element ratios of detrital clays in relation to the (background) aluminium content, and ultimately,
detrital input such as altered volcanic ash (K/Mg+Fe) in relation to the hemipelagic fluxes (illite).
However, we can exclude terrigenic volcanic activity in time of deposition (Almogi-Labin et al., 2012).
Throughout the following lines, it will be concentrate on changes in elemental ratios, in relation to
aluminium and heavy mineral grains, within the OSM. Therefore, it should be possible to draw some

conclusions from geochemical cross-plots concerning the source area.

As shown in fig. 54, page 119, in the Upper Oil Shale unit yields a high degree of correlation (r= 0.85,
p>0.05) between Fe and Al. Ti also correlates well with Fe (r=0.96, p>0.05). This suggests that a part of
the Fe and Ti are of detrital origin, possibly in the form of ilmenite. Trace elements like Ga, Rb, Ba, Ce,
also show very good correlation with Al, possibly associated to form clay minerals. In spite of the slope of
the regression line, fig. 54 also displays that all cross correlation reveal a sharp cut between the LOS and

the overlying units. This may designate a change either in the supply of terrigeneous/detrital material or in

10 . .. . . . . . R . .
Under certain conditions, as seen in section 4.1, an early diagenetic dolomite precipitation from supersaturated (hypersaline) (micro)
environment would be possible
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the source. It becomes apparent that all cross-plots show the same pattern; starting with a lack of
correlation between Al/Fe and distinct heavy elements in the LOS 1. This lacking correlation changes
upwards in the profile. A tentative conclusion at this point is that firstly, during the transition from the
LOS to the Upper Oil Shale a dramatic change in the terrigenic input to the palacoenvironment took place,
and secondly, in the Upper Oil Shale, no changes in the terrigenic input are observable. Concerning the
remaining profile, this would imply a very stable environment over a long time slice. What is the reason

for the dramatic change at the transition from the LOS to the UOS?

In general, most provenance analyses were done for clastic sediments or sandstones, where a significantly
higher siliceous content occurs. During the Late Cretaceous, the area around the stable shelf acted as a
stable uplift, and simultaneously, a subsidence along the northward continental margin (Levante Basin)
caused a preferential northward transport of the sediment. (Ward, 1979, McKee, 1963). Supporting this,
Tantawy et al. (2001), Soudry and Gregor, (1997), and El Beialy, Salah Y. (1995) recognised marine
micro plankton, as well as pollen and Nypa palm mangroves, in a fossil fructification Jodes spp.,
indicating a tropical wet climate with humid summers during the Maastrichtian in Israel and Egypt. A
fluvial or episodic transport of delivered sediments by rivers under such conditions is conceivable. The
Nubian sandstones are collectively termed as sandstone from Permian to Cretaceous age. They are
described as a fine-grained coastal fluvial-plain and delta-plain sediments, which were deposited in ponds,
lagoons, or marginal continental environments (El-Azabi and Farouk, 2011; Youssef, 2003; Shazly and
Krs, 1973; McKee, 1963). The “Nubia sandstone formation” for example, from the Central Eastern desert
in Egypt, can act as possible source area for terrigeneous input (Ward, 1979). However, other likely
source area locations are in several outcrops in the Jordan (Am Abed and Amireh, 1983), North and South
Jordan (Nasir and Sadeddin, 1989), or Saudi Arabian platform (Basaham and El-Sayed, 1998). So, Nasir
and Sadeddin, (1989) described the mineralogical composition of the Early Cretaceous “Kunurb-
Sandstone” in Jordan as follows: zircon, rutile, and tourmaline are frequent, less abundant epidote, garnet,

and staurolite.
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Another well described example for a provenance analysis was provided by Baioumy et al. (2003), who
analysed the heavy mineral content in the Upper Cretaceous Duwi Shale in Egypt. The occurrence of
zircon, epidote, tourmaline, rutile, and garnet, were accorded to a felsic or mafic source. Furthermore,
Baioumy et al. (2003) used theoretical considerations, and results of field work of (Zhang et al. 1998), to
show that the petrography of the analysed heavy minerals may indicate a shift from reworked sediment
(Nubian Sandstone) to a mafic source. Recently, by an actual study, Baioumy and Ismael, (2010)
supported this observation with new results on marine sediments from the Red Sea (Duwi fm.) in the
Upper Cretaceous time. To locate the source area, where the sediment came from, we want to take a quick
look at the way the sediment was transported and underwent a possible transformation from the source

rock.

Al/Ti ratios in shales retain their source rock values (Hayashi et al. 1997). Based on this approach, the
ALLO;/TiO, ratio change in different source rocks of mafic sources appear to range from 3-8, in
intermediate igneous rocks from 8-21, and in felsic rocks from 21-70. These ratios can be used to
recognise their provenance field (Hayashi et al., 1997). For the Egyptian oil shales, Temraz, (2005); and

Amajor, (1987) have used this approach to discriminate between their granitic and basaltic origin.

Upper Oil Shale

Middle Oil Shale

Transition Middle - Lower Oil Shale
Lower Oil Shale Il -
Lower Oil Shale | 1.2
Duwi Shale (Baioumy, 2010) 1
Jordan Shale (1983) 1.0 1
Duwi Shale (Willis, 1988) 0.8 B

Andesite

®ao0emxyo0OODO

0.6

TiO, (%]

0.4
0.2 5

00 i Jordlan Sr:ale : ' : '
0 5 10 15 20 25 0 4 8 12 16

ALO, [%] ALO, [%]

Fig.55 Right side: Graph (a) illustrates the different Al,O3/TiO; relationships and shows that the provenance
material varies from granitic to mixed granitic rocks (Temraz, 2005, Amajor, 1987). Left side: Plot (b) shows
a clear discrimination between comparable oil shale deposits from the Ghareb fm. (Israel) and Jordan shale
to the Duwi shale & sandstone.
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Based on the previous conclusions, it should be possible to distinguish between different contributions to
the oil shale from distinct sources. Reference values from the Duwi (Baioumy and Ismael, 2010, Willis et
al. 1988) and Jordan shale (Am Abed and Amireh, 1983) are also shown. On the left side, in fig. 55, a
clear discrimination between Lower Oil Shale and the Upper Oil Shale unit (~20) is shown, based on the
ALO;/TiO, (~35) relationship. Based on the above mentioned premise, fig. 55, left side, suggests that the
Jordan oil shale and shales from the Ghareb fm. might derive from the same source, in contrast to the
Duwi Shale (red doted) values, plotted in the vicinity of a granitic source. Moreover, the change in the
ALO3/TiO,-ratio between the Lower Oil Shale unit und the Upper Oil Shales, signifies a drastic change

either in the source or in the delivery mode.

Another possibility arises by applying a ternary diagram (fig. 56) that yields information on the maturity
of the sediments. The geochemical background discovered by this application, is that a preferred
enrichment of zirconium takes place in the coarse fraction, whereas TiO, is mostly enriched in the fine-

grained fraction, together with Al,O;.

15 A|2O3 Upper Oil Shale 15 A|ZO3
Middle Oil Shale

Transition Middle - Lower Oil Shale
+ Lower Oil Shale Il
= Lower Oil Shale |

gabbros

zr 300 TiO, z 300 TiO,

Fig.56 Left side: As previously mentioned, plots based on the premise that Al, Ti, Zr are immobile
during chemical weathering. Typical minerals are rutile, zircon, and ilmenite. The content of these
minerals varies in response to the degree of weathering (leaching process). However, their relative
proportions underlie no modification during the transport into the deposition area (Garcia et al.
1994). Right side: A gradual change towards the top of the profile, from mature (heavy mineral) to
more inmature (clay-rich) material, took place. Gradual transition horizon starts around 33 mbsf.
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Fig.57 Map displays the possible source area for mineral
transport in this time interval, redrawn after Mateer et al.
(1992)

By interpreting these observations, it is
apparent that Al,0; tends to increase with
increasing TiOy/Zr, and vice versa.
Nevertheless, it is assumed that the relative
proportion of these elements does not
change until reaching the place for
sedimentation. Thus, the ternary diagram
helps to interpret the sorting process,
regarding the path travelled by the
deposited sediment. Thus, this ternary
diagram is applied as a tool for the chemical
identification of shales and sandstones

(Garcia et al. 1994, and references therein).

As shown in fig. 56 (previous page), and

regarding the above mentioned considerations, a tentative conclusion might be that the base of the OSM is

affected by mature sediments, which suggest a short transport route to the place of deposition. In contrast

to the overlying members, which are affected by immature detrital, which implies a longer distance to the

deposition site.

With this information, it might be possible to differentiate between distinct source areas that contributed to

the deposition area. Fig. 57 shows that the mature sandstone (Duwi Sandstone/Nubian Sandstone/ Duwi

Shale) may act as a source for the transported sediments, which are deposited within the Lower Oil Shale.

Unlike the Middle and Upper Oil Shale, the Duwi Shale (Quseire Shale) might act as a main contributor.

According to this suggesting, the following conclusions can be drawn:
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(1) The age of the Dahkla formation ranges about 71 - 63 Ma (CF8a-Plc'"). Moreover, the contact
between Duwi and Dahkla fm. marks the boundary between the Campanian-Maastrichtian and
crosses the CF8a/b boundary (Tantawy et al., 2001).

(2) During the Palacozoic time, the Nubian Shield and Arabian Shield were part of an uplift system.
The eroded Palacozoic material was transported in north-north-west direction, towards the
Levante Basin, which acted as a subsidence basin.

(3) Both formations, Nubia Sandstone (Pre-Campanian) and Quseire Shale — (Pre-Campanian) as part
of the Duwi fm., display differences in the mineralogical composition (Issawi et al., 1969). The
first one can be described as a fine - grained quartz - arenite, which was deposited within fluviatile
channels, Tantawy et al. (2001), whereas the shales of the Duwi fm (Quseire Shale) were
deposited within a deltaic system (Soliman et al., 1986). The mineral content is represented by
concentrations of rutile, zircon, and clay minerals (kaolinite, smectite, illite) (Baioumy et al.,
2003). Both formations might have been as possible source areas for the delivered sediments,
during the deposition of the organic rich carbonates.

(4) The results obtained by applying a ternary diagram (Zr — Ti — Al,03) might indicate a change in
transport mode and delivery source. Additionally, a tentative conclusion might be that in periods
of deposition, the composition of the delivered sediment has gradually changed. A material, with a
clastic component that yields a higher level of maturity, dominates the base (short transport
paths). However, a gradual change towards the top of the profile, to more immature, clay-rich
material, took place. Therefore, it can be concluded that the transport routes became gradually

longer and the material came from increasingly farthest surrounding landmasses.
Degree of oxygenation (factor 2)

The second factor (F2) clusters elements, which typically accumulate in organic rich sediments, deposited

under poorly aerated, oxygen depleted bottom waters. In addition to total organic carbon (Ceg) and

' Maastrichtian is subdivided into eight biozones, labelled (CFI-CF8), Palacocene foraminiferal subdivision (Plc)
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sulphur, this factor includes chalcophile trace elements (Ni, Cu, Zn,), and oxyanion building elements with
low mobility under reducing conditions (Mo, U). Moreover the combined “occurrence” of P, As, and Y,

within this factor, might be interpreted in terms of a phosphatic component.

Minor elements that are closely related to the occurrence of phytoplankton, are of special interest.
Compared to seawater concentrations, marine organisms are enriched in Ni, Zn, and V, by a factor greater
than 1000 (Wedepohl, 1969-1972). Thus, for example, zinc and nickel show nutrient-like vertical
distributions; they are depleted in surface waters as a result of uptake by the biota and increase in
concentration with depth, as a result of the remineralisation of sinking organic matter (Morel, 2003).
These elements are sensitive to restricted water circulation and therefore an indicator for oxygen-free
conditions (Brumsack, 2006; Tribovillard et al., 2006; Rimmer, 2004; Riboulleau et al.; 2003; Mongenot
and Tribovillard, 1996). Upwelling systems receive a large input of metals by the ascent of metal-enriched
subsurface waters (Borchers et al., 2005). Results from factor analyses show a statistical distribution,
which might be typical for anoxic sediments that are deposited in upwelling areas under restricted

(stagnate?) water circulation. This will be shown in the next section.

Molybdenum

Tribovillard et al. (2004) stressed, in a comparative study of Mesozoic geological formations which
contain high sulphurised organic matter, that Mo is systematically more enriched than other sulphide
forming trace elements. This observation is not fully supported from the present study. A comparison of
enrichment with different metals in the oil shale unit reveals that Mo ranges in the same magnitude as
other trace metals (as calculated in the factor analysis). Moreover, a correlation between enrichment of Mo
and the S,,/C,, relationship is observed. Such a correlation is not unusual, because the organic sulphur
plays a critical role in fixing the Mo to sulphurised organic matter (Helz et al,, 1996). However,
Tribovillard et al. (2004) used the ratio to state the fact that a higher sulphurisation of the organic matter
leads to a higher ratio of Sis/Corg (fig. 58). Furthermore, Tribovillard et al. (2004) emphasise the role of

sulphurised organic matter, by trapping Mo, which preferentially occurs in an iron-limited system. Iron
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Fig.58 Right side: data in this fig. illustrate the fixation of molybdenum by organic sulphur
compounds. The left side shows that a correlation exists between the intensity of sulphurisation and
trapping of Mo in the sulphurised organic matter, which supports the assumption made by Zheng et

) o ~ lsam e
al. (2000) and Helz et al. (1996). Enrichment of Mo is defined as: z\m—m
reference

plays a critical role in such a system, by scavenging Mo and forming Mo-Fe-S clusters. An excess in
particle-reactive iron, derived by riverine or aeolian input, promotes the formation of appreciable amounts

of pyrite.

However, results imply that the iron content is too low to fix the H,S, which results from bacterial
sulphate reduction in the pyrite formation process. The reduced sulphur serves as a link between organic
molecules and thiomolybdates (Tribovillard et al., 2004). The released H,S or polysulphides may react
with functionalised organic molecules, to form organic sulphur (Werne et al., 2000; Sinninghe Damsté and
Leeuw, 1990; Francois, 1987). The process of sulphurisation occurs either on a intramolecular level by
forming thiophene and thiophane, or by forming polysulphide bridges that result in the creation of a
macromolecular framework (Schouten et al., 1995). Own results suggest exactly such a system, triggered
by an unusually low terrigenic input (< 2.0 cm/ka), which leads to the deposition of iron poor sediments,
preferably in the LOS. Fig. 59, on the next page, shows this scenario. A marine carbonate dominated
system, affected by a low terrigenic input and high biogenic carbonate production caused by calcareous

organism (foraminifera, coccolithophoriden).
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Fig.59 Graph is redrawn after Tribovillard et al. (2004)
and illustrates the concentration of Mo in sediments from
different  environments, reference data taken from
(Riboulleau et al., 2003; Mongenot et al., 1999).

Under such conditions, the high metabolic
degradation of organic matter and the
subsequent  exhaustion of available
electron acceptors, create an environment
with a free circulation of H,S in the bottom
water or the water column, which
promotes the fixation of Mo by reacting
with the sulphurised organic matter to form

thiomolybdate complexes.

However, the question is why are the

values in Mo so low (0 — 40 ppm), in comparison to euxinic silled basins? In this regard, a further issue to

be considered is the geometry of the oceanic basins. To be precise, the effect of water inflow and outflow

. . . 12 . . . . . .
on the oceanic residence time - of elements and, especially in this case, its influence on the enrichment of

Mo (Algeo and Lyons, 2006).

As mentioned before, the strong correlation between Mo and organic matter in black shales and organic

rich sediments could be explained by the uptake of sedimentary Mo by sulphurised organic matter. This

notion is confirmed by other studies, (Algeo and Maynard, 2004; Helz et al., 1996; Brumsack, 1989).

Nevertheless, there is no information on settings, in which low sedimentation rates and stagnate water

bodies with restricted water mass exchange hamper with the residence time of trace elements (e.g. Mo) in

such basins.

12 the rate of a given element that is added or removed from a reservoir, Bruland (1980)
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Fig.60 Diagramm shows slopes of rsMo/C,,, ratios from different silled basins and own results (LOS).
Regression lines yield the slopes for Saanich Inlet (45t 5), Cariaco basin (25+5), Framvaren Fjord
(9+2), Black Sea (4.5+1), LOS II (0.5£0.2), LOS I (1.1+0.4). Note the low Mo content in ancient
upwelling sites. Comparative data originally from Algeo and Lyons, (2006)

The degree of water mass restriction can be estimated, by applying a cross plot between the sedimentary
Mo and TOC (rsMo/TOC). Thus, the obtained regression slope (rs) yields information about the water
mass balance (e.g. in- and outflow). In modern marine sediments, the concentration of Mo is ~105nM,
which corresponds to an rsMo/Mo of ~45. Moreover, the value ~45 reflects conditions that are more open
water mass exchange. A decreasing trend in rsMo/TOC is interpreted in terms of a more restriction — less
renewal time (tpw). Fig. 60 display a comparison between the “big four” silled — ancient - basins in their
different values in rsMo and TOC. For example, Saanich Inlet shows a slope in rsMo/C, is around 45,
which signify less restricted water mass circulation and a high frequency in the renewal of deep water.
This is in strong opposite to the Black Sea, which show a rsMo/C,, ~4.5 and a deep-water renewal time

about 600-+125 years (Algeo et al., 2011; Algeo and Lyons, 2006).

127



Multivariate statistical results

Upper Oil Shale

Middle Oil Shale

Transition Middle - Lower Qil Shale
Lower Qil Shale Il

Lower Oil Shale |

Phosphorite

-

s N\
’ \rsMo/Corg=8
I
1detrital Mo =7 ppm
!

X B X% v O O

* | Massive change in the water mass circulation!

Mo [ppm]

- ——— -
o, - R
-

_--~""rsMolC__=0.9
detrital Mo = 5.5 ppm

TOC [%]

Fig.61 shows the distinct slopes in the regression line of rsMo/TOC from the PM and OSM
differences might arise due to changes in the water circulation caused by sea level changes
Based on the above mentioned considerations, the study area lies within a series of silled basins (Krenkel,
1924). Regions surrounding the Levante Basin act as a subsidence area (instable shelf), whereas the uplift
regions of the Arabo-Nubian shelf is depicted, at best, as a stable shelf area (Shahar, 1994). Moreover,
there is a succession of numerous silled basins (pers. Communication Ari Meiljison) off the Negev Basin.
Towards the inner shelf area, the water mass circulation should become more or less restricted, which

results in an increasing water mass stratification within these “near shore basins”.

In the present study, a equal correlation was observed as proposed by Algeo and Rowe, (2011) and Algeo
and Lyons, (2006), but own results differ in terms of a distinct regression slope in rsMo/C,, from modern
silled basins. Regression slopes between the different stages of oil shale deposition show quite similar

patterns.

Own outcomes suggest quite similar results (fig. 61). From the underlying PM to the OS the rsMo/C,,
decreases very fast from ~8 to ~1. Exactly, the PM define a regression slope 8, the intercept on the Mo

axis 7ppm, whereas the overlying OSM is defined by a regression slope of 0.9 intercept on the Mo axis

128



Multivariate statistical methods

5.5ppm of molybdenum contribution to the sediment (McArthur, et al., 2008). For the overlying MM, no
correlation between the Mo/C,,, is observed. According to McArthur, et al. (2008) and Algeo and Lyons,
(20006), a very fast decreasing water mass circulation for the PM transition can be assumed — comparable
to the Framvaren Fjord, Norway took place. This might be explained by the peak in the sea-level low
stand during the Campanian-Maastrichtian transition (Haq, 2014; Barrera and Savin, 1999). In this respect
the Oil Shale Meuber, shows a rather puzzling picture. The slope of the regression line (rsMo/C,) is
exceptionally low in this unit and could be interpreted in terms of a immense reduction in bottom water
circulation, which might be much lower than in the modern Black Sea (rsMo/C,, =4.5). Recently, Algeo
et al. (2011) and Algeo and Lyons, (2006) note that slopes in regression line in modern upwelling differ
significantly from those of silled basins, because these are topographically open areas with a fast deep
water renewal time (tpw). The Namibian Shelf, shows a rsMo/TOC of 6+3, the Arabian Sea - Continental

shelf area display a value of ~2 - 3, Mexican Shelf of ~3 - 4, Peru Shelf of 10 - 15.

It should be pointed out that Rowe Rowe et al. (2008) and McArthur, et al. (2008) successfully

demonstrate the application of this

1 Saanich Inlet
proxy in the Palacozoic Barnett-

10 7 Fm. (Barnett-Shale). Based on the

Framvaren Fjord 7

l . application of the rsMo/C,, ratio,
100 g

./ Cariaco Basin

deepwater renewal time, 1, (years)

- ) both authors’ estimates the deep-
e Phosphorite (?)
BIack/Sea
1000 water renewal time (tpw). Their
10000 study of sediments in the
Mississippi Barnett-Fm. yielded an
Oil Shale
100000 -t T T —— T - —
1 2 3 4 56789 20 30 40 50 1sMo/TOC of ~2 (Algeo and
Mo/C, (x1 0%
Rowe, 2011; Rowe et al. 2008).
Fig.62 Deepwater renewal time (t4,) [Mo/C,.], for recent
examples versus reference values; graphic is modified from However, the Lower Toarcian

(Algeo et al., 2011)
Black Shales (Cleveland Basin)
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are an extreme example for low rsMo/TOC ~0.5 (McArthur et al. 2008). This result suggests an extreme

water mass restriction.

As shown in fig. 62, own results probably indicate a dramatic change in water mass circulation by passing
the transition from the PM (rsMo/TOC ~8) to the OSM (rsMo/TOC ~1). The reason for such a dramatic
change might be a change in the sea level, from low sea level at the late Campanian — early Maastrichtian

to a fast rising sea level, as proposed by (Hag, 2014; Miller et al., 2005).

A non-correlation between Mo and organic carbon, which was observed in the overlying MM, is carefully
expressed — a very fast return to fully open oxic marine conditions in deep-water circulation below the
sills. In summation, based on the proposed relationship and own estimations, a massive reduction in the
deep-water circulation to more open marine conditions, regarding a deep-water renewal time, took place

during the transition from Campanian to Maastrichtian time.

Chromium

Chromium plots in factor 1 (chalcophile component), which implies a strong affinity to sulphur and

organic carbon.

The average seawater content of chromium is 0.002 ppm at 3.5%o salinity (Turekian, 1968), and ~90 ppm
in shales (Wedepohl, 1969-1972). This is in strong contrast to the oil shales of the Ghareb fm., where the
content in chromium ranges between 250 — 700 ppm. Chromium is mostly supplied by the detrital fraction
as hexavalent Cr and, under anoxic condition, stabilises as trivalent Cr (Tribovillard et al., 2008, 2006;
Kota$ and Stasicka, 2000; Cranston, 1983). In an anoxic environment, the Cr(VI) is easily reduced to
Cr(II) by forming aqua hydroxyl-cations Cr(OH)s, (Fe,Cr)(OH);), and can adsorb onto the surface of
Fe/Mn- oxyhydroxides. A further possibility is given by the complexation by humic acids (Algeo and
Maynard, 2004; Kota$ and Stasicka, 2000; Breit and Wanty, 1991). Chromium is not known to form
sulphides or to be taken up by Fe-sulphides. Cranston (1983) claimed that Cr is mainly incorporated up to

6.6 ppm into the hard parts of siliceous organisms (valves — in diatoms).
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Fig.63 Cross correlation plots of a) ester sulphur (Siuyamotecuiar), b) pyrite sulphur (S,yi), ¢) total sulphur
(Swiw)s and d) total organic carbon (TOC) vs. Cr respectively

Tribovillard et al. (2008) could show that Cr in the Orca Basin has either an authigenic or organic origin.
Borchers et al. (2005) report an average content of 83 ppm in the diatom ooze in the Namibian upwelling.
Indeed, Borchers et al. (2005) supports the observation by Cranston, (1983), and observed a correlation to
the TOC (r=0.63), which may indicate a connection to the productivity. In oil shales from the Ghareb
formation, results of this study reveal also a good correlation to the C,, content (r=0,67, n=197), which
may support an affinity to productivity and the observation by (Borchers et al. 2005). In anoxic
environments, an environment in which a reduction of Cr(VI) to Cr(Ill) takes place, is created by the
presence of sulphate-reducing bacteria (SRB) (Arias and Tebo, 2003; Fendorf et al. 2000; Smillie et al.,
1981). In such surroundings, the Cr(OH); diffuses from the overlying water column downward, along a

redox gradient, onto the sediment/water interface, where it is complexed by humic acids or adsorbed on
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the surface of clay minerals (mostly illite). The observed correlation to Siyramolecutar, €Ster bonded sulphur”,

and total sulphur, supports this view (see also fig. 63).

Considering the high Cr concentration of up to 700 ppm (table 7), an attempt was made to understand the
cause for these high values. Unfortunately, own outcomes do not present clear picture. Results in the
correlation matrix show additional correlation of Cr to Ni and Cu (= 0.74; r= 0.76; N= 197). An
additional explanation would be that the extraordinarily high values of chromium, and the significant
correlation to nickel and copper, suggests a mafic or ultramafic source. Another, more allusive, correlation

between chromium and zircon is observed (r=0.71, N=197).

The high Cr contribution is possibly due to the Cretaceous ophiolite belt in the eastern Mediterranean Sea
and Middle East. This could include the ophiolite-chromite deposits in Jurassic serpentinites on Karpathos
and Rhodes (ultramafic that intruded in dolerite dykes) and Cretaceous ophiolites from southern Turkey
(Taurides), Cyprus, and Crete. The element composition and trace element signature is typical for island

arc basalts (Koepke et al., 2002; Guiraud and Bosworth, 1997).

Table 6 Comparison of Cr, Cu, Ni concentration (ppm) from Réfler & Lange (1972) and own results

Trace Schistsg," Lower Oil shale Carbonater,” Ultrabasicg;'® Marl Oil shale Phosphorite
element Min- Max Min-Max Min-Max Min-Max Min-Max
Cr 90 362-706 11 1600-2000 322-444 72-726 65-832
Cu 45 72-145 4 10-20 57-98 18-145 13-93
Ni 68 113-226 20 2000 101-142 25-225 22-229

13 sulphur from the cell-interior wall of sulphate reducing bacteria
14 Rasler and Lange (1972)

' Résler and Lange (1972)
'® Rosler and Lange (1972)
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Copper, Nickel, Zinc

In aquatic systems, the heavy metal concentrations are generally low (Falasco et al., 2009). In view of this,
it is common to differentiate between trace metals that are “essential” for growth and photosynthesis. Cu,
Ni, Zn, and Fe are commonly associated with phytoplankton, mostly green algae, which are able to adsorb
these metals (Morel, 2003). It is often reported that a deficit in Fe limits the growth of algae. Then again,
“non-essential” elements (Hg, Cd, Pb) can also be adsorbed by algae (Falasco et al. 2009). Especially
black shales show a high concentration of essential elements. In the photic zone, these metals are removed
from the surrounding water by plankton growth and consumed from organic debris. Upon death, they pass
the water column (incorporated in fecal pellets) and settle on the seabed (Calvert and Pedersen, 1993). For

this reason, Ni and Zn show a similar gradient to silicates'” (Piper, 1994).

One of the trace elements, which are commonly associated with organic rich sediments, is copper. It is

well known that Cu plays a role as micronutrient, together with Ni and Zn.
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Fig.64 Left side: Relations between Mo [ppm] and Cu [ppm], reference values are taken from, (Piper, 1994).
Right side illustrates the significant correlation between Cu [ppm] and Rb[ppm]and their different slopes in
correlation in distinct units of OSM.

17 silicates regarded as diatoms that contribute more than 80% to the phytoplankton community
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The average shale concentration is 45 ppm (Wedepohl, 1969-1972). Copper occurs in two valence states
(Cu (II), (I)), as Cu®" can replace Fe*" and Mg*" in mineral structures and it mainly occurs in sulphide
minerals (Okrusch, 2005). In oxic marine environments, Cu is mainly bonded to organometallic ligands

(Algeo and Maynard, 2004, Calvert and Pedersen, 1993).

In anoxic marine environments, Cu>" is reduced to Cu'" and can be incorporated in sulphide phases,
mainly pyrite and chalcopyrite (CuFeS,) — mostly in environments that are highly affected by bacterial
sulphate reduction (Huerta-Diaz and Morse, 1990). Pedersen et al. (1986) state that in pelagic sediments
Cu is coupled to a low sedimentation rate, and can possibly be diagenetically fixed by clay minerals, e.g.,
smectite. Then again, copper can be scavenged on the surface of Mn/Fe-oxyhydroxides and released by
reductive dissolution, or by decaying organic matter, to the surrounding pore water (Tribovillard et al.,

2006).

This scenario is supported for the present study, suggesting a strong relationship between Cr, Ni, and Zn.
Each of these elements is in strong correlation with C,,. Concomitantly, a high correlation coefficient to
sulphur and organic sulphur (r=0.88, r=0.73) supports the presumed strong link to organically bonded

sulphur'®.

As illustrated in fig. 64, copper shows a different correlation to Rb, which is interpreted in terms of a
strong association to clay minerals and organic matter. In summation, copper is released by decaying
organic matter, and fixed into the clay minerals under a low sedimentation rate, due to adsorption and
incorporation (Pedersen et al., 1986). In anoxic (weak sulphidic) environments, clay minerals do indeed

form a framework together with the sulphurised organic matter and the diagenetically fixed copper.
Nickel

There are at least three possible sources for an enrichment of Ni (and V) in the marine sediments.

Inorganic (detrital) sources of Ni can be in ultrabasic, mafic rocks, in the weathering residue of which it

' Note, a non-correlation to pyrite-bonded sulphur
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can be mobilised by humic acids, and can therefore be a strong contributor to the elevated concentration in
seawater (Algeo and Maynard, 2004; Calvert and Pedersen, 1993). Because their uptake and
incorporation, marine organisms living in the anaerobic bottom water are sources for that (Lewan and
Maynard, 1982; Meinecke, 1973). Another possibility for this metal enrichment can arise by downward
diffusion from the interstitial water, by metallation of tetrapyroles (Piper and Perkins, 2004; Nameroff et
al. 2002; Lewan and Maynard, 1982). Upon sulphate reducing conditions, Ni can be incorporated in pyrite
and pentlandite (FeNi)oSg. The average Ni concentration in seawater is ~0.005 ppm (Henderson and
Henderson, 2009), whereas a concentration in coastal sediments is ~ 39 ppm (Turekian, 1968). As
mentioned above, nickel shows a nutrient-like distribution, and in sulphidic areas, a higher concentration
than expected in an oxidising environment. In samples from the oil shale section, the average Ni content is
147429 ppm (N=197). Highest values are found in the LOS section with ~ 226ppm, unlike in the Upper
Oil Shale, which indicates a decreasing trend in Ni values. In factor analysis, Ni'® is plotted together with

Corg and sulphur and shows a strong positive correlation with Cr (1= 0.76, N=197).

A correlation of Ni with V is observed in the LOS T (r=0.94, N=23), but not in the LOS II, only to
correlate once again in the Upper Oil Shale Unit (r=0.62, N=114). A weak negative correlation (r=-0.48,
N=123) with Al,O; might suggest that Ni is not bonded to the clay fraction and instead forms a preferred

association with the sulphurised organic matter

The Ni-V proportionality is determined by the environmental conditions in which their source rocks were
deposited (Lewan, 1984). Diffusion from the overlying water column, by forming metallo-organic
complexe and their incorporation in organic rich sediments leads to an enrichment of V and Ni in the
sediment. Normally, reservoir alteration (migration, maturation) could change this proportionality.
Nevertheless it has repeatedly been shown that these proportionality remains unchanged (Lewan, 1984;
Lewan and Maynard, 1982). Based on the high stability of this proportionality under different

environmental conditions, make the application of this proportionality ideal for the use as a proxy. For the

19 . . Lo . . S
detailed discussion in section chromium, that might indicate a same source area
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research area, no maturation or migration has been shown. For the deposition area, this is repeatedly

shown and confirmed by the analysis of biomarker and rock-eval pyrolysis as kerogen typ I, II** (Lewan

and Henry, 2001; Bein et al., 1990; Rullkétter et al., 1984; Spiro et al., 1983; Amit and Bein, 1982; Dinur

et al., 1980).
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Fig.65 Variation of Ni/V ratios along the studied
profile as an empirical tool for identifying
environmental conditions and the source of
organic matter.

Barwise, (1990) explained a Ni/V ratio < 0.5 by a

» preferred incorporation of V into the porphyrin,

instead of Ni (fig. 65). A higher Ni/V ratio than
one is explained by the low input and preservation
of porphyrin into an environment that changes
from a marine carbonatic (non-siliciclastics) to a
marine siliciclastic and/or lacustrine/non-marine
environment. Based on the work of Barwise,
(1990), and Lewan, (1984), results obtained by this
study suggest a value of > 2 for the LOS II, which,
in return, suggests a low preservation of porphyrin
and incorporation of Ni instead of V into the

organic matter.

Slightly oscillating values ~ 1, profile-upwards,

might indicate input of marine algae (porphyrin),

unlike in the LOS. This horizon is marked unambiguously by Ni/V values > 2 and a trend to a higher Ni/V

ratio, as well as a higher sulphur content. Based on this premise, a tentative conclusion might be that the

source of organic matter has changed significantly. A preferred higher Ni/V ratio, at the base of the oil

shale, can be interpreted in terms of a more saline bottom water. This is in strong contrast to the overlying

OSM. A sharp contrast between these units might indicate the beginning of a new episode in primary

20 Kerogen Typ, 1, Il is defined by inmature organic matter of marine origin
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production at the surface. Furthermore, it would support a gradual shift from a restricted water circulation

to more open marine conditions during the deposition of the MM.

Uranium

According to the statistical analysis, U plots with high factor loadings on factor 1. There are at least four

important ways, in that a U accumulation in marine settings occurs.

The loss of U from the sediment is explained by oxididation of the reduced U. Bioturbation injects oxygen
into deeper sediment layers, mixing with the oxygen pore water cause that the previously reduced U is
oxidized and transported towards the overlying oxic sediment layers (Morford et al., 2009; Zheng et al.,
2002). The other possibility involves transport of authigenic U as particulate- non lithogenic uranium
(PNU) along with the particulate organic matter accumulation in sediments (Zheng et al., 2002). Such a
process could explain the strong correlation with the (sulphurized) organic matter and sedimentation rate.
A slow sedimentation allows more time for diffusion of uranyl-ions into the overlying sediment where
they are fixed onto the organic matter. Other authors have shown that the kinetics of the fixation of U onto
the surface of the organic framework is very slow, but it can be catalysed by the activity of sulphate
reducing bacteria that is in relation to the sedimentation rate (Sundby et al., 2004). Generally, the bacterial
activity in the sediment can be expressed as a function of the sedimentation rate, because a higher rate of
sedimentation contributes to more degradable organic material for sulphate reducing bacteria. Figure 66
(next page), shows a sequence of graphs with possible scenarios in which uranium may be deposited and

fixed.

The first plot (1) illustrates, that a low sedimentation rate might enhance the downward diffusion of
dissolved uranium along an oxygen gradient into turbidic sediments from the Madeira abyssal plain
(Crusius and Thomson, 2000). Obviously, own results do not support this observation. The plot illustrates
that U values are not affected by sedimentation rates, which is in accordance with Boning et al. (2005),

who questioned the above-mentioned considerations for sediments of the Chilean upwelling margin.
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Plot (2) shows the relationship between organic matter and U. Many authors have shown that uranium is
fixed by organic matter, as well as where the highest OM flux occurs (Boning et al., 2009; Morford et al.,
2009; Klinkhammer and Palmer, 1991; Kniewald and Branica, 1988). Result from this study implies a
lack of the proposed correlation between C,, and U in the LOS, unlike in the overlying oil shale
sequences. Here, the correlation (r=0.63) may confirm the observation that under anoxic circumstances, a
part of the dissolved uranium can neither be reduced by inorganic (Fe**, V**), nor by metal reducing
bacteria (Lovley, 1995). This may lead to the formation of organo-metallic ligands that have been
adsorbed onto the surface of organic matter (McManus et al., 2005). In an anoxic/acidic environment, U**

remains mobile and is not fixed onto the surface of the organic matter.
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In times of a short-term oxygen supply, the U*" immediately, can be oxidised to U®" and is fixed by
organo-metallic complexes. This might explain the better correlation in the upper part of the oil shales.
The oxidation of OM is accompanied by a reduction of U to U*', by bacteria see also eq. 12, (Barnes and

Cochran, 1993).

Equation 12

CH,0+2U0,(C03)5 + H,0+ H*>2U0,+6HCO3+ CO, Eq.12
Plot (3) shows the different environments in which an incorporation or adsorption of U on apatite takes
place. Sulphate reducing bacteria (SRB) create an environment in which HS~, a reducing agent for U®", is
produced (Langmuir, 1978). As shown above, in an anoxic environment U*" is immobile and is adsorbed

on apatite, under the same conditions in which H,S, HS™, S* are stable and occur in pore water (Dybek,

1973). In contrast, under oxic conditions, in the presence of SO3~, HSO} respectively, most uranium is
mobile, in the form of U®" (uranyl carbonate). The behaviour of uranium in different Eh/pH conditions is
described according to the following equation (eq. 13). The reduction of U®* to U* takes place due to the

activity of SRB (Klinkhammer and Palmer, 1991; Anderson et al., 1989; Langmuir, 1978):

Equation 13
4U02(C03)§' + HS +15H% - 4U00,+ SOi'+ 12CO,+ 8H,0 Eq. 13
Marine apatite contains up to 0.1% U, and bone beds even contain up to 0.5% uranium. More than 90% of

all bonded uranium occurs as U** (Dybek, 1973).

In plot (4), a significant correlation between vanadium and uranium can be seen in the LOS (r=0.62,
N=24) and the UOS (r=0.4, N=133). This high correlation between V and U in the LOS, is interpreted to
be due to the formation of uranyl-vanadate (carnotite - like) minerals. The possible occurrence of such
minerals, and the differences in the slope of their regression lines, might indicate slightly oscillating
oxygenation at times of their deposition. The carnotite-like minerals are at least soluble in pH ranges of 5

— 8.5 (Langmuir, 1978).
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As shown in the bar plot from the factor analysis, vanadium is a constituent of the factor 1 and shows a
preferred correlation to the total iron (r=0.77, N=133) in the Upper OSM. This may imply that the

correlation to iron could be due to a preferred adsorption onto iron-hydroxides.

In the Lower Oil shale, the high uranium values may be a result of the incorporation of U*" in hydroxyl-
apatite — the most common form of apatite in marine sediment. Moreover, it is assumed that apatite can
incorporate significant amounts of pore water U, in which uranium is present as U*" or U®". Because of
their similar ionic sizes, U*" can easily substitute for Ca* in the apatite structure. Another possibility
arises from the fact that U®" can be fixed (adsorbed) outside of the structure as uranyl carbonate because of

its much larger ionic radius (Pana and Fleet, 2002; Rakovan, 2002).

In summation, the different amounts of uranium in the bulk sediment might be interprete in the following
way: The incorporation of U*" takes place under anoxic/sulphidic conditions below the sediment/water
interface. In such an environment, uranium only occurs as U*", which is stable in a pH range from 3 — 4
(Langmuir, 1978). In contrast to the base of the oil shale, along the profile upward oscillating oxygenation
allows the fixation of uranyl-ions as U®", onto the surface of the deposited organic matter, or onto the
surface of apatite. The fixation of uranyl-ions signifies a fluctuating sedimentation regime with (short-
term) injections of oxygen into the pore water. In terms of differences in redox potential, both sections
(Lower Oil Shale Unit vs. Upper Oil Shale Unit) may differ significantly. Thus, it is possible to use the

uranium content as proxy for the oxygenation state in the bulk sediment.
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Correlation between P,Os and As

It has been reported that a large member of mono (Na*)-, di (Sr**, Pb*", Ba®, Mn?")-, tri (REE*")-, tetra
(Th*", U*)-, hexa (U®")-valent cations substitute for Ca in apatite minerals (Pana and Fleet, 2002). The
same holds true for the substitution of anions (CO3)*, (SO4)*, (AsO4)* for the tetrahedral (PO4)*. Factor 2,
with high loadings for P,Os and rare earth elements (La, Y — Xenotime-group), stays for conditions which
favour the deposition of Ca-phosphate (Phosphorite /apatite). Additionally, the element arsenic is one of
the contributors to this factor, which implies the substitution of the anion (AsO,4)* for (PO,)”. Arsenate is
found in rivers and lakes, transported to the open sea, where it is bonded or adsorbed on Fe/Mn-
oxyhydroxides, sulphates and carbonates (Ruokolainen et al., 2000). Therefore, it can be a source for
biological uptake by phytoplankton. Phytoplankton can take As up in the upper water column and
transport it down to the sediment by biogenic debris (fecal pellets), but not to the intermediate water
where it is regenerated like phosphor (Cutter and Cutter, 1995; Andreae, 1978). Arsenic is
thermodynamically stable as As® in oxic environments, whereas, under anoxic conditions, it occurs as
As®". The specification of As depends on the strength of the primary production, the activity of bacteria

and (de)composition of organic matter (Sohrin et al., 1997). There are at least two explanations for the
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Fig.67 Left side: Cross correlation between apatite [wt. %] vs. As [ppm] a) and right side: C,., [wt. %]
with As [ppm] within the OSM b), detailed explanation see text. Formula for calculation of apatite content
was taken from American Mineralogist database.
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observed correlation of arsenic and apatite. The diagenetic formation of arsenates ideally leads to the
precipitation of johnbaumite [(Cas(AsO4);(OH)] or svabite [Cas(AsO4);F]. Johnbaumite is stable in a
range of circumneutral conditions (Yokoyama et al., 2012). However, the observed lack of correlation,
with CaO, does not support their existence. An increasing plausibility of the diadoch substitution of AsO4
for the tetrahedral (PO4)* comes from an observed correlation between arsenic and apatite (fig. 67). The
correlation coefficient decreases upwards in the profile, whereas a weak, but statistically significant
correlation, concurrently between arsenic and the organic carbon, is observed. This might be due to the
decreasing apatite content in the UOS. Another possible explanation might be due to the preferred
adsorption of arsenic onto the organic matter. It might be possible that a release of trace elements by
oxidative weathering of organic matter and subsequent dissolution/re-precipitation process leads to a
secondary enrichment of arsenic in the sediment. Moreover, originally a precipitation of pyrite together
with arsenic as arsenopyrite is conceivable, which might be supported by its precipitation in an
suboxic/euxinic environment (Huerta-Diaz and Morse, 1992, 1990). In any case of pyrite oxidation under
such conditions, the weathering solution was transported into the pore water and a subsequent

precipitation of arsenic as AsO4 and a formation of apatite (svabite Cas(AsO,);F) took place.
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5.2. Interpretation of the trace element data in planktic and benthic
foraminifera

A further objective of this thesis is to refine the relationship between the occurrence of benthic and
planktic foraminifera, and the concentration of trace elements in the bulk sediments. To achieve this goal,
an additional principal component analysis (PCA) has been conducted by comparing the results from the
bulk geochemistry and the clustered abundance of the benthic and planktic foraminiferal assemblages,

which were obtained by our Israeli co-partners (Ashckenazi-Polivoda et al., 2011).

Based on their relative abundance, Ashckenazi-Polivoda et al. (2011) clustered the different planktic and
benthic taxa of foraminifera in respect of the productivity in the surface water. The cross-plot in fig. 68
compares the results of the geochemical analyses between their biostratigraphical counterparts, as defined

by (Ashckenazi-Polivoda et al., 2011).
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Fig.68 Cross correlation of calculated factor scores between degree of oxygenation and nature of
terrigenic input for benthic foraminifera (left) and planktic foraminifera (right). Both plots display same
pattern as is previously shown in fig. 52, which might support a fundamental aggreement between
micropalaentology and inorganic geochemistry.
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Integration of chemostratigraphic and biostratigraphical results

The chemostratigraphical and biostratigraphical results were combined, to gather more detailed
information on the distribution of the planktic assemblages P-Types 1 and 4 (Globigerinelloides spp.,
Heterohelix spp., Hedbergella spp.), and the benthic assemblage B-Types 1 and 4 (Gyroidinoides
Elhasaella spp., Triserial buliminids, Gavelinellids spp.), which parallel the variations in the degree of

bottom water oxygenation and detrital input.

Planktic (P1-P4) and benthic foraminifera (B1-B4) are clustered according to their abundances in different
parts of the OSM. Main contributor to the planktic foraminiferal (P4 - P3) assemblages are
Globigerinelloides spp., a shallow planktic foraminifera species, which lives preferentially in the euphotic
zone (10 - 50 m) and favours extremely eutrophic water masses. Whereas the other contributor,
Heterohelix spp., is mainly defined by mesotrophic water mass conditions (Ashckenazi-Polivoda, 2011).
Hedbergella spp. (Globigerina cretacea) increase in richness and contribute to the foraminiferal
assemblages (P2 - P1). When the surface water becomes less oxygenated, deep dwelling species
disappear. Only surface dwelling species (Globigerinelloides spp, Hedbergella spp, Heterohelix spp.)
survive such conditions and their abundances actually increase (Ifrim et al., 2011; Leary et al., 1989).
Generally, in shelf slope areas, these assemblages contribute more than 50% to the total planktic
community. Fluctuations in their richness are often interpreted due to the expansion of the OMZ in the
upper water column. Owing their tolerance to low oxygen levels, they are able to survive in such

conditions (Ghourchaei et al., 2014; Abramovich et al., 2010; Keller and Pardo, 2004; Leckie, 1987).

Planktic foraminifera Heterohelix display notably high abundances in a variety of marine environments
and an ability to adjust to a wide range of water column conditions (Ashckenazi-Polivoda et al., 2011). P-
Type 4 (dominance of Globigerinelloides) samples plot in a field with a low oxygen level. The factor
score of P-Type 3 falls in a wide range of -1.5 to 2.8 on the x-axis and -2 to 2 on the y-axis. It seems that
P-Type 3 (Heterohelix) is highly adapted to a wide range of environmental features, thus tolerating fast

fluctuating conditions of oxygen in the water column. Samples of P-Type 2 match in factor score from on
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the y- axis from -1 to 0, wheras scores on the x-axis plot from -0.5 to 0.8. Theses factor scores mark a

transition cluster to more oxygenated conditions with higher detrital contribution.

The benthic communities B5 to B4 are mostly dominate by triserial buliminids, whereas assemblages from
B3 to B1 are controlled by Gyroidinoides spp. (Ashckenazi-Polivoda et al. 2011). Triseral buliminids are
often regarded as infaunal species, which are indicate a very low oxygenated seabed, simultaneous to a
higher organic matter flux (Friedrich, 2009). Whereas Gyroidinoides spp. are typical in abyssal depths and
also regarded as shallow infaunal taxa that thrive under meso-trophic conditions with very little or no
tolerance for oxygen-poor environments (Ghourchaei et al., 2014; Ashckenazi-Polivoda, 2011; Erbacher

et al. 1998; Widmark, 1997).

B-Type 4 (triserial buliminids and Gavelinella spp.) is limited to the base of the OSM. This field is
characterised by strong anoxia and a higher bioclastic input. B-Type 3 tolerates larger content of oxygen.
Moreover, B-Type 3 (Gyroidinoides spp) gather in a smaller range and “switch” between low anoxic and
low oxic levels. Factor scores from sedimentary input indicate a small transition range from bioclastic to
detrital input. B-Type 2 (Gyroidinoides spp) behave similar to P-Type 2 and cluster in a narrow range that

indicates more aerated conditions in the pore water and water column, respectively.

Factor scores from P-Type 1 and B-Type 1 indicate a cluster pattern in a wide range of increasing detrital

input and increasing oxic level.

In summation, P-Type 1 and 2 (high Heterohelix) assemblages coincide with a gradual decrease in
biogenic carbonate production and a relatively weak anoxic response to the increase in terrigeneous input.
In contrast, assemblages P-Type 4 (dominance of Globigerinelloides) and B-Type 4 (triserial buliminids
and Gavelinella spp.) are limited to the base of the oil shale and are characterised by strong anoxia and

high carbonate production, as reflected by scores of factors 1 and 2.
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Final remarks

Based on inorganic geochemical analysis (minor and main elements) and multivariate statistical methods,
the above mentioned notions support the biostratigraphic results obtained by (Ashckenazi-Polivoda et al.,

2011).

Consequently, a high calcareous sedimentation indicates that foraminifera are the main contributors to the
calcareous sedimentation during the time of interest. A cross-plot between these two related factors yields
more detailed information about the palacoenvironment. Moreover, the bi-variate plot reveals a
continuous weakening in the biogenic calcareous contribution to the whole terrigenic input. A remarkable
trend from strong anoxic to more oxic conditions is observable, which implies a change in the
sedimentation regime, but also, in the combined interplay between the oceanographic features, biogenic

contribution, and terrigenic input, respectively.

The integration of biostratigraphical data with the chemostratigraphic counterparts reveals almost identical
results. The combined interpretation offers information that is more precise in the evolution of the Upper
Cretaceous organic rich shales in the Negev. The occurrence of P4 and B4 assemblages is interpreted in
terms of highly anoxic conditions at the bottom and an expansion of the OMZ within the water column.
Chemostratigraphic data reveals a similar scenario; a flat gradient in the regression slope is interpreted in
terms of a rapid onset of anoxic conditions and an expansion of the OMZ. The top of the profile is
stronger affected by increasing terrigenic input and more aerated conditions. At about 33 mbsf depth,
fluctuating conditions between these two extremes are marked. The changing pattern in the richness of the
taxa could be interpreted as the result of a shift from eutrophic to mesotrophic conditions and changes in

the organic matter influx.

Patterns occurring in the bulk inorganic sediment chemistry and organic carbon coincide with gradual up-
profile directed changes in benthic and planktic foraminiferal communities. This is in accordance with the

results of the Israeli project partners’, implying a gradual shift from base to the top of the OSM, from
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eutrophic to mesotrophic and strong anoxic to dysoxic conditions (Schneider-Mor et al., 2012;
Ashckenazi-Polivoda et al., 2011). This coincides with my own results, implying a gradual shift from
calcareous, bioclastic sedimentation in a strong anoxic environment towards to the top of the profile, i.e., a

change to more aerated conditions, and simultaneously, to an increasing detrital input.

Connection between element composition of foraminifera tests and biostratigraphic data

In course of the thesis, an attempt was made to interpret the element composition of the analysed
foraminifera tests. Before being evaluated foraminifera tests, some facts will be present about the

environment in which they live.

Gavinellina spp.

The habitat of (benthic) Gavinellina spp. is less
well known (Ashckenazi-Polivoda, 2011). Some
authors state that Gavinellina spp. represents an
infaunal®' species, which is regarded to live in a

neritic-middle bathyal environment, tolerant to low

levels of oxygen and surviving on substrates with
Fig.69 SEM picture from Gavinellina spp. of high food supply (Ashckenazi-Polivoda, 2011;
(Ashckenazi-Polivoda, 2011) length of the bar

10um Erbacher et al., 1998; Widmark, 1997). Moreover,
Erbacher et al. (1998) note that Gavinellina spp. is

very common in black shale deposits.

2! infaunal species that live within the sediment and therefore exposed to elevated pore water concentrations
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Heterohelix globulosa spp

Palaeontological studies on the Upper Cretaceous, eastern
Pacific margin, Sliter, (1972), point to inner slope to shelf
areas as the habitat of planktic Heterohelix globulosa.
D'Hondt and Zachos (1998) and (Leckie, 1987) regard
Heterohelix globulosa as a variable species, which is highly
adapted to near surface/intermediate depths, e.g., open
marine shallow water (Keller and Abramovich, 2009).

Moreover, Eicher and Worstell, (1970) could show that

Heterohelix globulosa is one of the species that are highly

_ _ ) Fig.70 SEM picture from Heterohelix spp.
adapted to marine transgression/regression cycles, (4sickenazi-Polivoda, 2011), length of the

bar 100um
appearing and disappearing depending on the sea level
curve. Heterohelix globulosa, as infaunal species, dominate areas with a high food supply, being highly
adapted to nutrient-rich surface water, tolerant to oxygen-depleted conditions with a preference for cooler

life habitats (Darvishzad and Abdolalipour, 2009; Keller and Abramovich, 2009; van der Zwaan et al.

1999).

The occurrence of benthic species in low-oxygen environments could be interpreted in terms of their fast
adaption, radiation, and colonisation in niches and new environmental conditions. Recently, many authors
note that benthic (infaunal) species tolerate anoxia and are able to survive under sulphidic conditions
(Langlet et al., 2013; Friedrich, 2009; van der Zwaan et al., 1999). They can tolerate a dissolved hydrogen
sulphide concentration of up to 12 - 100 pM and live in symbiosis with bacterial assemblages (Thioploca
spp.) (Hogslund et al. ,2008). Based on experimental setups in marine settings, it has been report that
benthic species are able to survive in highly anoxic environments for a period of one year (Langlet et al.,

2013; Metzger et al., 2013; Moodley et al., 1998).
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As shown in fig. 71, page 151, a multivariate analysis was performed, in order to evaluate the palaeo-
environment in which these foraminifera lived, based on interelemental relationships in foraminifera
shells. Before processing, outliers were excluded from the dataset. For the sake of an unambiguous
interpretation and a better statistical significance, only factor loadings that show higher values (> 0.7)
were used. Regarding the benthic foraminifera eigenvalues account for 82% for the total variance.

Thereby, 3 factors have been selected.

(1) Factor 1 accounts for 40% of the total variance and includes the elements Pb, Cu, Cd, Ba, Mn
(2) Factor 2 accounts for 22% of the total variance and includes the elements Co, Ni

(3) Factor 3 accounts for 19% of the total variance and includes the elements Mg and Sr.

The same criterion holds true for the statistical evaluation of planktic foraminifera. Here, based on the
statistical analysis, eigenvalues account for 81% for the total variance. According to the above mentioned

findings, the selected factors were interpreted as follows:

(1) Factor 1 accounts for 42% of the total variance and includes the elements Co, Ni, V, Cr

(2) Factor 2 accounts for 39% of the total variance and includes the elements Cu, Rb, Ba, Pb

The interpretation of the results obtained for the numerous outliers is difficult. However, it is possible to
draw some conclusions. By comparing the results of the factor analysis for benthic vs. planktic
foraminifera, it is seems conspicuous that both planktic and benthic foraminifera have a similar element

contribution.

e Planktic foraminifera Cu, Rb, Ba, Pb — contribute 39% to the total variance

e Benthic foraminifera Pb, Cu, Cd, Ba, Mn — contribute 40% to the total variance

Results of the planktic factor analysis show that Mn and Cd are unrepresented in the data sets. Unlike the
benthic data set, in which Rb shows no contribution to the total variance. Viewed together, both show a

striking similarity to one another in terms of comparable element contribution.
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Due to their incorporation in phytoplankton and subsequent release, the elements (Cu, Cd, Ba, Zn) track
the seawater inventory. Then again, elements like Cd and Zn can be fixed to sulphide minerals (CdS, ZnS)

in an anoxic-dysoxic environment.
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Planktic Foraminifera (spp. Heterohelix globulosa) Account for 81%
Factor loading
Factor 1 Factor 2
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- 42% 39%
scvanged elements probably clay mineral impurities
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Benthic Foraminifera (spp. Gavinellina) Account for 82%
Factor loading
Factor 1 Factor 2 Factor 3
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Fig.71 Bar plot of the factor analysis show factor loadings calculated for analysed trace element content
in benthic (N=31) and planktic foraminifera (N=25). Blue label signifies positive factor loadings whereas
red labels negative factor loadings.
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Fig.72 Sequence of plot show correlation of trace elements in planktic and benthic foraminifera to
a) Rb, b) Cu, ¢) Ba, d) Cd. All concentrations are expressed in units of [umol/mol].

Results suggest that elements, which plot in factor 1 (benthic dataset) and factor 2 (planktic dataset),

correlate well with each other (fig. 72), suggesting that both populations were exposed to the same

conditions. In comparison to the reference data set taken from Lea, (1999), own results show elevated

concentrations of Fe, V, Zn, and Cu. Recently, it was discovered that Mn-carbonates/hydroxides display a

strong affinity for the incorporation of other trace metals (V, Co, Ni, Zn, Ba, and Cd). Moreover, it is

difficult to eliminate manganese overgrowth in foraminifera tests (Rosenthal et al. 1997; Hastings and

Emerson, 1996; Hastings et al., 1996; Boyle, 1981). Organic matter and iron hydroxides are the most

prominent source of trace elements by scavenging. Living infaunal species of benthic foraminifera
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Gavinellina spp. should mirror the pore water concentration. It is commonly assumed that planktic and

benthic foraminifera control their trace element inventory through different mechanisms (Boyle, 1981).

However, selective dissolution is an important factor that may significantly alter the fossil communities
(Speijer and Schmitz, 1998; Martin et al., 1995). If we imagine that planktic species, sinking down to the
sediment/water interface, where they covered by the sediment, underwent a selective dissolution, it is safe
to assume that the dissolution of foraminifera depends on the size of the tests, as smaller specimen are
dissolved more rapidly than bigger ones. This finally leads to accumulation of an assemblage, composed
of larger sized planktic forms mixed with benthic forms, which typically have thicker walls and are
therefore better preserved (Nguyen et al., 2009). The thicker shell of the benthic foraminifera prevents
their buoyancy in the water column, being better protected against abrasive wave action (Erez, 2003).
Additionally, benthic and planktic species differ in their calcification rate. Planktic species show a
calcification rate which is higher by a magnitude, when compared to their benthic counterparts (Erez,

2003).

Further support for this hypothesis arises from a non-cross correlation between the specimens’ richness,
P/B? ratios, and their trace element content. Seawater serves as a main source of ions and is therefore
incorporated via vacuoles in the calcified tests (Bentov et al., 2009). A widespread adoption states that
benthic foraminifera show a higher trace element concentration than planktic foraminifera in the upper
water column and the pore water itself. This is due to the pore water, which may reflect closed system
conditions, in which the trace element threshold should be higher than in the overlying water column (e.g.

open system) (Burdige, 2006).

To point out on-going biogeochemical processes that lead to the enrichment of trace metals in
foraminiferal tests, some master variable defines the pore water chemistry, which includes the
concentration of NH; P03~ organic matter input, and Fe®*, Mn*"-concentrations. This occurs in

interaction with additional sedimentological parameters, which define the pore water chemistry and

2 The ratio of planktic to benthic foraminifera (=planktic/(planktic + benthic foraminifera)).
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therefore the chemical constituents (Pb, Cu, Cd, Ba, Mn, Rb) in foraminiferal tests, e.g., bioturbation,

benthic macro fauna, bottom currents and more.

Therefore, it can be concluded that the trace element composition of both planktic and benthic
foraminifera might not represent palacoenvironmental conditions. Moreover, in course of the thesis it is
proposed that both signs may represent a mix between two signals, which primarily come from the pore
water concentration (benthic assemblages) and the conditions in the overlying water column, by tracking
the sea water inventory (planktic assemblages). Regarding fig. 72, it should be noted that in terms of depth
ranking, the P/B ratio is in close relation to both geochemical and biogeochemical bulk sediments of
benthic foraminifera; neither increasing nor decreasing trends are visible. After their burial in the
sediment, both species are exposed to the same (pore water) conditions and undergo a similar dissolution
process. In this regard, the conclusion is might support that the palacoenvironmental conditions are not

represented here.
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6. Discussion

6.1. Modification of primary environmental signals due to diagenesis or
alteration

The pristine geochemical signal can be overprinted due to late diagenesis. In those specific circumstances
leads this to misleading interpretations. However, by combining a multivariate statistical analysis with a
multi-proxy approach, it should be possible to eliminate or attenuate the effect of late diagenetic overprint
(Meudt, 2004). The high correlation coefficient between barium and strontium is attributable to the fact

that barium may substitute for K in K-feldspar (celsian) and K-mica, because of similar ionic radii.

The negative cross correlation,

o Upper Oil Shale
o Middle Oil Shale
r=-0.73 > Transition Middle - Lower Oil Shale :
1600 " s loverGiokael shown in fig. 73, may be due to
. s. oo, = Lower Oil Shale |
1500 MO o . . J
AT RS- o E - differences in the solubility of both
1400 "l Bd=,0
. *obe ° 0 . . .
'E 1300+ s P55 sho o ° barite and celestine. The negative
S > &g o
S >0 88 o
= 1200 DI;%éEE_EEED ' . .
o >8>S B, o correlation seems implausible at
1100 o o g.°
oo o @
1000- ° o first sight, because of the well-
900 significant at level > 0.05
« 2 30 %5 40 known isomorphic substitution of
Ba [ppm]

Ba by Sr in barite. However, under
Fig.73 Negative statistical correlation between strontium and
barium contents [ppm] through the oil shale profile. normal marine conditions,
celestine is more soluble than barite. During progressive diagenesis, which is linked to the transition lime
mud/chalk, a strong dissolution and precipitation of Sr* ", which is freely circulating in the pore water, can

occur. Such a process leads to an increased Sr content in pore water, whereby biogenic calcite contains 3-5

times more St than abiotically precipitated inorganic calcite (Hesse, 1986; Turekian, 1968).

However, the weathering process involves the loss of K and other cations including Rb and Sr, and the
oxidation of Fe, leading to the formation of illite, which was detected by my own XRD analysis. Such a
process is well described and confirmed, by the work of (Spiro and Rozenson, 1982; 1980), in sediments

from the Ghareb fm. Moreover, the same authors report, based on Mossbauer spectrometry and SEM
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analysis, an authigenic formation of iron hydroxides and microcline. Weathering of feldspar resulting in
the release of potassium and silicic acid, subsequently leads to the authigenic precipitation of microcline
and chert. A similar process is described in eq. 14, that demonstrate an example for the formation of
authigenic clay minerals and quartz (Anderson, 2009; Spiro and Rozenson, 1982; 1980). This is in
accordance with observations resulted from this study, obtained through XRD-analysis. These results

suggest the occurrence of kaolinite, (authigenic) quartz and K- feldspare.

Equation 14

K-feldspare kaolinite quartz

The same process, as described above, could also have led to unfeasible results, caused by the oxidation of
pyrite. This can be shown by applying ternary diagrams (see below), which display the content of highly
reactive iron (Feyr) as determined by di-thionate extraction in relation to pyrite bonded sulphur and
organic carbon. In recent years it has become obvious that this ternary diagram has been used to
differentiate between environments that are linked to an iron-limited and iron-non-limited system (Hetzel
et al., 2009; Boning et al., 2005; Liickge et al., 1999; Littke, 1993). The grey—shaded areas, in the
diagrams shown in fig. 74, represent a system in which the sulphur is in excess and signifies an iron-
limited system. Under such conditions, iron is fixed in silicate and clay minerals; therefore, it is not
available for pyrite formation. This kind of iron-bond (Fe*) can be calculated by the following equation 15

(Lickge et al. 1999):

Equation 15

Fe* =Fe —(0.25 x Al) Eq.15
Samples that plot below this pyrite line signify an iron-limited system. In contrast the diagram on the right
side, those show all extractable di-thionate iron (Fep), that imply the real bulk iron and di-sulphide sulphur

values, latter one based on wet chemical extraction scheme by (Mayer and Krouse, 2004).
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Fe* a) Fep b)
Fe* = Fe-(0.25 x Al) 100 100

*iron is fixed in clay minerals
is not avaiable
for pyrite formation
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Fig.74 Ternary diagrams that can be use to indicate possible iron limitations, specify a iron-limited system
a) However, obtained results by di- thionate extraction method (Fp di- thionate iron), support a a non- iron-
limited system b) Gray shaded area indicate iron — limitation.

From this ternary diagram, two conclusions are possible: firstly, Fp value was changed by oxidative
weathering to Fe(OOH), (Spiro and Rozenson, 1980), and secondly, Supnice Was highly affected by
oxidative sulphate formation. In order to understand this, multiple tests were conducted to see how this

relation could be affected.
Fepy/ Fenr (pyrite oxidation)

An example for oxidative weathering is shown in equation 16 that includes an oxidation of the pyrites

according to (Bierens Haan, 1991).

Equation 16

FeS,+3.50,+ H,0— Fe?*+2S03+2H" Eq.16
This comprises a transformation of pyrite sulphur to sulphate sulphur and subsequently to iron oxides.
Optical and XRD analyses as well as the detection of sulphate sulphur by wet chemical analysis (ASS-
sulphur) confirm this assumption. This consequently leads to a change in the Fe,,/Feur relationship.

Oxidative weathering alters the relationship between pyrite-bonded iron and highly reactive iron.
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Possibly Euxinic

Fe,/Feuw
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Fig.75 Plot show variations in the ratio of pyrite bound iron
(Fey,,) and highly reactive iron (Feyr) - obtained by di-
thionate extraction. X - axis display the complete OSM from
the LOS I (Base) to the UOS (top). Boundaries might be
interpreted with caution, modified after Raiswell and
Canfield, (2012).

Subsequently, this results in a change in
the relationship between pyrite-bonded
(Fepy) and highly reactive iron (Feug).

Results support the notion above and
might suggest from alongside the profile
a shift to a higher content of highly
reactive iron (fig. 75). In such a case, the
application of the Fe,/Feur leads to a
misrepresentation of the values. As
previously shown, the own results

implying that the sedimentation of the

LOS took place in a high reducing environment. Again, fig. 75 samples do not support this

unambiogiusly. Sample from the LOS plot in a field, which indicating moderate anoxic, weak oxic

conditions. This is paradoxicial, and corroborates assumptions and interpretation that has to be done about

the careful use of the Fe,,/Feur relationship as a proxy for separating between anoxic and euxinic

conditions (Raiswell and Canfield, 2012).

At this point, it is useful to introduce other possibilities to quantify the reactive iron content in sediments

that are capable to react with total reduced sulphur. One of them is recommend by Raiswell and Canfield,

(2012) by use the ratio of highly reactive iron to total iron that is plotted against the degree of pyritization.

Raiswell and Canfield, (1998) point out that the ratio between Feyr and Fer in oxygen deficient sediments

(deposited from stratified or anoxic/ euxinic water columns), plots within an area defined by two lines

with slopes between 0.04 and 0.4. In fig. 76, samples marked with blue and green dots, plot in a

158



Multi-parameter approach

3.0 1.0

O Upper Oil Shale oo

© Middle Oil Shale

2 Tanion i - Lower O Shale Euxinic

2.5 # LowerOil Shale Il
—_— m  Lower Oil Shale | 0.8
= © Data from Raiswell and Canfield (1998) dysaerobic sediments
= @ Data from Raiswell and Canfield (1998) continental margin
@ 2.0
w 8
' ® 2 06
s ® o [}
£ 154 o0 % ° w
(] 9 [ ] >
= A = o ° o
3 6 & ‘0 w 04
T 1.0 °
e gfoa 4 'J“l’ °
> S
= ¥ P L [
2 054 ° 8 = ° 0.2
T o0 © ,0°
A o //
T T T T T T
0 1 2 & b B 2 7 0 0.2 0.4 0.6 0.8 1.0
H 0,
Total iron - Fe [[%] Fe :/Fe;

Fig.76 Left side: Variation of highly reactive iron Feygin relation to the total iron Fer for continental
margin and dysaerobic sediments (data from Raiswell and Canfield, 1998). Right side: Cross plot of
the ratios of pyrite bound Fe to highly reactive Fe against highly reactive iron and total iron.
Coloured boundaries based on empirical results and might be interpreted with caution (see text
below). Both plots are in reference to the present study (white coloured and black dots).

range that originally has been deposited in anoxic/dysoxic environments. From the fig.76 it becames also
evident that samples from the studied oil shales do not plot into this area, and consequently may not

correspond to the conditions as predicted by (Raiswell and Canfield, 1998) and others.

In summation of all results, this mismatch might support the assumption that an additional enrichment of

highly reactive iron (Feygr) (possibly from oxidation) shall be taken into account.

Distinguishing between anoxic —euxinic conditions, C/S ratio

As shown in section 2.4, an attempt was made to understand in which environment the sedimentation took
place. In order to differ between anoxic and euxinic conditions, the C/S ratio was originally introduced by
(Leventhal, 1983). In fact, by comparing the outcomes of the present study with data from recent
upwelling sediments, obviously a puzzling picture is shown (see also section 2.4). Our results (OSM C/S
56.54) show atypical high C/S ratios which are in accordance to high C/S ratios in recent sediments, that
come from Fe-limitation (Lyons and Berner, 1992; Morse and Emeis, 1990; Berner and Raiswell, 1984).
Sulphate limitation and low C/S values are atypical for marine environments and are more characteristic
for fresh-water environments. Consequently as seen in fig. 77, S/C values in the oil shales of around 0.12

would suggest a deposition in a non-marine environment.
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Black Sea sediments
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Fig.77 Left side: Samples from Mishor Rotem oil shales define a regression line in a C,.o/S,., cross plot
with a very flat slope (0.16). Flat inclination indicates a pattern typical for sediments in freshwater
conditions. The right side indicates that results from the present study, do not plot in a typical range of

Black Sea sediments, which are deposited in a strong anoxic/euxinic environment.

Previously, Minster et al. (1992), Bein et al. (1990), and Dinur et al. (1980), also found comparable S/C
ratios of = 0.09 in the Shefala Basin (Ghareb Fm.), and an S/C ~0.13 — 0.15 in Mishor Rotem (Minster et
al., 1992). However, sulphate limitation could possibly also occur in stratified water columns or within the
sediment (close system conditions), not necessarily reflecting fresh water environments. An additional
feature which might affect the C/S relationship is reported by Pratt, (1984), and (Westrich and Berner,
1984). The authors show that bioturbation also has an influence on the C/S ratio in sediments. There is a
limitation in the supply of sulphate by diffusion in micro-bioturbated or fine-laminated sediments,
rendering the injection of fresh oxygen unlikely. This results in a limitation of sulphate reduction by
bacteria, leaving smaller amounts of H,S in the surrounding pore water and limiting the degradation of
organic carbon. Furthermore, slower sedimentation rates allow more time for organic matter to be
degraded at the sediment surface, prior to the onset of sulphate reduction, leaving smaller amounts of

organic carbon for sulphate reduction (Canfield, 1994).
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In summation, most of the S in the studied section is commonly associated with OM, pyrite, and gypsum.
Otherwise, the XRD- and wet chemical analyses indicate negligible amounts of pyrite ~ 1 wt. %. This is in
accordance with the findings of Amrani et al. (2005), who found no measurable amounts of pyrite in the
Ghareb Fm. of the northern Negev. In contrast to Bein et al. (1990), sulphate sulphur is determined by
ASS extraction. However, the author reported only negligible amounts of gypsum because most of it had

been removed by percolating aqueous solution.

This puzzling picture should be interpreted with care. Emeis and Morse, (1993) offer a different point of
view by comparing the C/S ratios in sediments from different upwelling sites (Peru, Namibian, Oman C/S
~ 0.25), which deviate significantly from the regression slope of £2.8 that is thought to be common in
normal marine sediment. All three sites show a specific limitation, regarding iron-limitation, the quality of
degradable organic matter, and the amount of sulphate in the pore water. Consequently, all three
restrictions affect and lead to the significant deviation in C/S ratio. Emeis and Morse, (1990) conclusively
state that this method is inadequate to differentiate between oxic and anoxic environments, as well as

marine and lacustrine environements, respectively.

This is supported by Rickard, (2012), who has shown that in an euxinic system the amount of pyrite-
bonded sulphur is not in line with the amount of organic carbon. In such a system the availability of
reactive iron plays a critical role, and therefore high Coe/Spyrite Tatios are atypical for euxinic sediments

(Lyons and Berner, 1992).

If we take into account that own values display a late diagenetic overprint, by which most of S,y is lost
due to oxidation, through a penetrating, oxidising solution, which leads to the formation of sulphate

sulphur. In consequence, obtained S,y and C/S ratio don't match the real scenario.
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Clay mineralogy

Based on the results obtained by XRD analysis, in course of the thesis the sedimentological processes will
be evaluate that enable us to document under which conditions the deposition of clay minerals took place.
An alteration of deposited sediment during periods of interest is a scenario that might be possible for a
authigenic and detrital formation of illite, as proposed by (Spiro and Rozenson, 1982; 1980), for sediments
in the Ghareb fm. Recent investigations confirm this notion and indicate that the dominant clay mineral in
the Syrian arc deformation belt is smectitic IS (interstratified illite/smectite rich, in smectite layers)

(Shoval, 2004a, 2004b).

Our investigation supports these results, which include the detection of the relative abundance of the three
most important groups of clay minerals: (detrital) kaolinite, (partly detrital) smectite (Nathan, 1969), and
(authigenic) illite (Spiro and Rozenson, 1982) respectively, as the three major constituents. It is thought
that these clays, especially illite-smectite (main clay component) as part of the detrital contribution to the
whole sedimentary record, were transported by upwelling currents across the continental shelf towards the

deposition side (Inthorn et al., 2006; Shoval, 2004a, 2004b).

Therefore, it is assumed that the observed fluctuations in the herein considered clay mineral ratios must
have a different explanation. Although in void of hand-tight evidence it seems rather speculative, that the
observed fluctuations in clay mineralogy might be due to changes in the direction and the weighting of
different detritic transport mechanisms (e.g., aeolian and fluviatile, possibly shelf currents) and authigenic
formation. The weathered sandstone reflects the continental source of the Arabo-Nubian Shield, whereby
the detrital kaolinite is transported (Goldberg, 1978). The occurrence of kaolinite represents a continental
weathering product formed during a warm and humid period at the southern Tethys margin during the

early Palaeozoic era (Bolle and Adatte, 2001).

Moreover, it is worth noting that no terrestrial magmatic activity occurred in Israel between the Santonian

and late Oligocene time (Almogi-Labin et al., 2012; Garfunkel, 1989). Thus, the conclusion can be drawn

162



Multi-parameter approach

that the occurrence of smectite cannot be the a result of the weathering of terrestrial basaltic rocks
(Shoval, 2004b). Thereby argillised submarine volcanic rocks act as the main sources of illite-smectite
interlayers (Sandler and Harlavan, 2006). Consequently, these clay minerals have rather been transported

by upwelled water across the continental slope to the inner shelf area (Inthorn et al., 2006).
5180, 8 C — planktic and benthic foraminifera

Modern marine 3"C values of total dissolved carbon (DIC) are close to zero %o, thus reflecting the
dissolved CO, in seawater that is commonly used for photosynthesis, while the 8'°C values in planktic and
benthic foraminifera range from +2 to +3%o (Maslin and Swann, 2006). The formation of shells and the
incorporation of dissolved inorganic carbon is in isotopic equilibrium within surrounding water (Schiebel
and Hemleben, 2005). This explains the use of the '¥0/'°0 and "*C/"*C ratios as palacoceanographic proxy
for seawater temperature, salinity and primary productivity (Katz et al. 2010, Emiliani, 1955). Vital effect

is another important factor that contributes to the isotopic composition of living foraminifera and their
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Fig.78 Graph shows the influence of meteoric water on isotopic composition of 6'°O in both
benthic (a) and planktic (b) foraminifera. Both species display significant lighter values than
expected for Upper Cretaceous seawater. Palaeo seawater temperature was calculated according
to Erez and Luz, (1983) for benthic (c¢) and planktic (d) species. A Upper Cretaceous seawater

value (6'°0,,) of -1%o was taken into account for calculation (Friedrich et al., 2012).

163



Multi-parameter approach- Discussion

calcification rate (Maslin and Swann, 2006; Schiebel and Hemleben, 2005). The foraminiferal assemblage
preservation can also be used to reveal additional insights into late diagenesis. Additionally, the analysis
of 8'80 and 8"C in planktic and benthic foraminifera supports outcomes present above that a part of the
profile might have been affected by late diagenesis. As is shown exemplary in fig. 78, the analysis of the
80 from Gavelinella spp. (benthic) and Heterohelix spp. (planktic) foraminifera, by our Israeli co-partner,
reveals light values in 8'°0 up to ~ -7%o. The results also show a decreasing trend towards the base of the
profile. Figure 78 (c, d) shows the calculated palaeco- seawater temperature for the Upper Cretaceous. If
these values are used as a proxy for the past, seawater temperatures yield unusually and unrealistically
high temperatures (10 — 20 fold higher), which is reported from this time, (Friedrich et al. 2012) and

references therein.

An efficient tool for the assessment of diagenetic effects and alteration in sedimentary rocks and enclosed
fossil material is the use of cross plots between 3'°0 and 8'°C. It is assumed that, a relatively uniform
supply of meteoric cements, leads to a shift in the absolute contents in primary trends of 5'*O (Griffiths et

al., 2013; Stiiben et al., 2003, 2002). A penetration of oxygen or the percolation of meteoric water cause
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Fig.79 Cross plot between "*O and " C supports an infiltration of the profile by percolating meteoric
water. Left side: Planktic foraminifera show a stronger coefficient r=0.94, p>0.05 and a slope of 0.44
in the regression line. Right Side: Whereas benthic foraminifera show two signs; Firstly, In the UOS
a negative correlation r=-0.5, and secondly a positive trend in the LOS I r=0.94; p>0.05.
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an oxidation and might significantly alter the composition for example of 8O (input of fresh/ meteoric

water) and the amount and composition of organic matter by the loss of organic carbon.

Recently, studies on the effects of meteoric alteration of the element contents of foraminifera have been
receiving more and more attention. It seems obvious that the meteoric water could change the element
contents of foraminifera similar to the 8'*O through mixed signals. Fig. 79 shows the relationship between
3'%0/8"C values from benthic and planktic foraminiferal species (Heterohelix spp., Gavelinella spp.) as a
cross plot. The plot also indicates that benthic 8'*O values range in a smaller array ~-3%o, unlike planktic
foraminifera, which plot in a larger range ~6%o. Their isotopic counterparts in 3'"°C range from -6 to -1%o
(benthic), while plantic foraminifera values in plot from -5.5 - -0.5%o. These values may indicate different
influence by differential diagenesis on different foraminifera species and may also suggest a higher
degree/sensitivity in alteration or infillings of chambers in foraminifera, because of the large deviation
from reference values. The negative correlation between §'*0/3"°C values of benthic foraminifera might
suggest a higher resistance against diagenetic overprint. From these observations, it might be concluded

that there are three possible scenarios for explaining trends in a §'%0/8"*C cross plot.

From an experimental setup, Spero et al. (1997) conclude a covariance between §'*0 and 8"C that shows
a regression slope between 0.29 — 0.33, which would fit to values (0.44) obtained within this study from
planktic foraminifera, fig. 79. Furthermore, the author states that such a covariance might be a
consequence of subtle changes in the alkalinity of seawater (CO3™). This might be true for the planktic
foraminifera, whereas benthic species show a negative correlation, which would imply no sensitivity to
changes in alkalinity.

Such covariance might also be explained by a mixing of different water masses or changes in the
precipitation/evaporation cycle, as a consequence of a mixing in the isotopic composition of the end-
members (§'*0/8"C, planktic and benthic species).

The 8"C mainly controlled by the solid-phase because of the generally low levels of organic carbon in

the pore water during early diagenesis. Consequently, the meteoric alteration changed the isotopic
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composition of carbonate only slightly toward smaller values (Faure and Mensing, 2005). In contrast, the
3'%0 is stronger controlled by the fluid phase, shifting its value towards lower (negative) values (Marshall,
1992; Banner and Hanson, 1990). At the DSDP Site 525, a meteoric alteration of foraminifera tests caused
a negative shift of ~ 3% in the 5'%0 values, while at El Kef les Pins, Tunisia, where the sedimentary rocks
were affected by the precipitation of carbonate cements, a similar effect could be observed (Stiiben et al.

2003).

The primary character of the positive correlation, between the distribution pattern of the 5'*0 and §"°C in
the benthic and planktic shells, has a substantially uniform lowering effect on the 3'°0 over 2/3 of the
section. Such a relatively constant supply of meteoric water leads to the filling of pore space and the
precipitation of cement onto the surface of benthic and planktonic foraminifera tests. While this causes an
alteration of the absolute 5'*O values, the relative trends are still more or less intact and might be able to

be used for palacoenvironmental interpretations.

6.2. Preservation of organic matter
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Moreover, in coastal upwelling zones, a high sedimentation rate is often observed, which is controlled by
high productivity (Wilkerson and Dugdale, 2008; Mohtadi et al. 2005; Summerhayes et al., 1992; Diester-
Haass and Schrader, 1979). Interaction between productivity and flux of organic matter leads to an
increased preservation of organic matter in sediments (Littke, 1993; Stein, 1990). This relationship is only
true in oxic environments, as first noted by (Tyson, 1987). In marine sediments with low sedimentation
rates and anoxic conditions, an inverse relationship is detectable (Stein, 1986). Such conditions are well
documented in the Mediterranean Sea, Black Sea, and Cariaco Basin. Canfield (1994) argues that if the
anaerobic processes of organic carbon decomposition would dominate in such environments, it would be
less efficient than decomposition with 0, present and in consequence lead to a higher enrichment of

organic carbon. Low sedimentation rate and high organic carbon content do not exclude one another.

There are three possible explanations for the comparatively high organic matter content in the LOS unit
(16-45 %, n=45), as opposed to the transition horizon to the overlying oil shale horizon (17-30 %, n=145)

(fig. 80):

(1) Mayer (1994) noted that the surface area of mineral grains controls the preservation of organic matter.

In cores from the American Shelf, he
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(2) surface (detrital smectite or smectitic mixed layer illite-smectite I-S), promoting the preservation of the
organic matter. The enhanced preservation may be due to a larger surface area of smectite (800m*/g"),
compared to illite (30m*/g™). The highest values of organic matter in Lower Oil Shale, in comparison to
the upper part of the profile, may confirm the notion of Kennedy et al. (2002), and Mayer, (1994). Own
results from the semi-quantitative clay mineral analysis reveal that the calculated illite-smectite
relationship shows a decreasing trend towards the base of the section. This might indicate that the highest
Core- content shows a trend to a lower illite-smectite relationship than the upper part of the profile, fig. 81
(previous page). That would imply a contribution of smectite clay minerals to the major terrigenic input.
In fact, this might also indicate that clay minerals are contributors to the preservation of organic matter.
Nevertheless, regarding the low terrigenic input, it may be implausible that clay minerals contribute

significantly to the preservation of organic matter.

(3) Sulphurization of organic matter In
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During early diagenesis, the process of sulphurisation is explained by a complete rearrangement of organic
matter, through the insertion of reduced sulphur species into organic matter, which leads to a protection of
functionalised lipids against further degradation (Wakeham et al., 1995; Kohnen et al. 1990). Similar
observations are reported from the Tarfaya Basin (SW Morocco) in iron limited Cenomanian/Turonian
black shales. Iron limitation, in combination with an excess of sulphide and refractory organic matter,
leads to the sulphurisation of kerogen in stages of early diagenesis, caused by changes in sedimentation
rate and sea level fluctuations (Kolonic et al. 2002). The exact process that leads to the sulphurisation and
therefore the protection of sulphurised organic matter are out of the scope of this thesis. The author of the
thesis recommend reading more detailed explanations of this process by other authors (Werne et al., 2008;

2004; Kok et al., 2000; van Kaam-Peters et al., 1998).

As shown in fig. 82, the sedimentation rate can be interpreted as changes in the delivery mode and source
of terrigenic input. Consequently, the low sedimentary input (below 2 cm/ka) in the Lower Oil Shale unit,
where the highest organic matter content is observable, can be interpreted in terms of the occurrence of
refractory organic matter that survives under such anoxic conditions (Tyson, 2001). It is commonly
assumed that the organic matter sulphurisation is dependent (1) on the availability of reactive iron, (2)
creation of an anoxic/sulphidic (?) environment, (3) a sulphate reservoir, which allows sulphate-reducing
bacteria to consume sulphate for microbial activity and (4) organic matter that acts as a substrate (energy

source) for bacteria (Canfield, 1994, Jorgensen, 1982).

Together with slow sedimentation rates, this permits high rates of organic carbon mineralisation in the
sediment, because a low sedimentation rate allows a free circulation of sulphate in the sediment/pore
water reservoir — open system, causing high rates of sulphate reduction (Briichert et al., 2000). Prominent
examples from this phenomenon come from recent investigations in the Cariaco Basin (Werne et al.
2003), the Namibia slope (Pichevin et al. 2004), the Peruvian margin (Eglinton et al. 1994, Emeis and
Morse, 1993), and ancient sediments (Tribovillard et al. 2004). If there is no significant terrestrial input

and therefore no significant reactive iron input, a sulphurisation of organic matter will occur. Originally it
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is assumed that the pyritisation is kinetically favourable over the sulphurisation, as observable in the
Kimmeridge Clay Formation (KCF), (van Kaam-Peters et al. 1998), Cenomanian-Turonian high organic
rich sediment in the Tarfaya Basin, Morocco (Kolonic et al. 2002), and the Black Sea (Raiswell and
Canfield, 2012; van Kaam-Peters et al. 1998). Once all of the highly reactive iron is exhausted, the
sulphurisation takes place. A concomitant reduction of iron hydroxides and the release of polysulphides,
which act as a precursor to the formation of organic sulphur, the sulphurisation of organic matter can take
place. Similar observations have been documented in Holocene sediments from the Mud lake, Florida
(Filley et al. 2002), in estuarine sediments from the St. Andrew Bay, Florida (Briichert and Pratt, 1996),

and in lake sediments (Urban et al., 1999).

6.3. Sulphate isotopes as a tool for reconstruction of the late diagenetic

processes
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The results suggest a late-/post
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thermal sulphate reduction residual
sulphate is always enriched in 'S,
these values are hard to be interpreted in terms of isotope fractionation during sulphate reduction. Rather,
a late-stage re-oxidation of reduced sulphur species during the exhumation history of the sequence should
be considered. The measured sulphate-5**S values represent a mixture between the isotopic composition
of pristine marine sulphate and oxidized pyrite. It is possible to calculate for each sample the relative

proportion of these two fractions, because the pyrite oxidation is not accompanied by a notable isotope

fractionation. In eq. 17, 534st—so ,represents the isotopic composition of the Upper Cretaceous seawater,

the term Agy_go, is the amount of measured sulphate. While the terms 634Spy.(oxl), and 634Smeasured_50 »

representing their measured values of isotopes.

Equation 17

834SSW-SO4*ASW-SO4+834Spy.(ox.) * Apy.(ox.): 834Smeasured-804 Eq- 17

In a cross-plot (fig. 84) between the obtained chromium-reducible sulphur - pyrite- bonded - 8**S (CRS)
values and the calculated fraction of oxidised CRS. The samples clearly define a mixing line, with end
members corresponding to the assumed isotope composition of marine sulphate (17%o) and that of average
CRS (-31%o), respectively. Exceptions are the samples from the PM, and the lowest part of the OSM,
which plot outside of this mixing line, in accordance with their distinctly different isotopic composition.

The portion of sulphate resulted from pyrite oxidation varies between ca. 35%o and 65%o, with a weak
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trend to lower values in the upper 20 mbsf of the OSM and a higher portion of oxidised CRS between 20

mbsf and 35 mbsf.

6.4. Reconstruction of the depositional conditions

Sedimentation rate

In fig. 85, the calculation of the sedimentation rate is shown, which is based on a theoretical and practical

approach by (Davis et al. 1999; Berner, 1980). Grain densities are taken from Schon, (2004). The

prevalent clay mineral in oil shale samples is smectite (2.53g/cm’). Rock density of CaCOs and organic

matter is 2.71g/cm’ and 1.0 g/em’, respectively. The calculated bulk accumulation rate (mg/cm*/ka) has

been converted to sedimentation rate (cm/ka). Calculated whole rock density (0.9g/cm’ — 2.4g/cm’) is
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Fig.85 shows a rough estimation of the sedimentation
rate along the profile by using algorithm from (Davis
et al. 1999). Gray shaded area represents the
calculated standard deviation

quite comparable to similar organic-rich
sediments of up to 2.25g/cm’ (Minster, 2009;
Caplan and Bustin, 1996). Estimations about
thickness and time duration of the OSM are
from (Ashckenazi-Polivoda et al., 2011). For
the calculation of sediment density, a high
estimate for sediment porosity (10%) is used.
Calculation was only done for the OSM, simply
because solely for this part of the profile an
estimation of duration exists. The rough
estimate shows a moderate increasing trend up-
section from 1.4 cm/ka to 3.81 cm/ka (mean
2.85 cm/ka), with a standard deviation of + 0.5

cm/ka (shaded area). Lowest sedimentation rate
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is observed at the basal part in the OSM. From the base (44.2 mbsf - 34 mbsf), an almost constant
increasing trend is observable. A drastic rise by about 1.3 cm/ka is observed around 34 mbsf. This “jump”

marks the transition from the Lower Oil Shale to the overlying parts of the OSM.

Discussion

It seems that below the base of the OSM, the terrigenic input starts at ~1 cm/ ka. Due to this
extraordinarily low sedimentation rate, a condensed interval was formed. Such intervals are commonly
interpreted in terms of a decrease in accumulation rate, as well as a mixture of fossil assemblages (Gomez
and Fernandez-Lopez, 1994). The exact meaning of a low sedimentation rate is not univocally defined
(Baraboshkin, 2009). Referring to the Mesozoic black shale deposition, for example Einsele, (2000) noted
that their deposition in continental basins took place under a transgression cycle, with sedimentation rates
varying between 0.5 — 10 cm/ ka. This would mean that the accumulation of organic matter within the oil
shales of the Ghareb fm. is a consequence of the sedimentation in a condensed section! Another reason for
the low sedimentation rate is that marine transgression and regression cycles, from the Senonian to the
Eocene time, took place along a shoreline that was 600-1000 km to the south of the present day shoreline
(Garfunkel, 1989; Garfunkel, 1988). This notion is confirmed by (Almogi-Labin et al., 2012). The authors
emphasise that the Upper Tethyan upwelling belt covers a palaeco slope with a range of about 250 km.
Such a huge shelf area, which is much wider than recent continental slopes (section 2.2.), would explain
the low terrigenous input and the extraordinarily low sedimentation rate in the basin (Shoval, 2004b).
Moreover, it cannot be excluded that parts of the terrigenic sediment inputs, which contribute to the

deposition in the basins, are recycled sediments from the continental margin (Inthorn et al. 2006).

Terrigenic (clastic) vs. carbonatic (biogenic) sedimentation

The biogenic sediment (carbonate skeletal and opaline silica) can be of autochthone origin because of
bioproductivity in the surface water. Therefore, a high surface productivity (preferred foraminiferal

assemblages) leads to biogenic carbonate sedimentation. Unlike terrigenic (clastic) sedimentation, the
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carbonate sedimentation pattern shows a more or less constant deposition (fig. 86), which may suggest
that the bioproductivity was not changing. At the same time, the organic matter content shows a

decreasing trend. The sedimentation rate of clastic sediments is mainly controlled by two factors:

(1) distance of the source area and (2) characteristics of the source area. The distances to the deposition
area are decisive for the specifics of the terrigenic (clay vs. heavy mineral) input. The large distance from
the source area may be one reason for the extraordinarily low terrigenic input (Einsele, 2000). From the

fig.s 86a-c, some conclusions can be drawn.
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Fig.86 Different correlations between degree of water oxygenation and sedimentation rate a), the nature of
terrigenic input vs. sedimentation.rate b), C,,, vs. sedimentation .rate ¢) and C,,4 vs. carbonate content d)

In fact, as shown in fig. 87 page 176, the carbonate sedimentation contributes about 50% of the total
sedimentation rate in basal sequences of the OSM. In contrast, the terrigenic input contributes only 25% of
the total sedimentation rate. The observed negative correlation (r=-0.6, N=220, fig. 86b) of the biogenic

(carbonate) sedimentation is only caused due to changes in the composition and the amount of terrigenic
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input. This is known as dilution effect, the dominant control in the accumulation of organic matter in an
anoxic environment (Tyson, 1991; Stein, 1990), (fig. 86a,c). Normally, a positive correlation between the
Corg sedimentation and sedimentation rate is observed in oxic environments. It seems like an inverse or
lack of correlation in association with low sedimentation rates is very common in anoxic environments,
which, inter alia, has been reported from sediments in the Black Sea, slowly subsiding platforms, and
condensed sections (Einsele, 2000; Tyson, 1991; Stein, 1986; Bralower and Thierstein, 1984). Due to the
extraordinarily low terrigenic input at the base of the OSM, the organic matter content is more affected by
a low dilution effect, simultaneously increasing sulphurisation of the organic matter (Kolonic et al., 2002).
However, with decreasing depth the dilution effect increases, and vice versa. This outcome is further
corroborated by calculated enrichment factors, which is shown in the previous section. Moreover, the
environmental conditions change to more oxic with a high dilution effect in an up-section direction (fig.

86a).
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Multi-parameter approach - Discussion
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Fig.88 07" C,.q values along the profile

Own values of 613C0rg indicating in fig. 88

four trends along the profile:

(1) a drop in 8"C,y values at the PM to the
OSM, (2) strong alternating light values at
the base of the oil shale, followed by a sharp
increase around 40 mbsf, (3) during the
remaining oil shale section an almost
constant trend is occurring, (4) around 5
mbsf, a sharp increasing trend to heavier
values is indicated. Such trends can be

interpreted in following ways: variation of

palaeoproductivity (primary productivity); decomposition of organic matter, and change in the taxonomic

composition of organic matter (phytoplankton).

Similar values are reported from the Black Sea by (Lein and Ivanov, 1991) (-26 to -25%o), unlike to

(Strizhov et al. 1989) who report significant lighter values that ranges from -32%o to -27%o. From the

Kimmeridge Clay Formation (KCF), (van Kaam-Peters et al. 1998) show &' Corg- values that range from -

27%o to -21%o. Such light’C,,- values as indicated from the KCF are explained by the deposition in a

basin under alternating euxinic conditions, with water mass restriction (Miller, 1988, Oschmann, 1988).

Indeed, our values confirm the widely held view, that all marine organic matter was isotopically light (-29

to -25%o) in the Cretaceous time as proposed by (Tyson, 1991; Dean et al. 1986).
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Fig.89 Left side shows the non-correlation between C,,, and 8°C,., a), right side represents the
statistically significant correlation between sedimentation rate and 8°C,,,b)

Moreover, own isotopically light 813COrg values could support the scenario, that is outlined by (van Kaam-
Peters et al. 1998), which is known from the Kimmeridge Clay Formation. This issue will be further

discussed in section 6.3.

A shift of 2-3%o in 5"°C,,, values can also be explained by a relatively fast accumulation in the Campanian
- Maastrichtian time, under restricted anoxic - sulphidic conditions (Hertelendi and Vetd, 1991, Hayes et
al. 1989, Dean and Arthur, 1987). However, as shown in fig. 89a, the interpretation of C,, as a proxy for
primary productivity should mirror a positive correlation between the enhanced primary productivity and
organic matter accumulation (C,y). This is not fully supported by own data. Based on the the
interpretation of Tyson, (1991) and references therein, a non-correlation between these two factors is
significant in overlying oil shales. According to Tyson, (1991), it is thought that such lack or non-
correlation between C,,, and 613C0rg could be explained by (1) variation in the terrestrial - marine organic
matter ratio, and (2) by differences in the redox conditions. As mentioned previously, the exact
circumstances, achieved by the application of the U/ P,Os5 as proxy for oxygenation state, precisely match

the evolving Upper Oil Shale horizon.
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Iron-Sulphur-Carbon Systematics (Fe-S-C)

As mentioned in section 4.2., knowledge about the amount of iron that is able to form pyrite is important
for encrypting the sedimentary conditions at the time of sedimentation. One of the most studied examples
of anoxic or euxinic sedimentary environments is the Black Sea. This area is well suited for distinguishing
between the different stages of oxygen-deficit in the sediment. Calvert and Karlin (1991) presented DOP
values in sediments from the Black Sea (Unit I) and concluded that pyrite was formed within the water
column under Fe-limited conditions. In fact, as shown below in fig. 90, the sediment can be clearly

distinguished by their DOP values.
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Fig.90 a) Plot displaying the ratio of highly reactive iron to the amount of total iron, plotted against the
degree of pyritization (DOP) b): Diagramm shows the ratio of highly reactive iron to the amount of total
iron (Feyp/Fer) in relation to the inorganic carbon, for a detailed explanation see text below. Graphs are
modified after Raiswell and Canfield, (2012) and Shen et al. (2002).

As we can see in fig. 90, on right side a scatter plot of Feyr/Fer versus inorganic carbon reveals a high
inorganic content associated with a large contribution of biogenous compounds to the sediment (Raiswell
and Canfield, 2012, 1998, 1996). In sediments from the Black Sea, the author determined the ratio of
Feur/Fer >0.4, suggesting an enrichment of highly reactive iron, which is associated with the carbonate
coming from coccolithophorida (Emiliana huxleyi spp), as one of the major carbonate contributors to the

sediment. Based on the high correlation coefficient between Fepgr and carbonate, it has been inferred that
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highly reactive iron was scavenged on the surface of these shells and subsequently transported down to the
bottom (Raiswell and Canfield, 1998). As mentioned previously, in section 2.2., upwelling areas are
mainly determined by the accumulation of different types of biogenic organisms - coccolithophorida,
planktic foraminifera and diatoms (Schiebel et al. 2004; Giraudeau et al. 2000), depending on the supply
of nutrients. Therefore, the same mechanism, as mentioned by Raiswell and Canfield, (1998), may be
responsible for a likely correlation between Fepyr/Fer and inorganic carbon, which stands for a possible

link between the occurrence of biogenic carbonate and highly reactive iron.

Unfortunately, own results do not fully support these observations. These arise mainly from an observed
non—correlation between Feyr and the carbonate content. This is largely due to changes in the Fepr
content during diagenesis, which alters the Feyr/Fer. Subsequently, this leads to an increase in the reactive
iron content and concomitantly to a lowering in Fer- content. Furthermore, own results within this study
indicate that Feyr/Fer values of samples from the Ghareb fm. plotted versus the inorganic carbon (and
DOP) fall in the Black Sea field (fig. 90). Therefore, the supply of highly reactive iron might have taken

place under similar condition as in Black Sea or the Cariaco Basin.

Fig. 91 shows a comparison between the degree of pyritisation in different locations, including the Peru
margin, Namibian margin, Black Sea, and Cariaco basin, which are all exposed to highly anoxic
conditions, including the results obtained by this study. Own data can be divided into two parts, on the one
hand, coming from samples that are highly affected by oxidative alteration (Upper Oil Shale horizon), and
on the other hand - LOS II with only slight alteration effects. Based on Black Sea data, (Lyons and
Severmann, (2006), Anderson and Raiswell, (2004), Lyons and Severmann, (2006) and Raiswell et al.
(1988) have introduced a DOP threshold of ~ 0.8 to define euxinic conditions. This value is based on di-
thionate soluble iron (Fyr = Fep + Fe,y) and allows the distinction between euxinic/anoxic and normal

marine (oxic) conditions.
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Surprisingly, own results are comparable with results from modern analogues. As previously mentioned,
obtained outcomes by this study suggest a strong late diagenetic overprint, which has led to a misleading

Feyy/Feyr relationship. Therefore, the DOP should not match a true deposition scenario.

109 For the Peruvian upwelling margin,

0.8 Mossmann et al. (1990) noted that the

supply of reactive iron is too low for a

o
(o))
Ghareb Fm.

complete pyritisation (Fig. 91). These

results are partly in agreement with Suits

Degree of pyritization
o
»

0-2 mmm Peru margin and Arthur, (2000), who reported in
mmm Namibian margin
04 Black Sea sediments from the Peruivian margin also
Cariaco basin
T T T T T T T . .
Suits & Morse Mossmann, Emeis, Lyons & Berner Lyons, Ghareb Fm a hlgh pyrlte content and a DOP of 0.12
Arthur, 2000 etal. 1991 1990 1990 1992 2003

to 0.6, and concluded that a high

Fig.91 DOP values obtained from different authors in
distinct highly reducing marine environments in comparison
to results of this study (red and brown coloured bar. The X-
axis displays different references that are taken from the
literature.

availability of reactive iron is responsible
for the DOP values. Regarding the DOP
values in recent basins, Canfield et al.
(1996) reported values from the Black Sea that range from 0.2 — 0.78 (fig. 91). The highest values are
preferably in the centre of the basin, where the maximum in euxinic conditions occurs. However, this
value is explained by the rapid sulphurisation of the Fe*" in the upper water column, and concomitantly
due to its scavenging by settling biogenic fabrics. The sulphide diffuses into the ambient water where the

pyrite is formed. This is in agreement with similar observations in the Cariaco basin (Lyons et al., 2003a).

Summing up these notions, own values indicate predominantly euxinic conditions in the Lower Oil Shale
unit II in spite of being affected by diagenesis, and DOP values of 0.58 to 0.89 indicate an iron limited
system, in agreement with the observation of Raiswell and Canfield, (2012), and (Canfield et al. 1996).
The extraordinarily low terrigenic input of total iron (Fe;~ 0.5 % wt.) in the Lower Oil Shale, leads to the

exhaustion of the entire reactive iron pool and subsequently to the sulphurisation of organic carbon by the
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remaining H,S, and to the formation of sulphur-rich kerogen. However, such a high DOP would imply
that pyrite is formed in both the water column and the sediment pore water (Berner, 1984), which is not

reasonable for the Ghareb Formation as indicated by the occurrence of benthic foraminifera.

Sulphur Isotopes

8 Sprvite crs)

The timing of pyrite formation and subsequent sulphurisation of organic matter depends on the availability
of reactive iron species (e.g. oxyhydroxides and iron oxides) and the existence of organic matter (Berner
and Raiswell, 1984; Leventhal, 1987). Pyrite can form in the water column (syngenetic pyrite) or in the
sediment (diagenetic pyrite). Syngenetically formed pyrite is isotopically lighter in comparison with
diagenetic pyrite, because of the large reservoir of dissolved sulphate in the water column (e.g., open

system) (Calvert et al. 1996).
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A mass balance of diagenetically and syngenetically formed pyrite in the Cariaco Basin (Werne et al.
2003) could show that the majority of the pyrite is formed in the water column. Normally, the isotopic
composition of syngenetic pyrite is -32%o (Fry et al. 1991; Werne et al., 2003). In course of this study,
results for 834Spyrite, shown in fig. 92, display a trend to progressive enrichment in lighter values (30%o to -
42%o) in the up-section direction. For example, at the base of the Phosphate Member a value of -24.33%o
(depth 49.4 mbsf) can be measured, implying an isotopic composition of about +17%o for seawater
sulphate in the Upper Cretaceous time (Sweeney and Kaplan, 1980; Strauss, 1999). For the near bottom
water at the continental shelf, this corresponds to an apparent isotopic fractionation of about 41%o. This
might indicate a more open system and formation of pyrites, which are preferably formed in the water

columns (syngenetic pyrite).

This high fractionation factor indicates high sulphate reducing conditions and open systems resulting in an
strong enrichment of light isotopic values (-24.33%o). This condition changed in the sediments at the depth
46.8m. At this depth is a trend visible to heavier values for 834Spyme (-17.21%o), consequently lower
fractionation rates of about 36%.. Lower degree of fractionation and a trend to heavier values; indicate
possibly a semi-closed system. Higher deposition rates can also induce a (semi) closed system (Wijsman
et al., 2001). Finally, this is supported by slightly higher sedimentation rate (sample OSP006, OSP013),
this covers the sediment and restrict a circulation of sulphate in the near bottom sediment. Through

decreasing depth (up-

+ sO” N section) with small turnovers
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8348 SO’ legitimate an assumption
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Fig.93 Representative scheme of the development of the S isotopic

fractionation of dissolved sulphate and sulphide in terms of repeated
disproportination cycle, modified after Canfield and Thamdrup, (1994).

water aeration.
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However, the observed differences in the isotopic composition of pyrite in OSM, relative to the isotope
composition of Upper-Cretaceous seawater sulphate of about +17%o Strauss, (1999), is huge (up to 60%o)
and can be explained by a repeated partial re-oxidation of the produced H,S, followed by
disproportionation of the resulted sulphur compounds with intermediate oxidation state such as elemental
sulphur, thiosulphate, and sulphite (see fig. 93) (Bottcher and Thamdrup, 2001; Habicht and Canfield,
1997; Canfield and Thamdrup, 1994). However, such a mechanism implies the diffusion of the produced
H,S into the oxic part of the sediment or into the oxic/dysoxic water column, where the disproportionation
of oxidised sulphur compounds occurs. Moreover, both field and laboratory observations indicate that
euhedral pyrite may precipitate directly from pore waters oversaturated with respect to pyrite (but not with
respect to Fe-monosulphides; (Taylor and Macquaker, 2011) and references therein). Framboidal pyrite
(as frequently observed in the OSM), does not form directly, but via a metastable precursory Fe-sulphide
phase (‘amorphous’ FeS, mackinawite and greigite) of iron-dominated pore-waters, where sulphide
production rates are locally high enough to reach supersaturation, with respect to FeS (Taylor and

Macquaker, 2011; Rickard and Luther, 2007; Schoonen and Barnes, 1991; Morse et al. 1987).

The transformation of FeS to pyrite is controlled by the availability of an oxidant to produce sulphur
species with intermediate oxidation states (Neumann et al. 2005; Schoonen and Barnes, 1991b). In anoxic
sediments, beneath oxic or dysoxic bottom waters, such conditions occur close to the sediment/water
interface, where not only the downwards diffusion of sulphate, but also that of oxidants required for pyrite
growth, are facilitated by bioturbation or resuspension. The moderate fluctuation of the 5*'S values along
the section is interpreted to reflect slight changes in the reactivity of organic matter. Which, by controlling
the kinetics of sulphate reduction, indirectly has an influence on the degree of isotopic fractionation.
Alternatively, slight oscillations in redox or in sedimentation rate may also be considered as potential
factors in the production of variations in the isotopic composition of sulphur, by controlling the diffusion

of sulphate and/or oxidants.
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In summation, the sulphur isotope data suggests that the deposition of the OSM was triggered by the
massive accumulation of organic matter, which led to the development of a thin layer of euxinic bottom
water during the deposition of the LOS. However, micropalacontological analysis carried out by the
Israeli partner does not fully support this. Within this time slice, their results indicate a fast radiation and
adoption of benthic foraminiferal assemblages; whicht might support newer observations in that benthic
foraminifera are able to survive highly anoxic conditions (Bernhard et al., 2012). Moreover, the
depositional system evolved progressively toward more and more aerated conditions, with dominantly
dysoxic bottom waters, culminating in the installation of normal marine conditions at the boundary to the
MM of the Ghareb fm. Due to the abundant input of organic matter and the continuous diffusion of
sulphate from the seawater pool, the formation of pyrite in the LOS was limited virtually only by the
amount of reactive iron, but in the higher levels of the studied section also by the availability of an oxidant
to produce sulphur species with intermediate oxidation states. Excess H,S, the amount of which was
controlled by the sulphate diffused from above into the interstitial space of the sediment, was consumed
for the sulphurisation of organic matter. At later stages, probably concomitantly with exhumation, ca. 1/3

to 2/3 of the pyrite was oxidised to sulphate.

30 ¢ pure cultures [natural populations| 'sediment values Another way to explain this hlgh fractionation
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Fig.94 Range of isotope fractionations in pure
cultures of sulphate reducers (red) natural populations. Some sediments, for example
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(Johnston, 2010), originally in (Canfield, 2001a, ~Cabo Frio, South-eastern Brazil (Diaz et al.
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2012), Cariaco Basin (Lyons et al. 2003a;
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Werne et al. 2003; Fry et al. 1991), Japan Sea ODP-Site 127-795 (Masuzawa et al. 1992), show a higher
degree in fractionation than in cultured population. Most of them can be explained by the “classical way”
in accordance with (Jergensen, 1990) and references therein. Another possible explanation shows fig. 94,
which display a higher degree in fractionation in sedimentary environments. Significant degrees of
fractionation in 8°*S, of up to 70%o, were observed in modern and in ancient sediment from the lake Lago
di Cadagno in the Swiss Alps (Canfield et al. 2010), in hypersulphidic interstitial water (Wortmann et al.
2001), in hypersulphidic pore water in the Cariaco Basin, (Werne et al. 2003) and in the Cascadia Basin,
ODP Leg 168 (Rudnicki et al. 2001), respectively. To draw conclusions about the degree in fractionation
(Sim et al., 2011), isolated sulphate-reducing d-proteobacterium [Desulfovibrio sp., (DMSS-1)] from
marine coastal sediments from Cape Cod, Massachusetts, and show that a pure actively growing culture of
Desulfovibrio sp. can deplete 8°*S by up to 66%o during sulphate reduction alone, and in the absence of
any extracellular oxidative sulphur cycle. The isolated bacterium, DMSS-1, reduces sulphate to sulphide
using various organic compounds or hydrogen as electron donors, ferments glucose, and by
disproportionation of thiosulphates (Sim et al. 2011). Is it possible that the deposition of organic-rich
carbonate took place in a hypersulphidic environment? In course of this study, results are in strong
contrast to results from experiments with cultured bacteria, which show a smaller degree in fractionation

between produced sulphides and the residual sulphate!
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As mentioned in the chapter “material and methods”, there are different types of organic sulphur in the
studied sediments. The isotopic composition of this organically bonded sulphur (intramolecular-sulphur)
is shown in fig. 95. According to Werne et al. (2008) and references therein, there are two pathways by
which OS can be formed. These include the active uptake of sulphate into the cell and its subsequent
reduction. This sulphur termed as “biogenic” sulphur represents only ~10 - 25% of the sedimentary

organic sulphur (Werne et al., 2003).
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Fig.95 This graph shows absolute content of Sivamoiccular N [%6] @), the isotopic of 0" Siuramotecular
values in [%o] b) and the poor contribution of intramoleculary bonded sulphur to the bulk sediment
in [rel. %] ¢), that are briefly explained below.

The low concentration in intramolecular (ester)-bonded sulphur is mostly explained by its lability in stages
of late diagenesis, compared to other forms of organic matter (Werne et al., 2003). The other possibility
requires the incorporation of reduced forms of sulphur from the pore water into the organic matter by
bacterial activity, either directly or via intermediates, and its subsequent incorporation into the organic
matter. In this section, the focus is set on the ester-bonded sulphur, which is commonly incorporated in
bacteriohopanoids and is linked to polysulphides as intramolecular S (de Leeuw and Sinninghe Damstg,
1990). These kinds of organic sulphur observed in the Thode-fraction, is found by the sequential-
extraction scheme according to (Mayer and Krouse, 2004). Secondly, it is found that this intramolecular
sulphur contributes only 1-14.5 % to the total sulphur (mean 2.4%, N=44), throughout the profile, with
two exceptions (OSP001, depth 47.2 mbsf and SAOS 018, depth 5.8 mbsf), there are no significant
deviation from the mean. The extraordinary low contribution to the complete sulphurized organic matter

might support the assumption of Werne et al. (2003), and Wakeham et al. (1995) that is explained by the
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very labile character of this sulphur compound during late diagenesis. To identify which fraction we

obtained from the wet chemical sulphur extraction, it is helpful to draw a cross-plot between distinct

organically bond sulphur and TOC. This pattern may typical for sulphur that is bond neither to lipids (e.g.

proteins) nor to the kerogen. It has been suggested by Francois, (1987) on basis of results from Cuhel et al.

(1981) that an organic sulphur /TOC relationship from 0.007 to 0.012 (as is shown in shaded area in fig.

96), is typical for marine bacterial strains of Pseudomonas halodurans and Alteromonas luteoviolaceus.

Indeed, a comparison yields almost a slightly lower S,,,/TOC relationship (median = 0.00385 +£0.0019;

N=31).
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This could be explained by two effects. Firstly, the
sulphur is predominantly present in labile forms (i.e.,
proteins) and is highly sensitive to late diagenetic
processes that lead to its (partial) removal (Anderson
and Pratt, 1995, Wakeham et al. 1995). Secondly, with
respect to its source, newer results indicate that
polysulphides are the most likely form for organic
matter incorporation (Werne et al., 2008). Cuhel et al.
(1981), who could show that in bacterial strains most of
the organic sulphur is derived from sulphate and
thiosulphates. This may explain the differences

between my results and those from (Cuhel et al., 1981).

Fig.96 Comparison between the S,,,/TOC On the other hand, Werne et al. (2008) note that the

ratio from a literature survey and own results.

source of biogenic sulphur that contributes to the

organic matter is a mixture of distinct sources of organic sulphur.

However, results might support that a part of the organically bonded sulphur, which is obtained by so-

called Thode-fraction, is intramolecular S, which is linked to a bacterial source. What does this mean for
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the isotopic composition? Researchers seem to agree that the kinetics of sulphurisation are quite slow

within about several hundred or thousand years (Kok et al. 2000; Werne et al., 2000). The presence of

unreacted lipids in surface sediments from the Cariaco Basin suggest a slower sulphurisation of organic

matter than originally proposed (Werne et al., 2000). From the kinetics, it is assumed that the sulphur

which is incorporated into organic matter was formerly derived from the surrounding pore-water sulphide

and shows no fractionation! In other words, the sulphur within the organic matter is similar to the isotope

composition of pyrite isotopes (8**Syps).

Depth [m]
N
o

w
o

40

50

§%a
v .

ro; 1

intramolecular-bound L " 00J

w

a)

{I
.>=
S

=

]

/
[ ]
u
[

h
[ S
LB
"
=
"
-1

<

"

~n
p |

.

m=-5.4°/,

Depth [cm]

200

300

400

500

600

§%g re/ 1
HBI) L "ool

o o

-20 -15 -10

'
(&}

. . - 34 . .
Fig.97 shows a comparison of &S values with data from the
Cariaco basin (Werne et al., 2008). Own data displays
heavier values than that of the Cariaco Basin.

However, results obtained by this
study do not fully support this
observation. Unfortunately, isotope
data from the organic sulphur
isotopes  (intramolecular bonded
sulphur — Thode fraction) is still
scarce. Only a few data sets are
available, as shown in fig. 97, such
as reference data from the Cariaco
Basin (Werne et al., 2008). Results

from this study plot in a smaller

range than those from the Cariaco Basin (-15%o). Isotopically heavier values than previously reported by

Werne et al. (2008), would signify that the degree of fractionation of SRB was not high. It is known that

there are numerous factors which contribute to the extent of fractionation (sulphate reduction rate,

sulphate concentration, organic matter oxidation pathway, and the species of sulphate reducing bacteria,

sulphate reduction per cell, open vs. closed system) (Donahue et al., 2008; Briichert, 2004; Canfield,

2001).
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Fig.98 The relationship Siyermotecuia’ TOC (own results) a), KS/TOC

kerogen bonded sulphur (carbon bonded- KS) was compared with

reference data from (Werne et al., 2003) b).

As is shown in fig. 98, the
organic sulphur/ organic carbon
ratio as determined by means of
the wet chemical sulphur
extraction method, corresponds
well to the kerogen/ organic
carbon ratio as previously
reported by (Werne et al., 2003;
Eglinton et al., 1994; Orr and
Sinninghe Damsté, 1990). This
supports, that the last fraction in

the sequentially sulphur

extraction scheme (organic sulphur by the Eschka- procedure), corresponds to the kerogen bond sulphur.

There are some differences in the isotopic composition of the sulphurized organic matter pool. The

bacterially bond organic sulphur show lighter values (m= -5.5%0 + 0.5, N=36) than the kerogen bond

sulphur do (m= -2.6%0 £ 0.25, N=42) (fig. 99 next page). Cross plot between these two organic sulphur

compounds reveal a strong correlation, that suggest a coincident formation of both. The incorporation of

reduced sulphur species into organic matter (OM) is generally assumed to have negligible &'S

fractionation (Amrani and Aizenshtat, 2004). Experimental studies and field observations show that

organic sulphur is enriched in 8**S by up to 30%o in relative to co-existing pyrite. In contrary to Amrani

and Aizenshtat, (2004) own results display a huge difference (up to 45%o) between 834Spyme and OSM (-5

to +1%o).
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1) Amrani et al. 2005 (exp.) 2) Werne et al. 2003 (Cariaco Basin) 3) Anderson & Pratt, 1995

4) Amrani et al. 2005 (pyrolsyis exp.) 5) result from this study
Fig.99 Results from wet chemical analysis and sulphur isotopes for organically bond sulphur. For
comparison, figure display the absolute content of intermolecular bond sulphur a), their isotopic
composition b), the calculated difference of the isotopic composition between the sulphide and
intermolecular bond sulphur c), as well as the calculated differences from the literature d). Numbers in
bold (1-5) indicates the cited literature and own results.

Results from C/N ratio and Pr/Ph relationship as well as 8'°N and 8"°C values suggest that marine algae
are the main component that is preferably degraded (Schneider-Mor et al., 2012). The correlation of the
organic reduced sulphur (ORS) and chrom — reducible sulphur — pyrite sulphur (CRS) &**S-values is not
further remarkable, because the H,S involved in sulphurization of both organic matter (ORS) and reactive
iron (CRS), was formed by the bacterially mediated reduction of sulphate of marine origin, which is an
isotopically quite homogenous pool. A positive shift in the isotopic signature of the ORS, relative to CRS,
was often observed in ancient or modern organic rich sediments Werne et al. (2003); but reported shifts
are usually much lower than the differences of around 35%. found in the OSM (fig. 99). The cause for the
relatively heavy &*S values of the ORS is not straightforward, because the sulphurisation of organic
matter is actually not accompanied by a substantial fractionation of the sulphur isotopes (Amrani and

Aizenshtat, 2004; Raiswell et al., 1993).
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In course of this study, this shift was interpreted to be primarily due to the difference in the time at which
the sulphurisation of reactive iron and organic matter occurs. Because the pool of reactive iron is more
susceptible for sulphurisation than the organic matter Raiswell and Canfield, (2012), authigenic Fe-
sulphides will start to form in the sediment, practically simultaneously with the on-set of bacterial sulphate
reduction. In contrast, relative to the formation of pyrite, the sulphurisation of organic matter started later,
only after the pool of reactive iron in sediment was exhausted, possibly at a time when the interstitial
volume, in which the bacterial sulphate reduction took place, became isolated from the water column
above. This process is known from the installation of a chemocline, or a thin euxinic layer, leading to
thermal water stratification, caused water mass restriction. Under such conditions, neither fresh supply of
sulphate nor re-oxidation could occur, nor could the sulphate reduction evolve under closed system
conditions. During the gradual enrichment of the residual sulphate in **S, isotopically relatively heavy H,S

was formed.
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Magnesium content in foraminifera test's as an indicator for palaeotemperature

In order to obtain some conclusion about the sea-surface temperature at time of deposition, an attempt was
made to calculate the sea surface temperature (SST) and the bottom water temperature (BWT), by using
the calcification temperature of planktic foraminifera and benthic foraminifera. Marine invertebrates,
included in the foraminifera tests, are composed of either aragonite or calcite (Brand and Veizer, 1980).
This includes the incorporation of Ca, Mg and Sr in their shells. According to Brand and Veizer, (1980),
the content of magnesium is primarily a function of the COj-content and temperature in seawater. The
inclusion of Mg in the calcite lattice, or rather its content in the foraminifera tests, is an exponential
function of temperature, salinity and pH. Among these, temperature is by far the most important

contributor (Lea, 1999; Mucci and Morse, 1983).

However, due to the low lattice compatibility, a part of Sr is lost during the diagenetic alteration and
recrystallisation of calcite. Results from the foraminiferal factor analysis confirm this notion. As clearly
shown in the bar plot from principal component analysis (PCA), results from the benthic foraminifera

show a clear negative correlation

o Planktic (Heterohelix)  hetween strontium and magnesium. In

1.2 4 m  Benthic (Gavinellina)
4 significant at level < 0.05
1.0 4 Sa = no depth - dependent correlation  a Sr versus Mg cross plot (fig. 100),
- .
1 "k, =058
= 0.615 Lt ° planktic and benthic species plot in
= - L NGO
= 064 =Nooo o . .
£ i o RN distinct fields, with consequently
S
= 0.4 -
. . higher values for Heterohelix spp.
0.2
36 i Although Sr contents were often found
. T I T I T I L I T I
6 8 10 12 14 16

to correlate with Mg, (e.g. Carpenter
Mg [mmol/mol]

and Lohmann, 1992), this association

Fig. 100 Cross plot of Mg vs Sr content [mmol/mol] in planktic is considered to result from lattice
and benthic foraminifera species.
distortions.
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Equation 18

Mg (mmol

— AT
- ) = BeAT Eq. 18

mol

This in return, is caused by the substitution of Ca by Mg, which simultaneously allows the incorporation

of increasing amounts of Sr (Mucci and Morse, 1983).

Nevertheless, due to the low lattice compatibility, primary in the planktic foraminifera due their as in
comparison to the benthic foraminifera, thin shell body a part of Sr is lost during the diagenetic alteration

and recrystallization of calcite.

In accordance with the thermodynamic considerations of Lea et al. (1999), Rosenthal et al. (1997), the Mg
incorporation into biogenic calcite should be mainly controlled by the temperature. This prediction is
consistent with experimental results from Mg incorporation into inorganic calcite; see also (Mucci, 1987,
Mucci and Morse, 1983). Based on these theoretical and experimental works, an estimation about the
calcification temperature in biogenic calcite is possible (see also fig. 101, and eq. 18). Many researchers
used the magnesium content in both planktic and benthic foraminifera to draw conclusions about the sea-

surface temperature (SST) (see for example (Bian and Martin, 2010; Creech et al. 2010; Hoogakker et al.
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O G. grassaformis significant at level > 0.05
O G. trunccalitodines
Y% G.inflata
109 A G sacculfer Mg/Ca* = 0.52¢"*™"
¥ P. obliquiloculata " 14
vV  G. sacculifer with sac. 4
A N. dutertrei
8 < G. conglobatus
® G. ruber white ; )
' <]
O G. ruber pink i
= ®  Own Estmation ..' g 12
g - S
£ £
5 64 £
s ‘@ 101
< S .
S =)
g 44 =
8 .
. Oy g2 m  Mg/Ca [Benthic spp. Gavinellina]
24
lﬁﬁ-ﬂ% Mg/Ca = 0,386 ] o Mg{Ca [Plan'ktic spp. ',‘-Ieterohellix g/obu‘losa] ‘ ' '
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Fig.101 Foraminiferal temperature estimation Fig.102 Significant correlation between oxygen
based on Mg/Ca ratio in planktic foraminifera, isotopy in benthic & planktic foraminifera and
modified graph is taken from (Anand et al. Mg/Ca ratio
2003)
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2009; Bryan and Marchitto, 2008; Cléroux et al. 2008; Kisakiirek et al. 2008), and bottom-water
temperature (BWT) (Allison et al. 2011; Fhlaithearta et al. 2010; Allison and Austin, 2008; Rosenthal et
al. 2006; Billups and Schrag, 2002; Lear et al. 2002). In fig. 102 a cross plot show the correlation of §'*0
versus Mg/Ca content in both planktic and benthic species. On basis the statistically significant correlation
between these two variables, this enables to use the Mg/Ca content as a proxy for the determination of the

palaeo seawater temperature.

Nonetheless, as shown in fig. 101 and 103 by using the magnesium content it should be possible, to draw
some conclusion about the palacothermometry during this time slice. In eq. 18, the value of the pre-
exponentially constants A and B depends on vital- and diagenetic effect. In this context, variation in
surface and bottom seawater temperature along the section was calculated. By using the exponential
relationship between the Mg/Ca ratio in G. sacculifer Anand et al. (2003) and spp. Cibicoides Lear et al.
(2002), as established in culture experiments by Lea, (1999) and field research in the Saragasso sea —

sediment traps (Anand et al. 2003), and core top analysis (Elderfield and Ganssen, 2000).

To calculate the magnesium calcification temperature the exponentially relationship was used between the
temperature and 8'%O that is introduced by (Anand et al., 2003). As shown in eq. 18, the pre-exponential
constant was used for G. sacculifer, where is B=0.52, A=0.10 (Elderfield and Ganssen, 2000). G.
sacculifer calcified in an average surface temperature about 24-30°C. For the estimation of bottom-water
temperature (BWT) the pre-exponential constant was used for benthic species spp. Cibicoides taken from

(Lear et al., 2002). In this equation pre-exponential constants are B=0.867, A=0.109.

The surface seawater temperatures calculated from the planktic Heterohelix spp. ranges between 28° -
21.5°C, N=17 that are consistently higher than the values obtained from the Mg content of the benthic
Gavelinella spp, and are in range from 24.0 and 18.3°C, respectively (fig.103). The calculated average
surface water temperature during the deposition of the OSM is 25°C, which is more or less identical with

the value assessed by TEXge for the same section (Alsenz et al., 2013).
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Sea surface temperature (SST) A similar correction for the benthic

Calcification temperature .
(spp.Heterohelix) Planktic Mg/Ca- values yields an average
(spp. Gavenellina) Benthic

[°cl Tex, [°C] bottom water temperature of 21°C,
15 20 25 30 15 20 25 30
0 L oL ! ! and a vertical temperature gradient
oo, '_ between surface and bottom water of
5 - Ld s 4 700
e .. ~4°C. In the Late Cretaceous the
10 - . .
RN S palaeco-position of the Gondwana
. : .
15 7 o P - shoreline was between 8°-15°N
L = 4 705
20 e o - > (Totman Parrish and Curtis, 1982).
E ]S
< oo . =
§ 25 1 . - - L, However, most probably, these values
[ _ -
30 - & e . 4 70 are overestimations due to traces of
35 . dolomite that were incorporated in
1 SD = 2.1 Planktic (N= 18) tests either as micro particles during
40 | SD=3.7 Benthic (N= 23)
- - = - Planktic . . .
1. .o Benthic 1 715 crystallization or by chemical
45 1a) b)

exchange during early diagenesis.
Nevertheless, although the presence
Fig. 103 Own findings from SST and BWT reveal a temperature
gradient of ~ 4.4°C a),in comparison to Alsenz et al. (2013) b)  of traces of dolomite was proved by
and the estimated Maastrichtian equatorial Pacific SST ~ 24° -
30°C by (Wilson and Opdyke, 1996). XRD (fig. 104, next page) in both
bulk rock and foraminifera, the assumption of an average amount of 0.7 wt. % dolomite is at best an
approximation, only. Further, on the use of an equation established on basis of a planktic species for a
benthic form is not rigorous, either. According to Cléroux et al. (2008) the contamination of pure calcite
with 1 wt. % of dolomite, would increase the overall Mg/Ca ratio by 6 mmol/mol. After eliminating 5
outlier values and correcting the Mg/Ca ratios by assuming an average 0.7 wt. % of diagenetic dolomite.
A similar correction for both benthic and planktic species yields an vertical temperature gradient between

surface and bottom water of 4.4°C. Considering the setting of the depositional environment within the

mixed layer, such a gradient is definitely realistic.
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Fig. 104 XRD results from benthic a) and planktic b) species confirm the assumptions about the presence
of dolomite contamination as a possible source of the erroneous determination of the palaeotemperature.

However, even though the accuracy of these estimates is arguable, the temperature trend during the
deposition of the OSM is similar to that established with TEXgs, and reflects real conditions with high
probability. The water temperature was relatively low but increased during the deposition of the lower part

of the OSM, to very gently decrease again afterwards, towards the top of the section.

Strontium calcium relationship as a proxy for sea-level changes

A promising proxy to identify sea-level changes is given by using the strontium concentration in marine
sediments, as successfully demonstrated in Cretaceous, by (Stiiben et al., 2003, 2002; Stoll and Schrag,
2001, Li et al., 2000; Stoll and Schrag, 1996). In comparison to modern times, vast shelf areas were
flooded in the Cretaceous time. Carbonate sedimentation is a major sink for dissolved Sr in seawater (8
ppm). The concentration of Sr in calcite or aragonite depends on, and is changed with, the sea-level

(Steuber and Veizer, 2002, Schlanger, 1988). In time of low sea level, exposed shelf areas have lost up to
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90% of their Sr content in the
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Jforaminifera (Gavinellina spp.) a), and changes in sea-level, which
suggest the occurrence of two regression cycles in the research area

b). Reference data are taken from (Hagq, 2014)

which leads to a preferred
removal of Sr*" from the
foraminifera tests, and subsequently a release to the pore water (Brown and Elderfield, 1996). A shift in
8'%0 to more depleted (negative) values, and decreasing strontium concentrations in foraminifera shells as
well, indicates a higher diagenetic influence on the foraminifera test (fig. 105). However, a cross plot

between 8'°0 and Sr/Ca (Gavinellina spp.) reveals no significant correlation that might indicate a strong
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Fig. 106 A non-correlation between Sr/Ca and 6" °O a), whereas a slight correlation to J°C b) is observable,
all correlation are in units [mmol/mol] vs. [%o].Gavinellina spp. is referred to a benthic foraminifera

species.
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diagenetic overprint by meteoric water (fig. 106a), on the next page). Li et al. (2000) explains a
correlation between 3'°C and the Sr/Ca ratio, with a decreasing trend in surface productivity and a falling

sea-level (fig. 106, b)).

Li et al. (2000) report a higher St/Ca due to a greater release of Sr by diagenetic alteration, However, as is
clearly shown in fig. 105, the results show a strong connectivity between Sr/Ca in benthic foraminifera
(Gavinellina spp.) and sea level changes in the Oil Shale unit. A main conclusion from the cross plot
above might be that transgression - regression cycles probably occur in the oil shale. This is also explained
by a retreating sea level, which leads to exposure of the shelf area, concomitantly with a decreasing trend

in surface productivity.
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6.5. The evolution of the Upper Cretaceous Upwelling System: a conceptual
geochemical model

Deposition of Phosphorites: Campanian/ Maastrichtian boundary

The Upper Cretaceous Phosphorite Belt was deposited throughout several millions of years in north and
northeast Africa and the Near East. The time interval spans from the Santonian to the Early Eocene. The
sedimentation of these rocks comprises an alternating deposition of siliceous-carbonate-phosphate bearing
rocks (Si-C-P). These successions are mostly interpreted in terms of changes in the location and strength
of the upwelled water. It was concluded that several transgression and regression events have resulted in
near shore areas with a restricted water circulation - lagoons, with reworked sediments, partly with
glauconite, porcellanites, phosphatic rocks (Soudry et al., 2012, 2006; Abed et al., 2007; Baioumy, 2007;
Abed and Amireh, 1999). For the Negev area, two different phosphorite facies have been detected, which
firstly comprise pristine phosphorites with low phosphor content that indicate a more reducing
environment. Unlike pristine phosphorite, the reworked granular facies is enriched in P, and was deposited
in conditions that are more oxic. The gradual shift from anoxic to oxic conditions was accompanied by an
increase in F, total U, U(IV), REE, and Y in the apatite, and fractional removal of residual organic matter
(OM), Cd and other sulphide-bonded trace metals (Zn, Cr, Ni, Cu, Mo, and V) from the phosphorite

(Soudry et al. 2012).

Obtained results are partly in line with (Soudry et al., 2012, 2002) (fig. 107). In this section the focus is set
only on the the abundance of Cd because of its important role as disclosing source of phosphor. There is a
correlation observed between P,Os, (e.g. sedimentary apatite) Cd, and C,,, in phosphorite, but only as long
as the C,, content is low enough, which is in strong accordance with (Soudry et al., 2012, 2002, Baioumy

and Tada, 2005, Nathan et al., 1997, 1996).
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Fig. 107 Geochemical comparison between obtained results by this study a) and distinct phosphorite facies
[reworked b) - pristine phosphorite facies c)] reference values obtained from Soudry et al. (2012).

Soudry et al. (2012) observed distinct relationships in Cd/P,Os, U/P,Os, Y/P,Os, and V/Cr between
pristine and reworked facies, and used them to distinguish between the two facies. The application of
these relations is based on the fact that Cd, U, Y are incorporated in different ways into calcium-fluor-
apatite (CFA). For example, Y and REE show much higher concentrations in pristine than in the reworked
facies, but similar differences also in the abundance of trace elements, where higher concentrations in

pristine facies than in the reworked facies occur (Soudry et al., 2012).

As shown in table 7 and fig. 107, own results do not exactly match any of the reported data sets. The
Upper PM (upper 5 m) may not represent a classical scheme in terms of the phosphorite deposition, as

outlined by (Soudry et al. 2012).

Table 7 Comparison between different geochemical proxies and own results, (reference values are taken
from (Soudry et al. 2012)

Facies Cd/P,05 U/P,05 Y/P,05 V/Cr

Pristine* 5.0 (N=19) 4.0 (N=19) 1.2 (N=19) 2.7 (N=17)
Reworked* 0.2 (N=17) 4.3 (N=17) 4.6 (N=17) 0.8 (N=17)
Own study 5.7 (N=19) 6.3 (N=18) 2.5 (N=20) 1.1 (N=15)
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Deposition of the condensed section (sea — level changes)

During the Campanian - Maastrichtian time very low sedimentation rates are recognised in the Negev (0.4
- 1.4 cm/ka) (Soudry et al. 2006). Similar results are reported from Ashckenazi-Polivoda et al. (2011) and
Gvirtzman et al. (1989) (~2.4 cm/ka), and own results (~2.8 cm/ka), respectively. Such extraordinarily low
rates in sedimentation are mostly explained by the concept of the deposition of a condensed section
(Baraboshkin, 2009; Einsele, 2000). Commonly, Upper Cretaceous phosphate deposits contain condensed
layers, which separate overlying or underlying phosphate deposits or cherts, limestone and organic rich
carbonates. Repeated third-order, transgression-regression cycles may correspond to these deposits
(Soudry et al. 2006; Haq et al., 1987; Lucas and Lucas-Prévot, 1996). Fig. 108 may confirm the
widespread adoption that changes in sea level affect the height of the OMZ along the coastal areas, which

has recently become known.

During the transition from the Campanian — Maastrichtian time, short term sea level changes resulted in a

sea level difference of about 50 m (e.g., (Haq, 2014; Browning et al., 2008; Haq and Schutter, 2008).

@

NW Outer Shelf Inner Shelf SE
—— = upwelling gyre
s Organic matter
Ekmantransport - upwelled water/ agcumulation
bottom current PAMA/Negev

Shefala Basin Mishor Rotem

Hypothetical bottom relief Upper Cretaceous

Silled Basin

Fig.108 Hypothetical bottom topography on basis Eocene topography, (Fleischer and Gafsou, 2003),
Geological Survey Israel
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Fig. 109 Short term sea level changes during the transition et al., 2006; Jarvis et al., 2002; Ingall and

from Campanian to Maastrichtian time, modified after (Hagq,

2014) Jahnke, 1997; Follmi, 1996).

These different models include a
reworking of sediments and soils, from the flooded landmasses, intensified seawater evaporation due to
the enhanced epicontinental seas that cover the shelf, and a positive feedback between benthic phosphorus
regeneration and marine productivity. As a tentative conclusion, in course of the thesis, a model is
proposed that might be able to explain the formation of the organic rich carbonates at the Campanian-
Maastrichtian transition. This model based on sea level oscillations as a master variable, which ultimately
control the interplay among three categories of factors: changes in the extent of the epicontinental area,
climatic factors (notably wind velocity) and primary productivity. In the brief discussion below, the

following should be taken into account (fig. 110, next page).
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Fig. 110 Model for development of organic rich carbonates after

passing

the  Campanian-Maastrichtian bondary, see text for and Miiller, 1988).

explanation

Increase in shallow water area: Estimates by several authors reveal that a huge area was covered
by shallow water during the Cretaceous time. Thereby occur, for example, the estimates about the
extended Upper Cretaceous palaeoslope of 250 km in comparison to recent slopes 140 km off
Namibia, 10 - 20 km off Peru (Almogi-Labin et al., 2012; Monteiro et al., 2005; Monteiro and
Roychoudhury, 2005; Acha et al., 2004). Due to its larger sea surface area, a higher evaporation
accelerates both the continental weathering and the rising transport of sediments to the coastal
sites (Follmi, 1996). Moreover, a higher rate in evaporation also favours the thermal stratification
within water mass and a transport downwards from high salinity water to the bottom, as a last

consequence; this is expressed by a high saline deep-water with a sluggish deep-water circulation.

Wind velocities: From mathematical simulations and meteorological observations, it is suggested
that a greater contrast between continental landmass and the ocean surface produces a greater
contrast in temperature. By using these considerations, because of the enhanced heat loss from the

surface water, a greater wind stress along the shore and cooler sea surface temperatures occur.
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Due to the greater contrast in the atmospheric pressure between landmass and open sea, a
transgression cycle that transports more coastal water to the epicontinental areas might lead to
increasing wind velocities, which result in a stronger upwelling regime. Ultimately, this transports
more nutrients to the coastal sites (Garreaud and Falvey, 2009; Bodin et al., 2006; Barron et al.,
2004; Berger and Wefer, 2002, Iruthayaraj and Morachan, 1978). Furthermore, this results in
high-energy bottom currents, stronger wave activities, tidal currents, consequently a reworking of
bottom sediments. In coastal sites, such a reworking of bottom sediments, together with microbial
activity, leads to a mobilisation of phosphorus or P-rich bottom water currents from the pore water
and a diffusion of dissolved phosphor in the overlying water column, to subsequently form
authigenic apatite (Ruttenberg, 2004, Soudry, 1987).

3. Increased primary production: A release in the sedimentary phosphor, a stronger upwelling
activity together with a shoaling of the OMZ, results in a high primary surface productivity, which
implies oxygen depletion conditions both down to the bottom and in the water column, as well as

enhanced carbon burial rates.

These are prerequisites for the sedimentation of high organic-rich sediments and the burial of organic
carbon. Anoxia events may have occurred mostly in times of thermohaline stagnation and filled both the
upper water column and the subsequent basins that are situated in closer proximity to the continental

landmass (Southam et al., 1982). This scenario will be briefly discussed below.

The formation of anoxic/ euxinic conditions

On basis of the statistical results, wet chemical analysis, isotopical investigations, and XRF analysis as
well, a conceptual geochemical model has been developed, that is shown in fig. 111, which explains the
factors under which the deposition organic carbonates at the Campanian-Maastrichtian transition took

place.
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Fig. 111 Hypothetical sediment deposition model according to the conclusions from the present study

A rapid sea-level rise at the transition from the condensed layer to the OSM is responsible for the
installation of highly anoxic/ euxinic condition at the base of the OSM (LOS I, II). This is corroborated
due to the formation of total reduced sulphur by microbial activity. Own sulphur isotopy results mirror this
trend. Which includes, heavier values at the transition from the condensed section to the Lower Oil shale,
such heavy isotopic values (~ 20%o >*Squphice) is be mostly interpreted in terms of an sulphate —limiting —
semi- closed system. Yet more, the geochemical data suggest that these organic rich sediments were
deposited in an even more oxygen deficient environment than the overlaying beds, possibly even with free
H,S in the water or under the vicinity of a thin euxinic layer down to the bottom sediments. The rising sea
level and an enhanced surface water productivity forces the shoaling of the OMZ and transport more
oxygen depleted water close to the inner continental shelf areas. Because the extraordinary low oxygen
level in the upper water column, in such an environment typically syngenetic pyrite forms within the water
column, immediately beneath the redox boundary and sink to the sea floor before they can reach
appreciable diameters (Wignall et al., 2005; Wilkin et al., 1996). However, such pyrite is isotopically even
more depleted in **S than diagenetic pyrite formed within the sediment or at the sediment/ water interface
(Lyons et al. 2003a; Werne et al., 2003; Wilkin and Arthur, 2001). Because of the low sedimentary input
and proposed iron limited conditions here, it is unlikely the presence of appreciable amounts of syngenetic
pyrite here. However, although the shallow water depth and the proximity of the redox boundary to the
bottom, should impeded the formation of syngenetic pyrite. Another likely explanation might be due to the

installation of highly anoxic condition in the upper water column.
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S

data from (Ashckenazi-Polivoda et al., 2011) euxinic basin with a restriction in the
deepwater renewal. In the opinion of the author of this thesis, these conditions are likely and similary to

the deposition of the Lower Oil Shale unit.

The overlying Upper OSM represents a completely opposite system. This is due to the very negative
sulphide sulphur isotopy (-30%o - 60%0) and also due to its depleted values of about 40%o0 - 60%o, in
comparison to the isotopic composition of the sea water sulphate. Short-term oxygen injections into the
bottom sediment, concomitantly a falling sea level, as well as a subsequent sulphur-disproportion by
bacteria, as pointed out by Jergensen, (1990), may explain the obtained values. Due to the decreasing
trend in sea level, the OMZ retreats back out to the outer shelf area, which allows bioturbation by
substrate organisms living at the seafloor. This return of the benthic life is supported by the research of our
Israeli partner, who detected an increasing trend in the number of benthic foraminifera and concomitantly
a shift from infaunal species to more epifaunal species profile upward based on their palacontological

results (fig. 112). This is explained by a transition from a more anoxic seafloor to more aerated conditions
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Fig. 113 shows significant differences in the kerogen content
between the LOS (45 - 33mbsf) and Upper Oil Shale unit.

at the top of the OSM (Ashckenazi-
Polivoda, 2011). The distinct
geochemical pattern between LOS
and Upper Oil Shales can also be
shown by their distinct trace element

enrichment.

As is figured out in section 4.1.2., the
different concentrations of trace
elements in the OSM are also shown
by their distinct enrichment factors.
Unlike the overlying Middle- and
Upper OSM, where the highest
enrichment of trace elements is
occurs at the base of the oil shale

(LOS 1, D).

Such distinct trends could be explained not only by their high organic matter enrichment. In such

surroundings, trace elements (Cu, Ni, Zn, Cd) are clearly connected to the organic matter. The clear

distinction between these sub-units might also be explained by an additional enrichment in the Lower Oil

Shale. This is due to the high kerogen content, which is twice as high as in the Upper Oil Shale horizon

(fig. 113). Higher kerogen (Lower Oil Shale) content, due to its larger surface, is more susceptible to

scavenge trace elements. Under similar conditions, but even with a lower content of kerogen (Upper Oil

Shale) that might induce a circulation of dissolved (most trace elements are not fixed into the sediment

under reducing conditions) trace elements in the pore water.

In an iron-limited environment, natural sulphurisation is the most likely sink for total reduced sulphur and

its incorporation into the organic matter. It is assumed that the cross-linked total reduced sulphur by
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forming a intramolecular framework is widely distributed in marine sediments (Sinninghe Damsté et al.,
1989; Stankiewicz et al., 1996; Kok et al., 2000b). Similar observations as proposed here occur in the
Kimmeridge Clay (van Kaam-Peters et al. 1998), Orbagnoux Formation (Mongenot et al. 1999), Tarfaya
Basin, Morocco (Kolonic et al. 2002), and Kashpir Oil Shales (Riboulleau et al., 2003). All these
sediments were deposited in an iron-limited euxinic environment, in which the organic matter shows an
early diagenetic sulphurisation. The presence of isorenieratane derivatives in the Tarfaya Basin is linked to
changes in the sedimentation rate, which in turn affects the degree in sulphurisation (Kolonic et al., 2002).
This exact process is proposed right here, in the present case! For the Upper Oil Shale horizon, a
retreatment of the OMZ and simultaneously an increasing trend in the sedimentation rate prevents a higher
sulphurisation of the organic matter, because of higher amounts of reactive iron for the formation of

syngenetic pyrite.

Oscillating conditions, as preferable in the Upper Oil Shale horizon, might induce favourable conditions
for a downward migration of dissolved species along a decreasing redox gradient in the sediment, where it
is secondarily fixed onto the surface of organic matter. This might be the reason for the extraordinarily
high enrichment of trace elements in the Lower Oil Shale unit, in comparison to the Upper Oil Shales. It
seems that the enrichment of trace elements depends on preservation and sulphurisation of organic matter
in pore water that is not affected by oxygen penetration. Under such conditions, the organic matter
accumulation and trace element enrichment might not represent a signal for productivity but rather, a

signal for enhanced preservation!

Open marine conditions (MarlMember)

Figure 114 (next page) shows a scenario which may explain the “rise and fall” of the Upper Cretaceous
upwelling belt, which starts at the Coniacan, culminating at Campanian-Maastrichtian, and ends with the
decline at the end of Maastrichtian time. The complex interplay between plate tectonic movement, climate
change, and atmospheric and marine water circulation are the main factors regarding the repeated

accumulation of organic rich (Si-C-P) rocks (Soudry et al., 2006).
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These comprise new information from the early Maastrichtian cooling or glaciation event, which might
play a key role in the rapidly falling sea level, followed by a rise, during the transition from the
Campanian (phosphorite) to the Maastrichtian (oil shale) time (Haq, 2014, Friedrich et al., 2012; Voigt et

al., 2012).

Several processes that affect sea level changes over different time scales, including, among others, factors
like (1) glacio eustacy due to the melting of sea- or land ice; (2) tectono-eustacy due to subsidence and
accompanied the regional uplift (Schifer, 2010, Einsele, 2000, Cronin, 1999). In the time period of
interest and a similar area, two regression cycles have been reported from El Kef, Tunisia. Within this
area, a low sea level has been associated with high terrigenic input, high TOC and Sr/Ca ratio, unlike

times with increasing sea level, which inhibit reverse conditions (Li et al., 2000). Such a general statement

Late Maastrichtian 96.5-65 Ma

. Eastern Desert ™. ™
Allica Intrashelf Basins ™, ™, \

Exposed land and . i . =P Coastal current = Tethyan inflow
] continental environments 1 Hemipelagic basins . L
[ ] Terrigenous shelves I Eupelagic basins Upwelling gyre == Atiantic inflow

- mmp Deepwater backflow
l:| Shallow carbonate platforms— — — Present- day coastline Monsoon Demara Rise
@  PAMA/ Mishor Rotem

Fig.114 Estimated palaco current flow at Upper Cretaceous time, data from palaeo currents is taken
from (MacLeod et al. 2011; Soudry et al. 2006), and palaeo topography, reference data are taken from
(Guiraud et al. 2005; Camoin et al. 1993).
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is not fully supported by results in course of this study, which yield a puzzling picture that suggests a
different pattern in Sr/Ca ratio and TOC concentration. The latter shows a decreasing trend during times of
sea level changes. However, fluctuations in sedimentary input and Sr/Ca in benthic foraminifera are in

general agreement with observations obtained by this study.

The transition from the OSM to the MM is accompanied by repeated transgression cycles, which suggest a
return to “open-marine conditions”. However, the question may arise at that point, why this scenario does
not lead to increasing TOC- and trace elemental content in the bulk sediment levels, in comparison to the
base of the OSM. Moreover, a new model that includes a complete reorganisation of the surface- and

deep-water currents, which have changed during the transition to the overlying MM, is needed.

The comparison with the California Borderland basin, as a recent analogue, reveals some similar features
for the Upper Cretaceous Upwelling belt. The coastline of the Arabo-Nubian coast is also mainly
composed of a series of silled basins. The sea level that increased once, at the transition from the OSM to
the MM, has not led to the deposition of organic rich carbonates again. This is in full agreement with
13Cbemhic+p]ankﬁc isotopy, which signifies a decreasing trend to lower surface productivity. It seems rather
speculative to evaluate the reason for the constantly decreasing trend of the surface productivity. A shift

and reorganisation of surface and deep water current is the most likely explanation (fig. 114).
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The California Continent Borderland Basin - a recent analogue?
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Fig 115 Left: The continental margin of southern California consists of silled basins that include islands,
banks and ridges —similar in comparison to the Upper Cretaceous margin at the Levante Basin, which
also comprise a series of silled basins (green coloured area) off the Arabo-Nubian continent (Right),
modified after Minster, (2009), Pinet, (1992) and Atwater, (1970).

A recent analogue for a scenario that might be comparable to the Upper Cretaceous continental shelf is the
Southern California Borderland basin (fig. 115, left). Therefore, the continental shelf is a very narrow area
from up to <10 km wide, in the case of the Southern Continental Borderland. The bottom topography is
best described as a series of silled (elongated) basins, as a direct consequence of plate tectonic movement.
Sediments in the basins are largely controlled by turbidites, which contain only minor amounts of clastic
sediments, ooze and clays (Pinet, 1992). This may be in complete opposition to the research area, which is
described as a very wide shelf, with up to 250 km, off the coast (Almogi-Labin et al., 2012). In terms of
the ancient analogue, it is still not well known from where the majority of the deposited sediments
originate. Nevertheless, it is important to note that the bottom topography and oceanography include
surface currents, and the deep-water current may have been similar. The surface currents off the Southern
Californian Borderland coast can be best described as counter-clockwise rotating eddies (fig. 118, left).
One of the principal characteristics of the stagnant, cool temperate, anoxic deep-water in the silled basins

is that it contains higher salt concentrations and denser water. The oxygen content of this water shows a
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trend decreasing with depth and inhibits seasonal variations of <0.1 ml Oy/1, (Blanchet et al. 2009). This
deep-water flows over the sills and flushes neighbouring basins. More importantly, the coastal water is
affected by wind-induced Ekman transport, which allows cold, dense water upwelling to the surface, to

induce phytoplankton blooms (Pinet, 1992).

A similar scenario might be given for the Upper Cretaceous upwelling off the North African coast, which
has led to the accumulation of phosphate and organic-rich carbonates. Their greatest differences arise from
the larger relations in response to the coast. The former coast off the Arabo-Nubian and North African
landmass had a length of more than 2000 km, which is much more than what the Southern Borderland

coast comprises, with ~900 km.
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7. Summary and Conclusions
An upwelling belt was formed during a period from the Senonian to Maastrichtian time. Within the

Levante Basin, deposited organic rich carbonates, commonly termed as “oil shale”, were deposited as a
part of the Upper Cretaceous Upwelling system. The formation and the oceanographic history of this
upwelling are determined by the interactions of a set of common factors: sea water temperature, salinity
and chemistry, primary production, biology, wind and water circulation systems, and air conditioning.
Specific parameters can greatly modify the massive deposition of organic rich sediments in detail, such as
the distance from the coast, sediment transport and submarine topography. The main goal of this thesis
was to recognise the parameters that change the deposition history of these organic rich sediments. New
insights in the deposition and late diagenetic history come from the application of well-constrained
proxies, e.g. trace element enrichment, U/P,0s, Ni/V, Mg/Chenthictplanktic, ST/Capentic foraminifera, Mo/Cy,,

8'%0, 6*'S, and Fe-S-C systematics. These results are briefly summarised below:

Trace elements were analysed by means of XRF analysis. The results were further processed by a
principal component analysis (PCA) that shows two opposite factors. The first factor reveals the degree of
bottom water oxygenation (Cor, S, Ni, Cu, Zn, Cr, P,Os, As, Mo), whereas the second factor reflects the
interaction between bioclastic-carbonate (Ca) and terrigeneous input (Al, Si, Ti, V, Fe, Rb, Ga, Ce). By
comparing these chemostratigraphic features with the foraminiferal distribution patterns by the Israeli
working group, a strong interdependence between geochemical and the micropalacontological

environmental indicators can be found.

From results obtained by 834Spyme, several conclusions are obvious: At the base of the OSM, high isotopic
values (diagenetically formed pyrite ~-20%o) and a low degree in fractionation permit the conclusion that
the organic rich sediment was deposited in a restricted, sulphate-limited system which underlies no
bioturbation (closed conditions). Additionally, the formation of a chemocline was perhaps sufficient to

prevent the partial re-oxidation and disproportionation of sulphur compounds.
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In a sulphate- and iron-limited system, a process called natural vulcanisation started and led to the
formation of sulphur- and organic-rich sediments. This occurred within a macromolecular framework that
prevented microbial attacks and enhanced the preservation of organic biomarkers. Obviously, the
combined interplay of these processes might have led to the preservation of the enormous high organic

carbon content (~20 wt. %) in the Lower Oil Shale.

This is in strongest contrast to the overlying OSM. The sediment was deposited under conditions that
allow bioturbation and short time injection of oxygen. Consequently, this conclusion is supported by the
low isotopic values (syngenetically formed pyrite of -35%o to -45%0) and a high degree in fractionation

(~55%0). These sediments were deposited in a sulphate-unlimited system.

Both sections, Lower Oil Shale vs. Upper Oil Shale, show a striking difference with respect to the trace
element concentrations and their former redox conditions. Own findings suggest a high trace element
enrichment in the Lower Oil Shale unit. Concomitantly, a strong connection to the enrichment of the OM
and a classical distribution of chalcophile elements took place. The application of the proxies U/C,y,
U/P,0s, U/V for the bulk sediment might suggest a high-grade anoxia in the pore waters in a pH range
from 3 - 4, or a thin euxinic layer must have passed at this time slice. Unlike the basal part of the oil
shales, the upper part exhibits significantly lower organic carbon and trace element enrichments. The
preferred occurrence of trace element concentrations in the basal part can be explained by an additional
enrichment of trace elements due to partial re-oxidation of the organic matter. In such a scenario,
downward migration of the released trace metals and a second fixation onto the surface of organic matter

led to the extraordinary high enrichment of trace elements.

The sea surface temperature is an important feature to achieve conclusions about the palacoclimate and the
distribution of water masses during the time slice of interest. Such a possibility is given by the application
of Mg palacothermometry and oxygen isotopes. Cross plots of 3'°0 and Mg/Ca show negative trends and
hence, the application of the Mg/Ca in foraminifera is allowed (section 5.2). Nevertheless, own results

suggest a late diagenetic overprint of 8'*0 by meteoric water and a high Mg overgrowth, which might
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originate from the installation of a saline bottom environment. In spite of these limitations, it was possible
to estimate a trend in sea-surface temperature (SST) and bottom-water temperature (BWT). Results within
this study reveal a SST of about ~25°C and a BWT of ~21°C. Such findings are in agreement to modern
values and the Upper Cretaceous temperature gradient of ~4° C (Barrera and Savin, 1999). This gradient
and the occurrence of middle bathyal and upper abyssal benthic foraminiferal species argue for a
palacowater depth of about 400 m, which is probably consistent with the palacontological results by the

Israeli working group.

The rsMo/TOC ratio supports this interpretation. The application of this proxy reveals an rsMo/TOC~ 8 in
the PM, contrasting the rsMo/TOC ~1 for the Oil Shale unit. Such findings are further corroborated by
micropalacontological results that show a sharp decline in benthic and planktic foraminiferal assemblage
compositions, which is interpreted in terms of a complete reorganisation of the water mass circulation

(Ashckenazi-Polivoda et al., 2011, Eshet and Almogi-Labin, 1996).

Such findings might indicate an environment with restricted deep water circulation, a positive water
balance and slightly saline waters. This would have been similar to the recent Southern California
Borderland margin, the Black Sea, and Baltic Sea. Further support to this assumption comes from our
German co-partner who found several sulphur containing compounds (thiolane(3-methyl-5-(3,7,11-
trimethyldodecyl)-thiolane), which belong to the aromatic hydrocarbon fraction. These results may
suggest a deposition of such hydrocarbons in sediments, which were deposited under hyper-saline and

euxinic conditions (pers. com. Wilhelm Piittmann, 2010).

To reveal evidence about possible sea-level changes, the application of the Sr/Ca relationship in benthic
foraminiferal species was used for its determination. The incorporation of Sr in calcitic organisms takes
place under conditions in equilibrium to the surrounding seawater. Obtained results from Sr/Ca in the
OSM may coincide with the Cretaceous sea-level curve by (Haq, 2014). Additional support for these
results is given by the occurrence of keeled foraminiferal assemblage, which is commonly interpreted in

terms of a change in the position of the OMZ in the upper water column.
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One of the main tasks of this thesis was to provide new insights into the late diagenetic history of the
sediments. Therefore, different proxies like sulphur isotopy, oxygen isotopy and Fe-S-C systematics were
used. Light 834Sgpher isotopes from 0%o to -20%o. and light 0" values from benthic and planktic
foraminifera display similar results, in form of a re-oxidation of the profile. Results acquired from the use
of the Feyr/Fer relations support a late diagenetic overprint. Regarding typical marine Corg/Spyrice Tatios of
about 2.8 * 0.8 and compared to the own extraordinarily high ratios with Coa/Spyrite Values ~46, the notion
about isotopic values is confirmed. Re-oxidation after exhumation led not only to a shift in the isotopic
values towards lighter results, this process also led to an underestimation of pyrite-bonded sulphur.
Regarding this result, (Rickard, 2012, Emeis and Morse, 1993) have noted, that for the application of this

proxy, no distinction is possible between anoxic and euxinic conditions.

The weathering processes of feldspar and muscovite in sediments of the Ghareb fm. led to a loss of
interlayer K along with other interlayer cations, including Rb and Sr and the introduction of a hydrated
Mg - Fe interlayer. As a result, the formation of authigenic illite took place, which was detected by own

XRD analysis.
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Table 8 Main Element composition bulk sediment (WD- XRF)

Marl - Oil Shale - Phosphorite Member

SIOZ A|203 MnO Fe203-|- TiOZ Ca0 MgO Nazo K20 P205 LOI
Sample|Depth (m) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) Sum (%)
SAM012 0 10.77 | 4.02 0.01 1.88 0.19 43.02 0.58 0.36 | 0.01 [ 2.09 [ 98.62 [ 35.69
SAMO009 0.6 13.34 | 4.84 0.01 2.31 0.24 40.69 0.68 0.37 | 0.01 [ 1.92 [ 98.68 [ 34.27
SAMO008 0.8 13.18 | 5.1 0.01 2.34 0.24 40.95 0.50 0.38 | 0.06 [ 1.98 | 96.95 | 32.21
SAMO007 1 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Numbers 3 3 3 3 3 3 3 3 3 3 3 3
Average 12.43 | 4.66 0.01 2.18 0.22 41.56 0.59 0.37 | 0.03 | 1.99 | 98.08 | 34.05
Maximum 13.34 | 5.11 0.01 2.34 0.24 43.02 0.68 0.38 | 0.06 | 2.09 | 98.68 | 35.69
Minimum 10.77 | 4.02 0.01 1.88 0.19 40.69 0.50 0.36 | 0.01 | 1.92 | 96.95 | 32.21
Stbw 1.17 0.46 0.00 0.21 0.02 1.04 0.08 0.01 | 0.03 | 0.07 0.80 1.43
SAO0S001 2.8 15.37 | 5.80 0.01 2.80 0.28 35.63 0.68 0.35 | 012 [ 1.43 | 98.85 [ 36.38
SAO0S006 3.2 15.21 6.13 0.01 2.67 n.d. 32.05 0.69 049 | 019 [ 1.24 | 96.06 [ 37.38
SA0S015 5 1546 | 6.33 0.01 3.03 0.30 34.79 0.75 0.51 | 0.25 [ 1.16 [ 100.98 [ 38.38
SA0S018 5.6 19.22 | 8.33 0.01 3.38 0.39 27.86 0.78 041 | 0.34 [ 1.13 | 96.30 [ 34.46
SA0S021 6.2 16.67 | 7.22 0.01 2.95 0.34 27.01 0.72 0.38 | 0.38 [ 1.25 [ 96.31 [ 39.38
SA0S035 9 12.93 | 5.06 0.01 2.47 0.23 36.37 0.67 0.35 | 0.07 [ 0.93 [ 95.91 | 36.82
SA0S039 9.8 9.90 3.47 0.01 1.84 0.17 38.42 0.49 0.33 | 0.09 [ 0.86 [ 96.94 [ 41.38
SA0S045 11 11.20 | 3.98 0.01 2.14 0.21 37.58 0.78 0.34 | 0.01 [ 1.05 [ 95.96 [ 38.66
SA0S050 12 1042 | 3.60 0.01 1.94 0.19 39.11 0.53 0.34 | 0.03 [ 0.93 [ 96.62 [ 39.52
SAOS060 14 13.52 | 4.81 0.01 2.54 0.24 36.81 0.89 0.37 | 0.08 [ 1.69 | 98.89 [ 37.91
SA0S062 14.4 12.73 | 4.82 0.01 2.38 0.24 33.38 0.96 0.36 | 0.11 [ 1.56 [ 95.17 [ 38.62
SA0S070 16 14.29 | 5.31 0.01 2.65 0.27 30.67 0.75 0.36 | 0.34 [ 1.73 | 95.40 | 39.01
SAO0S081 18.2 13.89 | 5.59 0.01 2.64 0.27 27.79 0.71 0.38 | 0.29 [ 1.32 | 95.27 [ 42.38
SAO0S090 20 12.94 | 4.85 0.01 2.51 0.25 35.15 0.68 0.35 | 0.27 [ 1.31 | 95.99 [ 37.69
SA0S105 23 14.16 | 5.64 0.01 2.73 0.25 34.06 0.73 0.35 | 0.27 [ 1.30 [ 96.17 [ 36.67
SA0S106 23.2 15.01 6.17 0.01 2.93 0.29 31.64 0.83 041 | 024 [ 1.40 [ 94.72 [ 35.79
SA0S110 24 13.34 | 5.09 0.01 2.22 0.25 35.08 0.72 043 | 0.27 [ 211 | 95.95 [ 36.43
SAO0S116 25.2 8.57 2.82 0.01 2.12 0.14 35.89 0.49 0.39 | 0.22 [ 1.64 | 96.65 | 44.38
SA0S120 26 8.79 2.88 0.01 1.88 0.16 39.27 0.68 0.33 | 0.15 [ 1.21 [ 95.60 [ 40.25
SA0S125 26.9 14.91 5.92 0.01 3.06 0.27 32.39 1.02 0.50 | 0.23 [ 1.55 | 94.88 [ 35.01
SA0S130 28 16.56 | 6.85 0.01 3.59 0.29 25.24 0.82 0.37 | 049 | 1.83 | 10142 | 45.38
SA0S132 28.4 14.59 | 5.23 0.01 2.90 0.26 32.29 0.82 043 | 029 [ 1.72 | 95.91 [ 37.37
SA0S135-136 29.1 14.14 | 5.75 0.01 3.15 0.25 24.21 0.65 0.30 | 0.44 [ 1.46 | 96.73 [ 46.38
SAO0S136 29.2 17.76 | 6.76 0.01 3.91 0.32 29.57 0.94 042 | 045 [ 1.73 | 95.00 | 33.13
SA0S140 30 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
SA0S150 32 7.03 1.71 0.01 1.47 0.11 44.22 0.88 0.35 | 0.19 [ 3.80 [ 96.11 [ 36.34
SAOS165 35 8.40 2.37 0.01 1.56 0.13 35.36 0.83 0.32 | 0.07 [ 2.57 | 94.58 [ 42.96
SA0S170 36 5.61 1.15 0.01 1.20 0.09 36.03 0.78 0.29 | 0.14 [ 3.07 | 95.74 [ 47.38
SAOS177 374 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
SA0S180 38 4.69 0.36 0.01 0.43 0.08 42.89 0.44 0.32 | 0.18 [ 3.92 | 9540 [ 42.07
SA0S185 39 5.72 0.84 0.01 0.67 0.10 37.57 0.50 0.30 | 0.15 [ 3.10 [ 94.83 [ 45.88
SA0S190 40 13.82 | 5.19 0.01 2.64 0.24 29.14 0.75 0.42 | 0.31 | 1.54 | 101.00 | 46.94
0OSP024 42.2 5.63 1.29 0.01 0.65 0.10 36.25 0.62 0.28 | 0.18 [ 1.75 | 95.72 | 48.97
0OSP022 42.6 5.91 1.13 0.01 0.68 0.10 36.48 0.49 0.29 | 013 [ 1.93 | 94.88 [ 47.73
OSP020 43 4.89 0.49 0.00 0.49 0.07 40.72 0.64 0.31 | 014 [ 422 | 97.13 [ 45.15
OSP016 43.8 5.82 0.89 0.01 0.68 0.09 38.29 0.78 0.30 | 0.19 [ 4.15 | 96.46 [ 45.26
Numbers 34 34 34 34 33 34 34 34 34 34 34 34
Average 11.74 | 4.23 0.01 2.20 0.21 34.39 0.72 0.37 | 0.21 | 1.87 | 96.46 | 40.51
Maximum 19.22 | 8.33 0.01 3.91 0.39 44.22 1.02 0.51 | 0.49 | 4.22 | 101.42 | 48.97
Minimum 4.69 0.36 0.00 0.43 0.07 24.21 0.44 0.28 | 0.01 | 0.86 | 94.58 | 33.13
Stbw. 4.13 2.18 0.00 0.93 0.09 4.69 0.14 0.06 | 0.12 | 0.94 1.74 4.35
OSP013 44 4 0.06 n.d. 0.00 0.06 0.00 28.56 0.09 0.31 | 0.00 [ 11.57 | 100.17 | 59.51
OSP006 45.8 1.25 n.d. 0.01 0.24 0.03 49.81 0.48 0.36 | 0.01 [ 11.25| 98.82 | 35.38
OSP001 46.8 0.79 n.d. 0.01 0.21 0.41 32.35 0.12 0.34 | 0.01 [17.07 | 98.24 | 46.94
SAP013 49.4 0.14 n.d. 0.00 0.07 0.00 34.92 0.20 0.37 | 0.00 [ 14.18 | 100.26 | 50.38
Numbers 4 n.d. 4 4 4 4 4 4 4 4 4 4
Average 0.56 n.d. 0.00 0.14 0.11 36.41 0.22 0.35 | 0.01 | 13.52 | 99.37 | 48.05
Maximum 1.25 n.d. 0.01 0.24 0.41 49.81 0.48 0.37 | 0.01 | 17.07 | 100.26 | 59.51
Minimum 0.06 n.d. 0.00 0.06 0.00 28.56 0.09 0.31 | 0.00 | 11.25 | 98.24 | 35.38
Stbw. 0.49 n.d. 0.00 0.08 0.17 8.06 0.16 0.02 | 0.00 | 2.35 0.87 8.64
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Table 9 Trace element composition bulk sediment (ED- XRF)

Marl Member 0 — 3 mbsf

\") Cr Ni Cu Zn Ga Rb Sr Y
Sample Depth [m] | (ppm) | (ppm) | (PPM) | (pPmM) | (PPmM) | (ppm) | (pPm) | (PPm) | (PPM)
SAMO012* 0 69 405 122 95 146 11 16 1506 34
SAMO11 0.2 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
SAMO010 0.4 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
SAM009* 0.6 99 416 132 83 205 12 19 1453 32
SAMO008* 0.8 106 421 123 86 211 12 20 1436 33
SAMO007* 1 72 322 102 57 188 12 15 1256 26
SAMO006 1.2 79 398 121 82 187 12 18 1372 30
SAMO006 1.2 93 400 120 81 190 13 19 1400 32
SAMO005 1.4 86 433 131 78 203 12 20 1394 32
SAM004 1.6 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
SAM003 1.8 87 410 131 78 216 12 18 1423 31
SAM002 2 96 410 132 75 245 12 17 1245 32
SAMO001 2.2 95 444 121 98 184 10 18 1510 35
SAMO001 2.2 117 443 142 92 202 14 25 1284 36
SAOS 004 |2.4 89 363 109 60 206 14 21 1326 30
SAOS 003 |2.6 87 376 101 88 184 13 22 1365 29
SAOS 002 |2.8 106 391 102 81 227 13 21 1320 32
SAOS 001* |3 112 402 118 88 226 13 22 1291 34
Numbers 15 15 15 15 15 15 15 15 15
Average 93 402 120 81 201 12 19 1372 32
Max 117 444 142 98 245 14 25 1510 36
Min 69 322 101 57 146 10 15 1245 26
Stbw 14 31 12 11 24 1 3 85 3
%RSD 5 2 2 3 1 2 1 1 3
Detection limit 50 26 12 5 3 3 1 1 0.4
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Table 10 Trace element composition bulk sediment (ED- XRF)

Marl Member 0 — 3 mbsf

Zr Ba La Ce As Mo Cd U
Sample Depth [m] | (pPm) | (ppm) [ (ppm) | (pPm) | (ppm) [ (pPm) | (ppm) | (PPm)
SAMO012* 0 40 35 23 25 8 7 9 35
SAMO11 0.2 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
SAMO010 04 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
SAMO009* 0.6 40 39 22 27 13 7 9 31
SAMO008* 0.8 43 38 23 30 9 9 7 35
SAMO07* 1 32 30 20 25 12 11 10 27
SAMO006 1.2 44 35 24 29 9 7 7 32
SAMO006 1.2 40 36 22 28 11 7 7 31
SAMO005 1.4 42 37 23 28 11 7 9 30
SAMO004 1.6 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
SAMO003 1.8 39 36 21 26 12 9 7 33
SAM002 2 44 46 24 33 14 14 7 28
SAMO001 2.2 41 36 22 27 10 9 11 36
SAMO001 2.2 47 42 26 34 15 10 7 28
SAOS 004 2.4 44 37 24 28 15 12 8 23
SAOS 003 2.6 40 36 21 29 14 5 8 33
SAOS 002 2.8 45 38 22 29 17 13 12 26
SAOS 001* |3 46 38 24 30 17 11 6 28
Numbers 15 15 15 15 15 15 15 15
Average 42 37 23 28 13 9 8 30
Max 47 46 26 34 17 14 12 36
Min 32 30 20 25 8 5 6 23
Stbw 4 4 1 3 3 3 2 4
%RSD 1 1 3 2 2 7 32 7
Detection limit 2 3 4 4 2 2 1 3
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Table 11 Trace element composition bulk sediment (ED- XRF)

v Cr Ni Cu Zn Ga Rb Sr Y Zr
Sample Depth [m] (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) | (ppm)
SAOS005 3.2 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
SAOS 006* 3.4 121 398 124 69 180 13 24 1226 32 45
SAOS 006* 3.4 116 409 128 72 183 14 24 1239 31 48
SAOS 007 3.6 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
SAOS 008 3.8 124 412 118 73 191 15 25 1222 33 47
SAOS 009 4 133 430 119 73 190 15 27 1213 35 56
SAOS 010 4.2 151 490 120 79 205 17 29 1165 37 59
SAOS 011 44 122 473 150 90 215 14 23 1236 38 53
SAOS 012 4.6 136 479 149 90 213 14 24 1242 40 55
SAOS 013A 4.8 149 529 144 88 228 16 29 1117 43 61
SAOS 013B 4.8 148 537 140 91 230 16 30 1106 42 61
SAOS 014 5 121 486 146 86 216 13 23 1312 37 49
SAOS 015* 52 n.d. n.d. n.d. n.d. nd. nd. n.d. n.d. n.d. n.d.
SAOS 016 5.4 133 491 132 84 224 15 24 1254 37 53
SAOS 017 5.6 140 494 135 81 222 16 24 1205 35 52
SAOS 018* 5.8 162 521 111 100 410 17 27 1456 38 61
SAOS 019 6 160 480 132 78 193 15 25 1161 35 58
SAOS 020 6.2 163 453 119 87 203 15 28 1174 34 54
SAOS 021* 6.4 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
SAOS 022 6.6 142 444 135 86 209 14 25 1228 32 46
SAOS 023 6.8 139 426 127 78 197 15 23 1230 32 49
SAOS 024 7 145 428 135 90 215 15 24 1233 37 49
SAOS 025 7.2 162 454 116 74 211 15 27 1140 34 54
SAOS 026 7.4 151 418 107 70 191 16 27 1154 32 53
SAOS 027 7.6 153 421 106 67 200 15 23 1205 33 49
SAOS 028 7.8 125 396 122 77 194 15 22 1226 32 48
SAOS 029 8 111 335 114 69 170 14 19 1306 32 37
SAOS 030 8.2 121 368 110 71 201 14 21 1339 29 40
SAOS 031 8.4 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
SAOS 032 8.6 101 357 129 75 195 12 16 1430 27 35
SAOS 033 8.8 89 364 136 81 199 13 14 1484 28 34
SAOS 034 9 110 367 137 78 196 14 20 1366 29 38
SAOS 035* 9.2 99 321 102 64 172 12 21 1376 28 39
SAOS 036 94 100 332 115 70 177 13 17 1446 27 34
SAOS 037 9.6 92 333 124 74 197 12 18 1467 28 35
SAOS 038 9.8 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
SAOS 039* 10 81 305 109 69 189 12 17 1462 25 31
SAOS 040 10.2 84 300 106 68 178 12 16 1409 26 32
SAOS 041 10.4 99 313 108 69 196 12 18 1394 28 36
SAOS 042 10.6 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
SAOS 043 10.8 102 333 124 68 170 12 18 1362 25 34
SAOS 044 11 101 365 134 78 202 12 20 1347 29 39
SAOS 045* 11.2 99 349 123 73 197 11 19 1336 29 38
SAOS 046 11.4 107 369 135 73 187 12 20 1340 29 38
SACS 047 11.6 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
SAOS 048 11.8 102 361 140 78 195 11 20 1503 30 39
SAOS 049 12 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
SAOS 050* 12.2 92 331 119 72 158 12 18 1487 27 35
SAOS 051 12.4 97 336 123 78 200 12 17 1456 27 37
SAOS 051 12.4 103 349 120 77 207 12 16 1480 28 35
SAOS 052 12.6 114 352 120 78 199 12 17 1472 31 44
SAOS 053 12.8 104 309 105 70 163 11 16 1528 26 33
SAOS 054 13 76 279 106 66 174 11 14 1539 25 33
SAOS 055 13.2 92 263 99 62 158 11 13 1544 24 30
SAOS 056 13.4 90 292 105 71 174 11 14 1486 28 34
SAOS 057 13.6 105 313 114 72 173 11 16 1484 28 38
SAOS 058 13.8 164 470 164 99 249 12 23 1230 43 50
SAOS 059 14 163 471 155 92 263 12 25 1258 42 50
SAOS 060* 14.2 124 408 144 82 229 12 21 1281 37 44
SAOS 061 14.4 156 456 151 92 233 13 25 1251 41 46
SAOS060-061  [14.6 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
SAOS 062* 14.8 136 437 153 90 240 13 22 1273 40 45
SAOS 063 15 152 451 158 92 285 13 22 1267 44 45
SAOS 064 15.2 164 475 159 99 270 12 22 1241 45 49
SAOS 065 15.4 155 484 169 98 269 14 22 1208 43 52
SAOS 066 15.6 161 469 157 99 257 13 19 1237 42 45
SAOS 067 15.8 145 432 149 91 247 12 19 1316 38 42
SAOS 069 16 146 462 157 91 287 12 22 1329 40 45
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Table 12 Trace element composition bulk sediment (ED- XRF)

Qil Shale Member 16.2 — 28.6 mbsf

\'; Cr Ni Cu Zn Ga Rb Sr Y Zr
Sample Depth [m] (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm)
SAOS 070* 16.2 157 501 164 97 277 14 26 1215 44 50
SAOS 071 16.4 142 455 150 90 276 13 23 1257 41 47
SAOS 072 16.6 153 471 157 90 287 13 24 1222 41 50
SAQS 073 16.8 170 502 156 95 304 13 27 1216 42 51
SAOS 074 17 170 521 164 95 287 15 27 1099 46 53
SAOS 075 17.2 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. nd. n.d.
SAOS 076 17.4 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
SAQS 077 17.6 147 480 159 97 273 13 25 1235 43 50
SAOS 078 17.8 116 337 111 59 177 12 15 805 25 32
SAOS 079 18 155 513 168 93 264 14 27 1078 43 52
SAOS 080 18.2 176 539 170 99 286 14 29 1061 47 58
SAOS 081* 18.4 166 510 152 93 264 14 24 1122 38 48
SAOS 082 18.6 163 529 169 96 307 13 25 1203 40 50
SAOS 083 18.8 154 540 178 103 243 13 26 1158 44 49
SAOS 084 19 23 72 25 20 42 9 2 599 6 8
SAOS 084 19 28 76 32 18 35 8 3 611 5 10
SAOS 085 19.2 160 539 173 98 291 13 26 1163 46 49
SAOS 086 19.4 153 532 163 100 285 13 27 1226 45 48
SAQOS 087 19.6 144 523 168 103 274 13 24 1265 42 45
SAOS 088 19.8 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
SAOS 089 20 159 525 185 110 350 14 24 1245 51 50
SAOS 090* 20.2 131 430 120 75 181 12 21 1271 37 42
SAOS 091 20.4 132 407 121 77 201 12 21 1281 34 42
SAOS 092 20.6 118 409 119 73 205 12 19 1321 36 40
SAOS 093 20.8 132 426 138 90 239 13 20 1250 38 42
SAOS 094 21 129 437 139 90 220 13 26 1120 42 48
SA0S094-095 21.2 n.d. nd. n.d. nd. n.d. n.d. n.d. nd. nd. n.d.
SAOS 095* 21.2 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
SAOS 096 21.4 125 384 130 80 225 12 20 1105 36 39
SAOS 097 21.6 135 438 134 87 215 13 23 1078 43 43
SAOS 098 21.8 162 480 138 85 217 14 24 1106 46 50
SAOS 099 22 199 569 153 102 265 16 32 986 51 58
SAOS 100 22.2 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
SAOS 101 22.4 175 517 140 84 219 15 29 1029 49 54
SAOS 102 22.6 172 528 173 103 276 15 26 1093 48 51
SAOS 103 22.8 185 522 162 94 248 15 28 1077 48 56
SAOS 104 23 178 519 170 105 279 14 28 1096 46 52
SAOS 105* 23.2 136 428 120 78 187 14 23 1258 33 44
SAOS 106* 23.4 157 461 135 80 204 12 25 1172 37 50
SAOS 107 23.6 160 455 155 89 244 12 21 1245 44 42
SAOS 108 23.8 183 522 166 98 246 14 26 1152 54 47
SAOS 109 24 140 419 137 83 227 12 21 1235 42 43
SAOS 110* 24.2 176 477 149 91 249 13 23 1229 45 47
SAOS 111 244 n.d. nd. n.d. n.d. n.d. n.d. n.d. nd. nd. n.d.
SAOS 112 24.6 158 496 157 92 240 12 22 1159 52 44
SAOS 113 24.8 132 460 159 95 243 13 21 1257 49 42
SAOCS 114 25 118 432 160 91 242 11 19 1353 41 39
SAOS 115 25.2 n.d. nd. n.d. n.d. n.d. n.d. n.d. nd. nd. n.d.
SAOS 116* 25.4 108 416 150 95 234 10 16 1408 38 31
SAOS 116-117__ [25.4 n.d. nd. n.d. n.d. n.d. n.d. n.d. nd. nd. n.d.
SAOS 117 25.6 89 361 128 79 175 10 14 1411 32 32
SAOCS 118 25.8 91 369 124 78 214 11 14 1455 33 31
SAOS 119 26 80 359 141 85 217 11 15 1482 33 32
SAOS 120* 26.2 84 351 126 85 209 10 14 1381 32 32
SAOS 120-121 26.6 n.d. n.d. n.d. nd. n.d. n.d. n.d. n.d. n.d. n.d.
SAOS 121 26.6 96 363 106 73 178 11 16 1392 29 35
SAOS 122 26.8 124 419 125 80 191 12 20 1307 33 38
SAOS 123 27 139 482 149 92 233 13 21 1245 41 41
SAOS 124-125 |27 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
SAOS 125* 27.2 136 462 117 79 182 14 22 1219 37 45
SAOS 126 27.4 175 551 163 102 289 15 24 1156 51 50
SAOS 126 27.4 159 535 164 105 284 15 23 1130 48 49
SAOS 127 27.6 153 494 138 88 229 15 25 1146 44 47
SAOS 128 27.8 155 457 129 83 198 14 22 1140 41 47
SAOS 129 28 145 459 127 84 197 14 21 1146 40 43
SAOS 130* 28.2 182 502 140 87 237 14 29 1032 46 53
SAOS 131 28.4 151 445 160 100 306 13 23 1212 48 48
SAOS 132* 28.6 157 441 134 84 218 13 24 1154 44 46

249




Appendix

Table 13 Trace element composition bulk sediment (ED- XRF)

Qil Shale Member 28.8 — 38.4 mbsf

\% Cr Ni Cu Zn Ga Rb Sr Y Zr
Sample Depth [m] | (ppm) | (ppm) [ (ppm) | (ppm) | (ppm) [ (ppm) [ (ppm) | (ppm) | (PPmM) | (PPM)
SAOS 133 28.8 139 457 123 85 229 14 23 1183 42 49
SAQS 134 29 167 500 154 96 246 14 28 1114 50 51
SAOS 135 29.2 n.d n.d n.d n.d n.d n.d n.d n.d n.d n.d
SAOS 135-136* 29.2 n.d n.d n.d n.d n.d n.d n.d n.d n.d n.d
SAOS 136* 29.4 170 482 120 80 203 15 29 1098 42 52
SAOS 137 29.6 141 433 153 94 255 13 21 1226 49 50
SAOS 138 29.8 147 450 143 86 246 13 22 1213 42 44
SAOS 139 30 155 460 150 90 267 13 21 1204 46 44
SAOS 140* 30.2 158 454 127 77 212 14 25 1195 40 50
SAOS 141 30.4 152 500 143 87 241 14 23 1169 49 51
SAOS 142 30.6 126 466 128 81 207 13 20 1181 35 41
SAOS 143 30.8 128 490 133 83 223 13 20 1154 38 44
SAOQS 144 31 150 567 147 91 272 14 22 1125 39 48
SAOS 144-145 31 n.d n.d n.d n.d n.d n.d n.d n.d n.d n.d
SAOS 145 31.2 130 512 141 90 249 12 18 1230 38 41
SAOS 146 31.4 n.d n.d n.d n.d n.d n.d n.d n.d n.d n.d
SAOS 147 31.6 116 416 133 87 265 11 17 1267 34 39
SAOS 148 31.8 83 371 163 88 272 11 16 1317 37 35
SAOS 149 32 134 483 149 98 283 11 17 1313 42 42
SAOS 150* 32.2 124 429 125 82 211 11 15 1292 39 37
SAOS 151 324 125 416 125 81 188 11 17 1313 35 31
SAOS 152 32.6 154 574 173 103 324 12 20 1235 52 46
SAOS 153 32.8 184 614 162 103 295 14 21 1198 48 52
SAQS 154 33 94 378 149 89 243 10 14 1367 37 33
SAOS 155 33.2 118 410 130 89 250 12 18 1251 35 34
SAOS 156 334 125 416 139 91 237 12 21 1286 40 38
SAOS 157 33.6 173 493 126 81 221 14 25 1077 39 50
SAOS 158 33.8 147 486 157 94 341 13 22 1166 43 45
SAOS 159 34 132 392 113 72 206 13 21 1201 34 35
SAOS 160 34.2 138 413 140 89 256 12 19 1280 38 37
SAOS 161 34.4 97 416 160 97 259 9 15 1439 38 35
SAOS 162 34.6 106 400 152 93 256 9 14 1491 38 31
SAOS 163 34.8 107 433 178 102 291 9 14 1457 43 36
SAOS 164 35 157 495 136 91 268 11 17 1322 44 42
SAOS 165* 35.2 154 462 139 85 244 10 15 1409 44 38
SAQOS 166 354 165 495 179 118 379 11 16 1421 49 43
SAOS 167 35.6 136 571 225 136 504 9 16 1416 70 57
SAOS 168 35.8 n.d n.d n.d n.d n.d n.d n.d n.d n.d n.d
SAOS 169 36 146 465 168 100 296 11 15 1394 42 39
SAOS 170* 36.2 104 403 156 92 295 9 11 1497 49 36
SAOS 171 36.4 129 502 169 101 297 9 14 1448 65 43
SAQS 172 36.6 132 461 159 96 265 9 13 1463 52 38
SAOS 173 36.8 73 551 175 123 466 8 11 1412 74 62
SAOS 174 37 153 532 168 105 297 9 14 1497 47 35
SAOS 175 37.2 123 458 178 106 281 10 12 1576 46 34
SAOS 175-176 37.4 n.d n.d n.d n.d n.d n.d n.d n.d n.d n.d
SAQS 176 374 119 408 170 98 319 9 11 1511 50 30
SAQOS 177* 37.6 175 521 170 99 268 10 16 1409 58 54
SAOS 177 37.8 140 453 149 93 262 10 11 1478 58 42
SAOS 179 38 129 430 143 89 267 9 11 1451 54 40
SAOS 180* 38.2 123 413 169 85 404 8 8 1470 64 53
SAOS 181 38.4 148 500 159 109 367 8 9 1489 60 65
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Table 14 Trace element composition bulk sediment (ED- XRF)

Qil Shale Member 38.6 — 44.2mbsf

v Cr Ni Cu Zn Ga Rb Sr Y Zr
Sample Depth [m] | (ppm) | (ppm) | (pPm) | (PPmM) | (PPmM) | (pPm) | (ppm) | (PPm) | (PPM) | (PPM)
SAQOS 182 38.6 199 598 172 116 397 9 12 1443 69 90
SAOS 183 38.8 115 536 202 124 467 8 11 1436 54 56
SAOS 184 39 139 627 226 145 530 8 11 1412 68 56
SAOS 185-184 |39.2 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
SAOS 185* 39.2 108 585 210 130 496 9 12 1470 64 60
SAOS 186 39.4 116 554 212 125 467 9 13 1436 64 65
SAOS 187 39.6 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
SAOS 188 39.8 110 584 181 117 425 8 12 1480 53 53
SAQOS 189** 40 95 579 197 127 516 9 11 1511 60 70
SAOS 190* 40.2 90 566 204 127 489 9 11 1404 72 73
SAOS 191 40.4 93 527 185 112 455 8 11 1473 85 63
SAOS 192 40.6 78 484 178 110 396 8 10 1355 47 45
SAOS 193 40.8 87 575 188 121 458 8 13 1407 62 53
SAQOS 194 41 92 576 194 122 432 9 11 1436 49 44
SAOS 195 41.2 86 534 192 134 445 9 12 1413 60 52
OSP030 41.4 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
OSP029 41.6 22 362 139 97 373 8 10 1408 79 41
OSP028 41.8 46 378 139 111 382 8 11 1417 116 59
OSP027 42 39 390 147 103 343 9 10 1332 70 52
OSP026 42.2 36 383 148 107 358 9 11 1371 91 47
OSP025 42.4 82 649 203 120 464 9 14 1492 50 44
OSP024* 42.6 72 630 194 119 403 9 12 1473 51 44
0OSP023 42.8 100 706 204 129 451 9 15 1397 48 51
OSP022* 43 80 625 176 110 436 9 14 1428 51 49
OSP021 43.2 62 546 169 113 398 9 11 1437 52 48
OSP020* 43.4 35 373 144 107 351 9 11 1369 90 46
OSP019 43.6 42 378 123 85 345 8 9 1471 87 32
OSP018 43.8 41 399 133 86 345 8 8 1424 73 32
OSP017 44 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
OSP016d* 44.2 72 533 176 120 458 9 12 1323 79 41
Numbers 187 187 187 187 187 187 187 187 187 187
Average 127 451 146 90 264 12 19 1290 43 45
Max 199 706 226 145 530 17 32 1576 116 90
Min 22 72 25 18 35 8 2 599 5 8
Stbw 36 88 28 18 88 2 6 155 15 10
% RSD 5 2 2 3 1 2 1 1 3 1
Detection limit 50 26 12 5 3 3 1 1 0.4 2
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Table 15 Trace element composition bulk sediment (ED- XRF)

Ba La Ce As Mo Cd U
Sample Depth [m] | (ppm) | (ppm) [ (ppm) | (ppm) | (ppm) | (pPm) |(ppm)
SAOS005 3.2 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
SAOS 006* 34 36 22 30 9 7 4 27
SAOS 006* 34 37 22 28 10 7 9 30
SAOS 007 3.6 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
SAOS 008 3.8 36 22 30 10 9 8 28
SAOS 009 4 37 21 30 11 8 8 31
SAOS 010 4.2 111 22 32 11 7 6 25
SAOS 011 4.4 35 21 27 12 6 8 29
SAOS 012 4.6 36 23 30 13 7 12 28
SAOS 013A 4.8 37 24 33 16 12 6 25
SAOS 013B 4.8 37 24 32 15 13 6 25
SAOS 014 5 32 21 28 11 11 11 31
SAOS 015* 5.2 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
SAOS 016 54 34 22 31 10 13 11 28
SAOS 017 5.6 38 23 31 12 9 9 23
SAOS 018* 5.8 38 21 31 13 21 10 33
SAOS 019 6 40 23 32 11 9 8 28
SAOS 020 6.2 37 22 31 9 9 6 27
SAOS 021* 6.4 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
SAOS 022 6.6 34 21 25 8 9 9 31
SAOS 023 6.8 35 21 30 1 8 11 30
SAOS 024 7 35 22 28 11 10 7 30
SAOS 025 7.2 38 23 30 16 8 3 25
SAOS 026 74 37 21 31 14 7 9 25
SAOS 027 7.6 37 21 31 10 7 9 28
SAOS 028 7.8 35 21 29 13 10 12 29
SAOS 029 8 34 21 25 12 8 11 26
SAOS 030 8.2 36 19 28 12 7 12 30
SAOS 031 8.4 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
SAOS 032 8.6 31 19 22 10 8 8 26
SAOS 033 8.8 31 18 22 11 8 10 30
SAOS 034 9 32 21 26 10 8 7 28
SAOS 035* 9.2 36 21 27 11 5 8 27
SAOS 036 9.4 32 19 25 10 10 9 23
SAOS 037 9.6 29 17 21 5 10 9 30
SAOS 038 9.8 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
SAOS 039* 10 29 18 21 6 9 8 24
SAOS 040 10.2 30 18 20 8 11 9 27
SAOS 041 10.4 29 17 20 7 13 12 24
SAOS 042 10.6 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
SAOS 043 10.8 28 18 21 8 10 7 25
SAOS 044 11 28 18 21 12 11 10 29
SAOS 045 11.2 27 19 20 10 9 12 27
SAOS 046 11.4 29 18 20 10 9 8 27
SAOS 047 11.6 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
SAOS 048 11.8 36 18 21 10 7 13 28
SAOS 049 12 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
SAOS 050* 12.2 26 18 20 6 9 6 30
SAOS 051 124 26 18 20 9 10 11 26
SAOS 051 12.4 28 17 21 8 9 7 29
SAOS 052 12.6 29 18 22 10 10 9 31
SAOS 053 12.8 26 18 19 9 9 7 26
SAOS 054 13 24 15 18 9 9 8 28
SAOS 055 13.2 25 17 18 6 9 9 27
SAOS 056 134 28 20 20 8 9 11 30
SAOS 057 13.6 27 19 20 7 10 7 29
SAOS 058 13.8 32 21 25 11 17 5 34
SAOS 059 14 31 22 25 10 15 10 35
SAOS 060* 14.2 33 19 23 10 13 12 33
SAOS 061 14.4 32 22 25 12 15 8 37
SAOS060-061 14.6 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
SAOS 062* 14.8 37 22 26 11 15 9 38
SAOS 063 15 30 21 25 11 14 10 38
SAOS 064 15.2 30 22 24 11 14 6 35
SAOS 065 15.4 30 21 23 14 15 11 36
SAOS 066 15.6 33 22 25 1 14 8 37
SAOS 067 15.8 28 19 21 8 12 8 35
SAOS 069 16 31 22 25 9 10 11 33
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Table 16 Trace element composition bulk sediment (ED- XRF)

Ba La Ce As Mo Cd U
Sample Depth [m] (ppm) | (ppm) | (ppm) | (ppm) [ (ppm) | (PPm) [ (ppm)
SAOS 070* 16.2 32 22 26 15 13 10 29
SAOS 071 16.4 33 21 27 13 11 11 33
SAOS 072 16.6 32 21 26 15 14 10 33
SAOS 073 16.8 34 23 27 15 13 8 32
SAOS 074 17 34 23 29 18 18 10 35
SAQOS 075 17.2 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
SAQOS 076 17.4 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
SAOS 077 17.6 31 21 26 17 15 9 31
SAOS 078 17.8 24 17 19 8 9 9 19
SAOS 079 18 31 21 27 18 19 9 34
SAOS 080 18.2 34 21 29 18 19 11 35
SAOS 081* 18.4 31 20 25 15 19 12 34
SAOS 082 18.6 31 21 25 12 17 10 35
SAOS 083 18.8 31 21 26 16 20 11 37
SAOS 084 19 664 9 6 1 2 8 9
SAOS 084 19 674 7 7 0 2 3 0
SAOS 085 19.2 32 22 26 16 21 12 37
SAOS 086 19.4 31 22 25 19 17 10 36
SAOS 087 19.6 31 21 23 16 13 7 34
SAOS 088 19.8 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
SAOS 089 20 31 20 24 14 17 11 37
SAOS 090* 20.2 31 20 25 11 12 11 31
SAOS 091 20.4 30 18 20 10 12 10 27
SAOS 092 20.6 31 18 24 6 8 7 25
SAOS 093 20.8 32 20 25 10 8 7 31
SAOS 094 21 32 21 25 15 10 10 28
SAO0S094-095 21.2 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
SAOS 095* 21.2 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
SAOS 096 214 29 22 24 12 8 10 24
SAOS 097 21.6 32 23 28 17 8 8 30
SAOS 098 21.8 33 23 27 15 11 9 31
SAOS 099 22 40 25 34 23 8 8 31
SAOS 100 22.2 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
SAOS 101 224 40 27 33 21 11 7 30
SAOS 102 22.6 37 25 30 21 15 10 35
SAOS 103 22.8 37 24 31 22 14 8 30
SAOS 104 23 34 23 27 15 12 7 31
SAOS 105* 23.2 32 21 28 12 10 7 26
SAOS 106* 234 34 23 29 14 8 7 27
SAOS 107 23.6 32 21 26 13 11 7 32
SAOS 108 23.8 37 26 31 19 16 9 35
SAOS 109 24 32 22 24 14 13 9 31
SAOS 110* 24.2 32 21 25 16 15 11 33
SAOS 111 24.4 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
SAOS 112 24.6 32 23 24 19 12 9 33
SAOS 113 24.8 31 22 25 14 13 8 30
SAOS 114 25 29 20 21 12 14 11 34
SAOS 115 25.2 n.d. n.d. n.d. n.d. n.d. n.d n.d.
SAOS 116* 25.4 27 20 19 15 16 6 35
SAOS 116-117  [25.4 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
SAOS 117 25.6 24 18 18 13 13 6 30
SAOS 118 25.8 25 19 18 11 12 11 32
SAOS 119 26 24 17 17 10 13 11 31
SAOS 120* 26.2 24 18 18 10 13 9 29
SAOS 120-121  [26.6 nd. n.d. n.d. n.d. n.d. n.d. n.d.
SAOS 121 26.6 26 18 19 8 10 13 26
SAOS 122 26.8 28 19 23 12 12 11 33
SAOS 123 27 30 22 25 11 16 12 33
SAOS 124-125 (27 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
SAOS 125* 27.2 33 20 26 17 12 9 29
SAOS 126 27.4 32 23 28 18 17 4 35
SAOS 126 27.4 31 22 24 18 16 9 33
SAOS 127 27.6 34 22 27 19 18 7 31
SAOS 128 27.8 34 24 26 22 17 9 31
SAOS 129 28 35 22 30 20 16 7 33
SAOS 130* 28.2 36 23 29 25 21 7 32
SAOS 131 28.4 31 21 24 14 16 9 38
SAOS 132* 28.6 32 20 26 14 15 10 33
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Table 17 Trace element composition bulk sediment (ED- XRF)

Ba La Ce As Mo Cd U
Sample Depth[m] | (ppm) | (ppm) | (ppm) | (ppm) | (ppm) [ (ppm) | (ppm)
SAOS 133 28.8 35 23 29 18 16 9 31
SAOS 134 29 39 24 31 23 26 9 37
SAOS 135 29.2 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
SAOS 135-136* 29.2 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
SAOS 136* 29.4 37 23 31 20 17 5 28
SAOS 137 29.6 33 23 26 13 15 11 36
SAOS 138 29.8 33 23 25 12 12 5 32
SAOS 139 30 31 22 25 12 13 12 35
SAOS 140* 30.2 36 24 29 15 12 11 31
SAOS 141 30.4 33 24 29 14 12 5 32
SAOS 142 30.6 30 19 23 18 17 8 32
SAOS 143 30.8 29 21 23 15 16 10 35
SAOS 144 31 32 21 23 19 20 10 33
SAOS 144-145 31 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
SAOS 145 31.2 29 20 22 16 14 9 31
SAOS 146 314 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
SAOS 147 31.6 26 19 20 15 15 11 31
SAOS 148 31.8 24 18 16 15 17 7 28
SAOS 149 32 29 19 22 17 13 7 39
SAOS 150* 32.2 28 20 23 16 12 9 36
SAOS 151 324 27 19 22 16 13 12 37
SAOS 152 32.6 31 23 24 20 17 12 45
SAOS 153 32.8 34 23 29 20 14 9 38
SAOS 154 33 26 19 20 20 14 10 40
SAOS 155 33.2 28 20 21 13 15 13 37
SAOS 156 33.4 30 21 25 14 13 10 33
SAOS 157 33.6 37 22 28 17 14 8 31
SAOS 158 33.8 31 21 24 18 13 11 37
SAOS 159 34 33 19 25 16 11 8 31
SAOS 160 34.2 32 21 23 19 12 12 34
SAOS 161 34.4 25 17 17 18 18 13 42
SAOS 162 34.6 23 17 15 14 17 10 40
SAOS 163 34.8 22 17 13 18 20 12 48
SAOS 164 35 26 20 19 16 21 14 50
SAOS 165* 35.2 28 20 20 16 19 10 46
SAOS 166 35.4 26 19 17 22 24 14 53
SAOS 167 35.6 26 21 16 25 18 16 47
SAOS 168 35.8 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
SAOS 169 36 27 20 18 28 22 13 45
SAOS 170* 36.2 25 22 19 19 15 8 46
SAOS 171 36.4 28 24 19 22 18 12 51
SAOS 172 36.6 24 18 20 29 17 14 44
SAOS 173 36.8 27 22 15 13 19 12 43
SAOS 174 37 25 21 18 34 19 12 43
SAOS 175 37.2 22 18 18 35 14 12 47
SAOS 175-176 37.4 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
SAOS 176 37.4 20 17 14 33 16 15 47
SAOS 177* 37.6 27 23 20 45 19 17 47
SAOS 177 37.8 26 21 18 34 18 12 49
SAOS 179 38 25 22 19 36 21 14 48
SAOS 180* 38.2 25 22 13 20 23 22 61
SAOS 181 38.4 29 21 14 26 29 11 62
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Table 18 Trace element composition bulk sediment (ED- XRF)

Ba La Ce As Mo Cd U
Sample Depth [m] (ppm) | (ppm) | (ppm) | (ppm) | (ppm) | (PPM) | (ppm)
SAOS 182 38.6 31 22 17 32 38 19 85
SAOS 183 38.8 22 18 11 26 21 20 52
SAOS 184 39 24 21 14 28 21 18 57
SAOS 185-184 39.2 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
SAOS 185* 39.2 27 22 15 23 20 18 56
SAOS 186 39.4 26 20 14 24 19 16 48
SAOS 187 39.6 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
SAOS 188 39.8 26 20 14 19 23 18 45
SAOS 189** 40 25 20 13 23 18 17 48
SAOS 190* 40.2 26 22 16 29 17 16 50
SAOS 191 40.4 27 25 16 43 18 14 57
SAOS 192 40.6 22 17 15 16 21 19 34
SAOS 193 40.8 24 18 14 16 22 12 42
SAOS 194 41 21 15 13 17 20 14 39
SAOS 195 41.2 22 20 16 15 14 17 40
OSP030 41.4 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
OSP029 41.6 23 25 15 14 8 10 35
OSP028 41.8 26 30 19 23 9 10 50
OSP027 42 25 25 16 24 13 11 35
OSP026 42.2 24 25 16 25 12 14 44
OSP025 42 .4 33 19 13 16 16 14 34
OSP024* 42.6 40 18 13 16 18 19 38
OSP023 42.8 23 17 14 21 24 19 34
OSP022* 43 27 16 15 19 19 16 40
OSP021 43.2 27 18 14 18 17 12 38
OSP020* 43.4 26 28 16 27 11 10 45
OSP019 43.6 22 27 15 13 8 14 49
OSP018 43.8 24 26 19 14 8 15 41
OSP017 44 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
OSP016d* 44 .2 24 25 17 25 15 16 52
Numbers 187 187 187 187 187 187 187
Average 38 21 23 16 14 10 35
Max 674 30 34 45 38 22 85
Min 20 7 6 0 2 3 0
Stbw 66 3 6 7 5 3 9
% RSD 1 3 2 2 7 32 7
Detection limit 3 4 4 2 2 1 3
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Table 19 Trace element composition bulk sediment (ED- XRF)

Phosphorite Member 44.4 — 49.8 mbsf

Zr Ba La Ce As Mo Cd U
Sample Depth [m] [ (ppm) | (ppm) | (ppm) | (ppm) | (ppm) | (ppm) | (ppm) | (ppm)

OSP0O15 444 12 1888 19 10 5 9 17 93
OSP014 44.6 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
OSP013* 44 .8 19 35 36 23 6 11 22 90
OSP013 44.8 13 25 16 12 0 11 68 85
OSP012 45 27 37 40 22 9 11 22 107
OSP011 45.2 17 47 21 14 4 39 89 148
OSP010 454 16 962 29 16 10 32 50 196
OSP009 45.6 18 647 16 10 10 57 85 107
OSP008 45.8 14 36 28 19 8 22 49 145
OSP007 46 7 72 13 11 3 34 117 40
OSP006* 46.2 11 116 13 11 6 51 151 67
OSP005 46.4 9 177 18 13 6 39 105 72
OSP004 46.6 16 247 24 17 12 69 53 126
OSP003 46.8 15 50 24 18 7 43 53 102
OSP002 47 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
OSP001* 47.2 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
SAP001 47.4 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
SAP002 47.6 19 40 19 12 2 22 87 106
SAP003 47.8 19 37 24 15 3 27 84 130
SAP004 48 19 36 19 13 1 25 116 118
SAP005 48.2 25 20 13 14 18 84 334 54
SAP006 48.4 12 25 19 14 1 10 92 102
SAP007 48.6 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
SAP008 48.8 16 53 26 19 2 13 63 118
SAP008 48.8 15 61 21 15 1 11 61 114
SAP009 49 16 109 30 21 1 11 83 147
SAP010 49.2 15 155 24 17 1 18 92 136
SAPO0O11 49.4 18 147 28 18 2 17 95 132
SAP012 49.6 15 98 23 15 2 18 103 118
SAP013* 49.8 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Numbers 24 24 24 24 24 24 24 24
Average 16 213 23 15 5 29 87 111
Max 27 1888 40 23 18 84 334 196
Min 7 20 13 10 0 9 17 40
Stbw 4 418 7 4 4 20 62 34
%RSD 1 1 3 2 2 7 32 7
Detection limit 2 3 4 4 2 2 1 3
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Sio, [%] TiO, [%] ALO; % Fe,05¢ [%]  |MnO [%] Ca0 [%] S [ppm] Corg [%] P05 [%]

Si0, [%] 0.97 0.82 0.94 0.28 -0.96 -0.46 -0.41 -0.38
TiO, [%] 0.97 0.96 0.25 -0.98 -0.40 -0.35 -0.34
ALO; % 0.82 0.77 -0.74 -0.59 -0.56 -0.48
Fe,0; ) [%] 0.94 0.96 0.77 -0.35 -0.30 -0.26
MnO [%] 0.28 0.25 0.41 -0.34 -0.14
Ca0 [%] -0.96 -0.98 -0.74 0.27
S [ppm] -0.46 -0.40 -0.59 -0.35 -0.31 0.86
Corg [%] -0.41 -0.35 -0.56 -0.30 -0.34

P,05 [%] -0.38 -0.34 -0.48 -0.26 -0.14

V [ppm] 0.68 0.72 0.48 0.74 0.19 -0.75 0.07 0.13 0.21
Cr [ppm] 0.12 0.19 -0.10 0.20 -0.25 -0.23 0.68 0.67 0.56
Ni [ppm] -0.30 -0.23 -0.50 -0.22 -0.41 0.18 0.87 0.84 0.72
Cu [ppm] -0.33 -0.26 -0.48 -0.24 -0.39 0.21 0.88 0.85 0.77
Zn [ppm] -0.41 -0.34 -0.54 -0.34 -0.43 0.30 0.88 0.87 0.79
Ga [ppm] 0.94 0.96 0.79 0.94 0.31 -0.95 -0.45 -0.40 -0.39
Rb [ppm] 0.94 0.96 0.72 0.93 0.22 -0.96 -0.33 -0.27 -0.28
Sr [ppm] -0.74 -0.77 -0.69 -0.78 -0.31 0.79 0.20 0.16 0.11
Y [ppm] -0.30 -0.24 -0.44 -0.20 -0.29 0.19 0.87 0.81 0.90
Zr [ppm] 0.37 0.41 0.15 0.36 -0.23 -0.41 0.33 0.28 0.32
Ba [ppm] 0.81 0.81 0.73 0.79 0.28 -0.81 -0.40 -0.37 -0.35
La [ppm] 0.42 0.45 0.22 0.46 0.00 -0.48 0.17 0.15 0.38
Ce [ppm] 0.94 0.95 0.76 0.93 0.30 -0.94 -0.44 -0.39 -0.31
Th [ppm] 0.56 0.53 0.51 0.53 0.26 -0.52 -0.24 -0.26 -0.16
As [ppm] -0.23 -0.20 -0.36 -0.09 -0.05 0.12 0.80 0.72 0.81
Mo [ppm] -0.28 -0.25 -0.43 -0.17 -0.19 0.17 0.77 0.74 0.67
cd [ppm] -0.57 -0.56 -0.61 -0.54 -0.32 0.52 0.56 0.49 0.44
U [ppm] -0.51 -0.48 -0.62 -0.42 -0.31 0.42 0.83 0.81 0.87
Sn [ppm] 0.21 0.19 0.19 0.21 0.16 -0.17 -0.15 -0.17 -0.16
Sb [ppm] -0.26 -0.25 -0.33 -0.22 -0.21 0.24 0.42 0.40 0.39
Cs [ppm] 0.25 0.25 0.28 0.24 0.13 -0.23 -0.20 -0.17 -0.15

(1) WSO (1uauiipas yjng) XLupuL Uoyn]a.L10) ()7 2]GV.L
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V [ppm] Cr [ppm] Ni [ppm] Cu [ppm] Zn [ppm] Ga [ppm] Rb [ppm] Sr [ppm] Y [ppm] Zr [ppm]
Si0, [%] 0.68 0.12 -0.30 -0.33 -0.41 0.94 0.94 -0.74 -0.30 0.37
TiO, [%] 0.72 0.19 -0.23 -0.26 -0.34 0.96 0.96 -0.77 -0.24 0.41
ALO; % 0.48 -0.10 -0.50 -0.48 -0.54 0.79 0.72 -0.69 -0.44 0.15
Fe,05 ) [%] 0.74 0.20 -0.22 -0.24 -0.34 0.94 0.93 -0.78 -0.20 0.36
MnO [%] 0.19 -0.25 -0.41 -0.39 -0.43 0.31 0.22 -0.31 -0.29 -0.23
Ca0 [%] -0.75 -0.23 0.18 0.21 0.30 -0.95 -0.96 0.79 0.19 -0.41
S [ppm] 0.07 0.68 0.87 0.88 0.88 -0.45 -0.33 0.20 0.87 0.33
Corg [%] 0.13 0.67 0.84 0.85 0.87 -0.40 -0.27 0.16 0.81 0.28
P,05 [%] 0.21 0.56 0.72 0.77 0.79 -0.39 -0.28 0.11 0.90 0.32
0.50 0.18 0.16 0.09 0.64 0.74 -0.63 0.20 0.50
Cr [ppm] 0.50 0.74 0.68 0.11 0.23 -0.24 0.69 0.71
Ni [ppm] 0.18 0.74 0.86 -0.30 -0.15 0.13 0.78 0.42
Cu [ppm] 0.16 0.76 0.92 -0.19 0.14 0.85 0.47
Zn [ppm] 0.09 0.68 0.86 0.92 0.19 0.87 0.43
Ga [ppm] 0.64 0.11 -0.30 -0.33 -0.74 -0.31 0.32
Rb [ppm] 0.74 0.23 -0.15 -0.19 -0.27 -0.76 -0.19 0.42
Sr [ppm] -0.63 -0.24 0.13 0.14 0.19 -0.74 -0.76 -0.37
Y [ppm] 0.20 0.69 0.78 0.85 0.87 -0.31 -0.19 0.04
Zr [ppm] 0.50 0.71 0.42 0.47 0.43 0.32 0.42 -0.37
Ba [ppm] 0.56 0.14 -0.27 -0.30 -0.35 0.81 0.78 -0.69 -0.23 0.38
La [ppm] 0.51 0.37 0.16 0.24 0.24 0.39 0.44 -0.49 0.49 0.58
Ce [ppm] 0.67 0.10 -0.31 -0.32 -0.39 0.93 0.92 -0.72 -0.23 0.37
Th [ppm] 0.34 0.08 -0.24 -0.18 -0.24 0.51 0.52 -0.41 -0.11 0.29
As [ppm] 0.23 0.63 0.64 0.70 0.69 -0.22 -0.16 -0.01 0.79 0.39
Mo [ppm] 0.24 0.65 0.71 0.72 0.69 -0.30 -0.17 0.13 0.63 0.29
cd [ppm] -0.27 0.25 0.46 0.46 0.54 -0.55 -0.52 0.47 0.43 0.05
U [ppm] 0.06 0.50 0.74 0.79 0.82 -0.53 -0.42 0.33 0.80 0.21
Sn [ppm] 0.12 -0.04 -0.15 -0.18 -0.16 0.19 0.20 -0.02 -0.19 -0.03
Sb [ppm] 0.05 0.31 0.38 0.36 0.37 -0.27 -0.24 0.22 0.40 0.13
Cs [ppm] 0.15 -0.02 -0.19 -0.18 -0.15 0.26 0.26 -0.28 -0.14 0.05

(Z) WSO (1uauiipas yjng) XLUpUL UOYD]aLI0)) [T ]GV
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Ba [ppm] La [ppm] Ce [ppm] Th [ppm] As [ppm] Mo [ppm] Cd [ppm] U [ppm] Sn [ppm] Sb [ppm] Cs [ppm]
Si0, [%] 0.81 0.42 0.94 0.56 -0.23 -0.28 -0.57 -0.51 0.21 -0.26 0.25
TiO, [%] 0.81 0.45 0.95 0.53 -0.20 -0.25 -0.56 -0.48 0.19 -0.25 0.25
ALO; % 0.73 0.22 0.76 0.51 -0.36 -0.43 -0.61 -0.62 0.19 -0.33 0.28
Fe,05 ) [%] 0.79 0.46 0.93 0.53 -0.09 -0.17 -0.54 -0.42 0.21 -0.22 0.24
MnO [%] 0.28 0.00 0.30 0.26 -0.05 -0.19 -0.32 -0.31 0.16 -0.21 0.13
CaO [%] -0.81 -0.48 -0.94 -0.52 0.12 0.17 0.52 0.42 -0.17 0.24 -0.23
S [ppm] -0.40 0.17 -0.44 -0.24 0.80 0.77 0.56 0.83 -0.15 0.42 -0.20
Corg [%] -0.37 0.15 -0.39 -0.26 0.72 0.74 0.49 0.81 -0.17 0.40 -0.17
P05 [%] -0.35 0.38 -0.31 -0.16 0.81 0.67 0.44 0.87 -0.16 0.39 -0.15
V [ppm] 0.56 0.51 0.67 0.34 0.23 0.24 -0.27 0.06 0.12 0.05 0.15
Cr [ppm] 0.14 0.37 0.10 0.08 0.63 0.65 0.25 0.50 -0.04 0.31 -0.02
Ni [ppm] -0.27 0.16 -0.31 -0.24 0.64 0.71 0.46 0.74 -0.15 0.38 -0.19
Cu [ppm] -0.30 0.24 -0.32 -0.18 0.70 0.72 0.46 0.79 -0.18 0.36 -0.18
Zn [ppm] -0.35 0.24 -0.39 -0.24 0.69 0.69 0.54 0.82 -0.16 0.37 -0.15
Ga [ppm] 0.81 0.39 0.93 0.51 -0.22 -0.30 -0.55 -0.53 0.19 -0.27 0.26
Rb [ppm] 0.78 0.44 0.92 0.52 -0.16 -0.17 -0.52 -0.42 0.20 -0.24 0.26
Sr [ppm] -0.69 -0.49 -0.72 -0.41 -0.01 0.13 0.47 0.33 -0.02 0.22 -0.28
Y [ppm] -0.23 0.49 -0.23 -0.11 0.79 0.63 0.43 0.80 -0.19 0.40 -0.14
Zr [ppm] 0.38 0.58 0.37 0.29 0.39 0.29 0.05 0.21 -0.03 0.13 0.05
0.43 0.83 0.47 -0.19 -0.31 -0.49 -0.47 0.12 -0.30 0.32
La [ppm] 0.43 0.53 0.33 0.35 0.02 -0.17 0.16 -0.07 0.01 0.15
Ce [ppm] 0.83 0.53 0.52 -0.33 -0.55 -0.47 0.19 -0.25 0.27
Th [ppm] 0.47 0.33 0.52 -0.37 -0.31 0.13 -0.22 0.02
As [ppm] -0.19 0.35 -0.19 0.39 0.69 -0.10 0.41 -0.12
Mo [ppm] -0.31 0.02 -0.33 -0.16 0.45 -0.03 0.39 -0.14
cd [ppm] -0.49 -0.17 -0.55 -0.37 0.39 0.45 -0.01 0.35 -0.16
U [ppm] -0.47 0.16 -0.47 -0.31 0.69 0.73 -0.14 0.45 -0.21
Sn [ppm] 0.12 -0.07 0.19 0.13 -0.10 -0.03 -0.01 -0.14 0.01 -0.05
Sb [ppm] -0.30 0.01 -0.25 -0.22 0.41 0.39 0.35 0.45 0.01
Cs [ppm] 0.32 0.15 0.27 0.02 -0.12 -0.14 -0.16 -0.21 -0.05

(€) WSO (1uauiipas yjng) XLUDUL UOYD]2LI0)) 77 ]GV
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Table 23carbon sulphur analysis

Sample Depth (m) S (%)
SAMO012 0.2 0.13
SAMO009 0.6 0.15
SAMO008 0.8 1.00
SAMO007 11 5.64
Numbers 4

Average 1.73
Maximum 5.64
Minimmum 0.13
Stbw. 2.64
SAOS001 2.2| 0.15
SA0S015 5.2 2.39
SA0S018 5.8] 1.77
SA0S021 6.4 2.18
SA0S035 9.2 1.90
SAO0S039 10| 1.67
SA0S045 11.2[ 1.85
SAOS050 12.2[ 1.79
SAOS060 14.2[ 248
SA0S062 14.8[ 2.40
SAOS070 16.2[ 2.78
SAOS081 18.4[ 2.79
SAOS090 20.2[ 2.05
SA0S095 21.2[ 2.19
SA0S105 232 2.26
SAO0S106 234 2.39
SA0S110 24.2| 2.26
SAO0S116 25.4 2.63
SA0S120 26.2[ 2.18
SAO0S125 27.2[ 2.93
SA0S130 28.2[ 3.13
SA0S132 28.6] 2.39
SAO0S136 29.4( 2.98
SA0S140 30.2] 2.50
SA0S150 32.2| 217
SAO0S165 35.2] 2.98
SAOS166 35.4[ 3.19
SA0S170 36.2| 2.66
SAQ0S177 37.6] 3.08
SAO0S180 38.2 271
SA0S185 39.2] 3.53
SA0S190 40.2] 3.33
0OSP024 42.6] 3.64
OSP022 43] 3.42
OSP020 43.4] 2.57
Numbers 35

Average 2.50
Maximum 3.64
Minimmum 0.15
Stbw. 0.66
OSP013 44.8] 0.91
OSP006 46.2] 0.69
OSP001 47.2] 1.72
SAP013 49.8| 0.64
Numbers 4

Average 0.99
Maximum 1.72
Minimmum 0.64
Stbw. 0.50

Table 24 Di-thionate iron

Sample Depth (m) Fp (%)
SAMO012 0.2 0.73
SAM009 0.6] 0.72
SAM008 0.8 0.69
SAMO007 1 0.52
Numbers 4
Average 0.67
Maximum 0.73
Minimmum 0.52
Stbw. 0.10
SAOS 001 2.2 0.92
SAOS 006 34| 0.45
SAOS 015 5.2 0.46
SAOS 018 5.8 0.77
SAOS 021 6.4] 0.54
SAOS 035 9.2 042
SAOS 039 10| 0.31
SAOS 045 11.2] 0.34
SAOS 050 12.2] 0.25
SAOS 060 14.2] 0.49
SAOS 062 14.8] 0.41
SAOS 070 16.2] 0.50
SAOS 081 18.4] 0.45
SAOS 090 20.2] 0.49
SAOS 095 21.2] 0.37
SAOS 105 23.2] 043
SAOS 106 234 045
SAOS 110 242 0.26
SAOS 116 25.4] 0.53
SAOS 120 26.2| 0.41
SAOS 125 27.2| 0.51
SAOS 130 28.2| 0.62
SAOS 132 28.6] 047
SAOS 136 29.4] 0.50
SAOS 140 30.2] 0.32
SAOS 150 32.2| 0.37
SAOS 165 35.2] 0.20
SAOS 170 36.2] 0.20
SAOS 177 37.6] 0.30
SAOS 180 38.2] 0.06
SAOS 185 39.2| 0.12
SAOS 190 40.2] 0.07
OSP 024 42.6] 0.07
OSP 022 43| 0.06
OSP 020 43.4] 0.07
Numbers 35
Average 0.38
Maximum 0.92
Minimmum 0.06
Stbw. 0.20
OSP 013 44.8] 0.04
OSP 006 46.2] 0.02
OSP 001 47.2] 0.03
SAP 013 49.8] 0.02
Numbers 4
Average 0.03
Maximum 0.04
Minimmum 0.02
Stbw. 0.01
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Table 25 Different bond sulphur wet chemical extraction

sample Depth (m) ssulehate Sexrite sintramol. sintermal. Z S ssulghate sgxrite sintramol. sintermol. Z S
wt. % wt. % wt. % wt. % % rel. % rel. % rel. % rel % rel. %
SAM012 0] 0.00 0.00 0.00 0.25 0.25 0.0 0.0 0.0 0.0 0
SAMO009 0.6] _0.00 0.00 0.00 0.14 0.14 0.0 0.0 0.0 0.0 0
SAMO08 0.8 0.83 0.00 0.00 0.13 0.96 86.4 0.1 0.0 13.6 100
SAMO007 1 270 0.00 0.00 0.25 2.95 91.6 0.0 0.0 8.4 100
Numbers 4 4 4 4 4 4 4 4 4
Average 0.88 0.00 0.00 0.19 1.07 44.49 0.01 0.00 5.50
Maximum 2.70 0.00 0.00 0.25 2.95 91.57 0.05 0.00 13.56
Minimmum 0.00 0.00 0.00 0.13 0.14 0.00 0.00 0.00 0.00
Stbw. 1.27 0.00 0.00 0.06 1.30 51.42 0.03 0.00 6.68
SAOS 001 3| 057 0.00 0.00 0.06 0.65 89.9 0.1 0.0 10.0 100
SAOS 006 34| 0.50 0.49 0.03 0.60 1.62 30.9 30.3 1.7 37.1 100
SAQCS 015 52 0.22 0.63 0.04 0.78 1.67 13.3 37.7 27 46.3 100
SAOS 018 58| 0.36 0.34 0.04 0.63 1.35 26.2 25.0 26 46.2 100
SAOS 021 6.4 0.76 0.47 0.03 0.69 1.95 39.0 242 1.3 355 100
SAOS 035 9.2 0.38 0.52 0.03 0.64 1.58 24.3 33.1 1.9 40.7 100
SAOS 039 10| 0.22 0.35 0.03 0.89 1.49 14.9 234 1.9 59.8 100
SAOS 045 11.2] 0.31 0.38 0.04 0.50 1.22 25.5 30.8 3.0 40.7 100
SAOS 050 12.2| 0.35 0.39 0.03 0.95 1.72 20.3 22.6 1.7 55.4 100
SAOS 060 14.2| 2.32 0.28 0.03 0.97 217 40.9 13.1 1.3 44.8 100
SAOS 062 14.8| 0.73 0.30 0.04 0.93 2.00 36.7 14.9 2.1 46.3 100
SAOS 070 16.2] 2.35 0.33 0.05 0.87 2.26 45.0 14.6 2.1 38.3 100
SAOS 081 18.4| 045 0.53 0.04 0.81 1.84 246 28.9 23 441 100
SAOS 090 20.2| 0.28 0.10 0.02 0.83 1.24 23.0 8.4 1.7 66.9 100
SAOS 095 212 1.24 0.37 0.04 0.91 2.00 33.5 18.8 1.9 45.8 100
SAOS 105 23.2| 0.51 0.37 0.04 0.81 1.72 29.3 217 21 46.8 100
SAOS 106 234| 0.51 0.57 0.04 0.83 1.94 26.3 29.2 1.9 425 100
SAOS 110 242 0.52 0.68 0.04 0.77 2.01 25.7 34.0 22 38.1 100
SAOS 116 254| 0.49 0.22 0.04 0.79 1.54 31.5 144 2.8 51.3 100
SAOS 120 26.2| 0.28 0.41 0.03 1.08 1.80 15.5 225 1.6 60.3 100
SAOS 125 27.2| 0.72 0.70 0.04 0.79 2.25 32.1 31.1 1.9 34.8 100
SAOS 130 28.2] 0.42 1.01 0.05 0.70 2.18 19.1 46.5 2.5 32.0 100
SAOS 132 28.6| 0.45 0.61 0.03 0.93 2.01 223 30.3 15 45.9 100
SAOS 135-136 29.2| 0.61 1.03 0.05 0.68 2.37 25.8 434 2.0 28.8 100
SAOS 136 29.4| 0.60 0.08 0.05 0.81 1.54 39.0 5.3 29 52.7 100
SAOS 140 30.2| 0.48 1.09 0.03 1.07 2.68 19.2 39.7 14 39.7 100
SAOS 150 32.2| 0.16 0.51 0.03 0.89 1.58 9.8 32.2 2.0 56.0 100
SAOS 165 35.2| 0.79 0.38 0.05 1.00 2.21 35.5 171 2.2 45.2 100
SAOS 170 36.2| 0.40 0.29 0.04 1.28 2.00 201 14.2 1.9 63.8 100
SAOS 177 37.6| 0.53 0.55 0.05 1.00 217 22.9 28.6 2.2 46.3 100
SAOS 180 38.2| 0.21 0.07 0.03 1.36 1.67 12.5 4.4 1.8 81.3 100
SAOS 185 39.2[ 0.42 0.15 0.07 1.33 1.97 21.2 7.8 3.4 67.6 100
SAOS 190 40.2| 0.26 0.10 0.04 1.47 1.88 13.6 5.3 2.3 78.7 100
OSP 024 42.6] 0.22 0.17 0.10 1.60 2.09 10.4 8.2 4.8 76.6 100
0OSP022 43| 0.29 0.11 0.05 1.39 1.8 15.8 5.8 25 75.86 100
OSP020 43.6] 0.00 0.10 0.01 1.72 1.83 0.0 5.4 0.3 94.3 100
OSP0O16d 44.2| 0.00 0.05 0.04 1.53 1.63 0.0 3.3 2.6 94.1 100
Numbers 37 37 37 37 37 37 37 37 37
Average 0.54 0.40 0.04 0.94 1.83 25.29 20.98 2.08 51.64
Maximum 2.35 1.09 0.10 1.72 2.68 89.88 46.46 4.77 94.29
Minimmum 0.00 0.00 0.00 0.06 0.65 0.00 0.08 0.00 10.04
Stbw. 0.49 0.27 0.02 0.33 0.38 15.15 12.42 0.80 18.13
OSP 013 44.8] 0.00 0.19 0.09 1.70 1.99 0.0 9.6 45 85.8 100
OSP 006 46.2] 0.41 0.09 0.04 0.63 1.18 35.3 75 34 53.8 100
OSP 001 47.2] 0.26 0.09 0.14 0.49 1.00 26.3 9.4 14.3 49.8 100
SAP 013 49.8| 0.30 0.18 0.05 0.89 1.18 16.8 9.8 2.9 52.6 100
Numbers 4 4 4 4 4 4 4 4 4
Average 0.24 0.14 0.08 0.93 1.34 19.60 9.09 6.30 60.49
Maximum 0.41 0.19 0.14 1.70 1.99 | 3529 | 9.84 | 14.34 | 85.84
Minimmum 0.00 0.09 0.04 0.49 1.00 0.00 7.51 2.91 | 49.76
Stbw. 0.18 0.06 0.05 0.54 0.44 15.09 1.07 5.40 16.98
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Table 26 Repeated measurements (wet chemical sulphur extraction)

Sample Depth (m) Ssu_lm Spyri(e Sintramol. Sintermol. Z S SSU_'M Spyrite Sintramol. Sin(ermol. Z S
wt. % wt. % wt. % wt. % % rel. % rel. % rel. % rel % rel. %
SAOS 095 21.2] 0.53 0.48 0.02 0.83 1.86 28.5 25.8 1.0 44.7 100
SAOS 095 21.2] 0.32 0.48 0.03 0.84 1.67 19.3 28.7 1.7 50.2 100
SAOS 095 21.2] 0.61 0.47 0.03 0.97 2.08 20.2 22.7 1.5 46.6 100
SAQOS 095 21.2[ 1.10 0.53 0.03 0.98 2.62 41.9 20.0 1.0 37.2 100
SAQOS 095 21.2] 0.33 0.51 0.02 0.80 1.67 20.0 30.7 1.1 48.2 100
Numbers 5 5 5 5 5 5 5 5 5 5
Average 0.58 0.49 0.02 0.88 1.98 27.78 25.60 1.26 45.37 100
Maximum 1.10 0.53 0.03 0.98 2.62 41.86 30.71 1.73 50.24 100
Minimmum 0.32 0.47 0.02 0.80 1.67 19.34 20.02 0.96 37.15 100
Stbw. 0.32 0.02 0.01 0.08 0.40 9.11 4.33 0.33 5.03
Sample Depth (m) Ssu_lmite spyrite sintramol. Sintermol. Z S Ssu_lmte spyrite sintramt)l. Sintermol. Z S
wt. % wt. % wt. % wt. % % rel. % rel. % rel. % rel % rel. %
SAOS 140 30.2] 0.38 1.65 0.03 1.53 3.59 10.6 45.9 0.9 42.5 100
SAOS 140 30.2] 0.38 0.84 0.04 0.88 2.14 17.6 39.5 1.7 411 100
SAOS 140 30.2] 0.68 0.78 0.03 0.82 2.30 20.5 33.7 1.4 35.4 100
Numbers 3 3 3 3 3 3 3 3 3 3
Average 0.48 1.09 0.03 1.07 2.68 19.21 39.73 1.37 39.68 100
Maximum 0.68 1.65 0.04 1.53 3.59 29.48 45.95 1.74 42.53 100
Minimmum 0.38 0.78 0.03 0.82 2.14 10.58 33.70 0.94 35.39 100
Stbw. 0.17 0.49 0.00 0.40 0.80 9.55 6.13 0.41 3.79
sample Depth (m) Ssu_lwa spyri(e sintramol. Sintermol. Z S SSU_'M spyrite Sintramol. Sin(ermol. Z S
wt. % wt. % wt. % wt. % % rel. % rel. % rel. % rel % rel. %
SAOS 177 37.6] 0.55 0.55 0.05 1.15 2.35 23.8 23.9 21 50.1 100
SAOS 177 37.6] 0.18 0.55 0.03 0.56 1.40 13.3 41.6 25 42.4 100
SACS 177 37.6] 0.87 0.56 0.05 1.29 2.77 31.4 20.2 2.0 46.5 100
Numbers 3 3 3 3 3 3 3 3 3 3
Average 0.53 0.55 0.05 1.00 2.17 22.86 28.57 2.20 46.32 100
Maximum 0.87 0.56 0.05 1.29 2.77 31.41 41.62 2.50 50.06 100
Minimmum 0.18 0.55 0.03 0.56 1.40 13.33 20.17 1.95 42.43 100
Stbw. 0.35 0.00 0.01 0.38 0.70 9.08 11.45 0.28 3.81
Sample Depth (m) S Spyri(e Sintramol. Sintermol. Z S S Spyrite Sintramol. Sin(ermol. Z S
wt. % wt. % wt. % wt. % % rel. % rel. % rel. % rel % rel. %
0OSP022 43.0f 0.35 0.06 0.00 1.74 2.15 16.3 2.7 0.1 80.9 100
OSP022 43.0) 0.26 0.14 0.09 1.76 2.25 11.5 6.2 4.1 78.2 100
0OSP022 43.0f 0.65 0.08 0.01 0.00 0.74 88.6 10.4 1.0 0.0 100
Numbers 3 3 3 3 3 3 3 3 3 3
Average 0.42 0.09 0.03 1.17 1.71 38.79 6.44 1.73 53.03 100
Maximum 0.65 0.14 0.09 1.76 2.25 88.58 10.40 4.06 80.86 100
Minimmum 0.26 0.06 0.00 0.00 0.74 11.51 2.74 0.11 0.00 100
Stbw. 0.21 0.04 0.05 1.01 0.85 43.18 3.84 2.06 45.95
Sample Depth (m) S p Spyrite Sintramol. Sintermol. Z S S p Spyrite Sintramol. Sintermol. Z S
wt. % wt. % wt. % wt. % % rel. % rel. % rel. % rel % rel. %
SAP 013 49.8] 0.38 0.01 0.00 0.00 0.39 97.8 1.7 0.4 0.0 100
SAP 013 49.8] 1.08 0.00 0.00 0.00 1.08 99.8 0.3 -0.1 0.0 100
SAP 013 49.8] 0.53 0.01 0.00 0.06 0.60 88.7 1.0 0.4 9.9 100
Numbers 3 3 3 3 3 3 3 3 3 3
Average 0.66 0.01 0.00 0.02 0.69 95.46 0.97 0.25 3.31 100
Maximum 1.08 0.01 0.00 0.06 1.08 99.85 1.70 0.45 9.93 100
Minimmum 0.38 0.00 0.00 0.00 0.39 88.69 0.25 -0.10 0.00 100
Stbw. 0.37 0.00 0.00 0.03 0.36 5.95 0.73 0.30 5.73

262




Appendix

Table 27 Sulphur isotopy (complete profile)

634Ssulphate 634spyrite 6Msintramol. 6‘."“’Sin(ermol.

Sample Depth (m) %] [l [%o] [%o]
SAMO012 0.0 -1.25 n.d. n.d. -2.64
SAMO009 0.6 -3.53 n.d. n.d. -2.14
SAMO008 0.8 -9.41 n.d. n.d. n.d.
SAMO007 1.0 -10.68 n.d. n.d. n.d.
Numbers 4 n.d. n.d. 2
Average -6.22 n.d. n.d. -2.39
Max -1.25 n.d. n.d. -2.14
Min -10.68 n.d. n.d. -2.64
SAOS001 3.0 3.97 -1.04
SAOS006 3.4 -4.38 -37.75 -1.54 -2.21
SA0S015 5.2 n.d. -38.57 -2.85 -2.79
SAOS016 5.4 -8.90 n.d. n.d. n.d.
SAOS018 6.0 -13.47 -39.01 7.02 -2.86
SAOS018 6.0 n.d. n.d. n.d. n.d.
SA0S021 6.4 -6.05 -35.81 -3.95 -2.13
SAOS035 9.2 -4.01 -37.27 -1.16 -1.64
SAOS039 10.0 -5.14 -37.83 -3.50 -2.41
SA0S045 11.2 -8.02 -38.42 -3.76 -2.68
SAOS050 12.0 -6.82 -38.33 -3.93 -2.76
SAO0S060 14.2 -14.91 -42.30 -5.26 -1.79
SAOS062 14.8 -12.48 -39.14 -7.44 -1.69
SAO0S070 16.2 -12.12 -38.09 -5.17 -0.69
SAO0S081 18.4 -11.75 -37.02 -5.65 -2.06
SAOS090 20.2 -14.92 -39.97 -5.68 -3.26
SAOS095 21.2 -11.64 -37.59 -6.06 -4.04
SAOS105 23.2 -12.39 -38.65 -6.48 -3.77
SAOS106 23.4 -10.14 -38.41 -4.87 -3.95
SAO0S110 24.2 -13.41 -39.03 -7.41 -4.75
SAOS116 25.4 -20.61 -42.33 -10.13 -5.39
SAO0S120 26.2 -13.85 -40.32 -6.1 -4.83
SA0S125 27.2 -13.27 -40.00 -5.58 -4.09
SAO0S130 28.2 -17.22 -39.46 -10.34 -3.77
SA0S132 28.6 -12.8 -38.62 -8.54 -4.61
SAO0S135 29.2 n.d. -39.37 n.d. n.d.
SAO0S135-136 29.2 -13.15 n.d. -7.59 n.d.
SAOS136 29.4 -11.85 -37.31 -6.14 -3.77
SAO0S140 30.2 -6.49 -39.06 -5.02 -4.3
SAOS150 32.2 -13.96 -39.70 -7.44 -4.05
SAOS165 35.2 -9.69 -34.65 -5 -1.28
SAO0S170 36.0 -13.52 -36.26 -7.31 -2.64
SAOS177 37.6 -15.76 -37.88 -6.71 -1.38
SA0S180 38.2 -0.87 -34.51 -7.32 -1.97
SAO0S185 39.2 -2.76 -30.49 -5.33 0.67
SA0S190 40.2 -0.07 -4.28 1.43
0OSP024 42.6 -2.19 -16.18 -6.43 -0.48
OSP022 43.0 -2.09 -16.37 -7 -0.34
0OSP020 43.4 -1.06 -17.61 -6.08 -3.86
OSP16d 44.2 -1.39 -24.33 -8.6 -1.68
Numbers 37 35 36 36
Average -9.17 -35.93 -5.52 -2.58
Max 3.97 -16.18 7.02 1.43
Min -20.61 -42.33 -10.34 -5.39
OSP013 44.80 -1.02 -32.13 n.d. -0.87
OSP006 46.20 n.d. n.d. -13.98 -5.42
OSP001 47.20 3.56 -17.21 14.92 -3.00
SAP013 49.80 -5.35 -23.46 n.d. -4.22
Numbers 3 3 2 4
Average -0.94 -24.27 0.47 -3.38
Max 3.56 -17.21 14.92 -0.87
Min -5.35 -32.13 -13.98 -5.42
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Sample Depth [m] Mg/Ca ViCa CriCa Mn/Ca FelCa ColCa Ni/Ca Cul/Ca Zn/Ca As/Ca Rb/Ca Sr/Ca Mo/Ca | Cd/Ca Ba/Ca Pb/Ca U/Ca
Benthic pmol/l pmol/l | pmol/l | pmol/l pmol/l pmol/l pmol/l pmol/l pmol/l pmol/l | pmol/l | pmol/l | pmol/l | pmol/l | pmol/l | pmol/l | pmol/l
SAMO11 0.2| 9355.27 86.90 | 135.74 | 67.93 241.69 0.02 8.02 4.15 67.15 0.27 0.00 833.48 0.18 0.26 3.71 0.94 0.84
SAMO007 1.0] 8127.99 7149 | 15413 | 67.97 762.66 0.14 10.20 7.45 41.00 1.16 0.30 939.90 3.27 0.81 7.18 2.37 1.14
SAOS001 3.0l 9116.29 69.95 | 126.02 | 94.22 640.69 0.10 12.97 1.87 49.98 1.09 0.00 861.12 0.26 0.33 5.28 0.37 1.29
SAO0S005 3.2| 10735.47 7748 | 121.82 | 97.97 1387.10 0.73 29.30 19.47 683.96 2.13 0.46 806.77 | 13.08 0.38 8.53 1.04 1.40
SAOS014 5.0/ 9660.11 71.62 | 132.71 | 91.23 | 4324.87 0.79 50.52 67.92 2449.26 1.86 0.31 843.53 1.85 0.66 6.36 3.31 2.01
SA0S021 6.4] 7662.95 57.65 92.65 79.42 | 2042.04 0.56 18.07 28.06 -43.41 19.90 0.26 | 1010.53| 0.79 0.49 6.88 3.30 1.04
SA0S022 6.6| 9537.54 78.03 | 101.10 | 81.59 1912.50 0.48 19.30 23.30 106.91 3.18 0.14 866.97 3.70 0.23 41.61 0.91 1.36
SA0S035 9.2| 7864.16 55.66 94.29 | 113.62 | 1929.41 1.00 18.51 18.07 -3.99 1.64 0.24 991.73 0.85 0.37 6.68 6.16 1.02
SA0S039 10.0] 9412.26 7610 | 12479 | 92.87 | 3286.92 0.81 29.36 40.10 74.10 2.31 0.15 899.18 1.29 0.33 5.94 3.1 1.60
SAOS045 11.2| 8846.93 70.37 | 133.85 | 120.86 | 3220.59 2.72 95.21 33.52 -9.99 2.36 1.03 934.23 2.86 0.38 6.38 3.22 1.32
SAOS050 12.2| 9220.55 70.99 | 112.89 | 67.45 650.73 0.35 20.53 21.13 456.39 0.62 -0.06 | 985.83 0.33 1.80 11.53 1.95 1.31
SA0S062 14.8] 9828.03 103.15 | 200.48 | 89.02 | 3740.88 0.75 36.34 27.78 67.59 2.33 0.35 845.74 2.05 0.82 6.67 1.79 1.54
SA0S070 16.2| 11065.43 110.51 | 590.29 | 120.28 | 5629.39 4.13 208.21 44.87 176.65 1.95 1.28 799.58 7.79 0.54 8.15 16.11 1.84
SAO0S080 18.2| 11374.13 105.50 | 22566 | 265.50 | 1013.36 1.35 147.64 | 291.16 944.04 0.31 16.27 | 752.41 | 16.89 5.01 52.79 71.15 1.47
SAOS090 20.2| 9344.46 109.17 | 194.89 | 97.78 | 4673.04 0.98 47.71 30.56 -89.58 5.77 -0.27 | 874.11 1.27 0.10 9.56 1.50 1.32
SAOS095 20.4| 16409.51 133.55 | 184.43 | 89.84 | 4398.31 1.74 88.90 63.18 -864.36 8.19 -6.28 | 825.15 | -12.80 -0.46 | -22.72 5.18 1.29
SA0S095 20.4| 16538.62 132.81 | 154.07 | 96.29 | 4379.49 1.73 85.80 62.83 | -1454.68 6.11 -5.36 | 82843 | -12.72 -0.45 | -19.26 5.16 1.28
SA0S120 26.2| 13813.30 130.19 | 183.31 | 100.57 | 1011.80 0.33 17.49 12.18 663.44 1.62 -0.06 | 662.48 0.47 0.05 4.08 1.77 1.85
SA0S125 27.2| 8820.31 83.30 | 161.81 | 100.86 | 864.06 0.37 21.20 16.24 146.61 0.74 -0.23 | 877.28 0.35 0.09 2.23 1.28 0.86
SAOS130* 28.2| 2954.17 131.67 | 158.56 | 223.27 | 14653.10 | 0.86 606.19 | 212.24 | 3930.73 24.46 -8.93 | 661.05 | 46.15 0.45 -12.97 2.21 1.92
SA0S132 28.6] 11414.60 149.42 | 232.46 | 113.00 | 5014.19 1.59 142.50 | 105.43 | 2142.40 1.88 -2.47 | 61548 | 10.99 0.83 7.85 2.37 1.18
SA0S136 29.4| 8308.45 100.49 | 186.93 | 179.32 | 4034.13 1.29 46.89 35.10 56.80 4.60 -0.36 | 859.37 3.08 0.18 5.39 7.52 1.22
SAQS140* 30.2| 8199.58 88.72 | 129.10 | 141.55 | 313247 1.52 133.13 | 19.67 62.55 3.33 -0.73 | 918.61 | 12.81 3.09 -6.93 -1.43 0.83
SAOS150 32.2| 7958.12 94.83 | 238.16 | 138.98 | 676.16 0.62 5.05 49.65 174.77 0.58 -0.14 | 933.26 5.61 0.57 8.15 0.17 0.71
SA0S165 35.2] 8994.32 190.34 | 514.41 | 99.07 603.59 0.44 18.47 10.24 -14.02 1.52 0.06 712.59 1.11 0.16 5.27 0.34 0.65
SA0S170 36.2| 8113.77 102.31 | 252.04 | 73.28 | 3488.25 0.67 50.96 33.94 126.51 573 -0.01 934.14 2.61 0.69 5.98 1.24 0.55
SAOS180* 38.2| 11666.51 77.79 | 3484.56 | 430.19 | -2743593| 0.00 |-3792.08| 402.89 | 50601.25 | 105.15 | -23.04 | 224.78 | 205.29 | -350.42 | -358.54 | -95.05 0.00
SAOS184 39.0] 7054.28 73.04 | 428.01 | 48.17 176.31 0.02 7.05 3.81 543.31 0.43 0.03 750.01 0.48 2.67 4.40 0.30 1.38
SAOS189* 40.0| 549092.26 | 308.36 | -367.03 | 1547.47 | -21228.79 | 196.29 |-4237.39 | -982.88 | 106136.41 | -200.71 | 724.04 | 257.43 | -295.39 | 69.46 | 6064.45| 926.71 -4.86
OSP030 41.4| 11123.45 40.93 | 211.07 | 148.64 158.19 0.08 9.53 5.96 80.22 0.06 -0.04 | 805.37 0.32 0.16 3.47 0.29 0.47
0OSP024 42.6] -1045.19 9199 | 15473 | -30.83 | 1834.94 0.00 126.27 | -76.63 | -8354.27 | 28.26 2.48 850.63 | 278.08 3.77 -20.04 -4.09 0.00
Average 9988.47 94.07)| 203.38| 105.22| 2317.71 0.91 47.91 40.69 252.73 3.01 0.21| 848.03 2.15 0.65 7.39 5.49 1.23
Stbw. 3173.80 32.41] 122.14 49.45| 1739.73 0.92 52.53 59.83 1814.26 6.26 3.65 94.88 53.44 1.22 14.80 13.65 0.45
%RSD 31.77 34.45 60.05 46.99 75.06| 100.17| 109.63| 147.03 717.85| 207.84| 1698.22 11.19| 2482.08| 186.62| 200.31| 248.51 36.56
Detection limit 2.9 0.03 0.03 0.05 0.74 0.01 0.26 0.18 2.06 0.09 0.07 0.03 0.12 0.19 0.06 0.02

Sample weight below 50ug*
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Sample Depth[m] | Mg/Ca ViCa CriCa Mn/Ca FelCa ColCa Ni/Ca CulCa Zn/Ca As/Ca | Rb/Ca | Sr/iCa | Mo/Ca | Cd/Ca Bal/Ca Pb/Ca U/Ca
(p/mol) (u/mol) | (p/mol) | (u/mol) (p/mol) (p/mol) | (u/mol) (p/mol) (p/mol) (p/mol) | (u/mol) | (u/mol) | (W/mol) | (p/mol) (p/mol) (p/mol) | (p/mol)
SAMO11 0,2| 11260.16 94.73 180.56 86.53 215.26 0.08 5.41 3.19 94.59 0.43 0.14 567.43 0.71 0.23 2.10 0.63 1.23
SAMO007 1.0[ 10679.30 84.83 | 143.53 | 82.83 1570.02 0.21 17.28 5.52 -25.01 3.01 0.19 695.90 1.32 0.19 5.34 2.97 1.61
SAO0S001 3.0 11533.79 79.20 | 116.72 | 99.06 1456.17 0.17 14.57 3.59 -65.84 1.92 0.26 651.43 0.27 0.40 3.95 3.29 1.81
SAOS005 3.2| 36074.13 22462 | 190.20 | 374.17 | 29216.60 23.04 693.91 1019.25 | 9549.81 23.30 61.26 | 433.81 | -12.13 | 37.95 289.49 -2.81 2.44
SAOS014 5.0) 12129.56 79.77 | 143.37 | 105.53 1273.93 0.54 44.75 25.02 17.15 1.52 0.16 569.06 2.36 0.16 3.46 1.93 2.85
SA0S021 6.4| 18736.93 143.17 | 208.39 180.07 8575.04 273 142.30 143.73 -80.92 13.82 242 669.84 -2.16 1.43 17.76 9.99 1.45
SAO0S035 9.2 8847.98 57.88 77.65 116.08 9901.63 2.18 65.52 113.96 -230.34 4.81 1.69 1263.54 2.76 0.07 21.76 10.44 0.91
SAO0S039 10.0] 12189.13 95.19 144.07 162.88 5735.22 1.41 54.25 55.34 270.51 0.00 3.65 624.40 -4.56 0.19 8.33 3.31 2.62
SAOS039 9.8| 15422.66 140.79 | 189.19 [ 121.00 1946.78 0.66 32.21 19.04 -211.51 0.45 0.78 675.63 0.00 0.05 16.00 0.81 1.83
SAOS045 11.2) 12213.46 85.62 | 116.87 | 112.50 9673.04 0.91 57.06 72.08 285.14 5.96 1.74 778.14 1.29 0.15 13.04 27.06 1.35
SAO0S050 12.2] 13774.36 11593 | 187.12 117.58 2425.78 0.23 59.41 8.51 1366.09 4.33 1.42 467.95 -1.27 -0.24 6.89 4.30 2.73
SAOS062 14.8]| 33588.42 189.29 | 222.52 | 313.11 22685.03 9.16 224.76 135.95 -342.11 0.00 43.32 | 452.53 | 282.22 6.86 44.38 39.09 5.83
SA0S070 16.2] 13699.01 11717 | 176.79 99.89 4245.92 0.92 41.95 24.79 -49.53 3.87 0.31 641.31 2.80 0.21 6.99 6.68 1.94
SAOS080 18.2| 13391.11 139.68 | 276.09 | 271.79 4341.64 0.93 63.62 34.02 -52.43 4.68 -0.16 | 595.39 2.96 0.31 7.06 10.93 1.92
SA0S090 20.2| 11034.03 221.36 | 200.74 | 290.85 -803.55 3.83 186.09 0.51 -970.59 0.00 -4.52 | 389.75 | -2.01 -0.57 17.83 -1.87 2.84
SAOS106 23.4| 13075.26 115.09 | 156.13 [ 110.77 1398.90 0.53 25.94 31.15 83.96 2.06 0.12 587.09 0.86 0.07 3.80 0.83 1.34
SAOS116 25.4| 13848.03 157.30 | 273.93 | 107.35 1367.35 0.41 35.87 22.54 -86.23 1.36 -0.51 603.65 5.90 0.09 2.93 1.40 1.92
SA0S120 26.2| 8615.96 82.20 | 169.32 | 78.48 1502.39 0.59 30.46 24.17 -13.54 1.95 -0.13 [ 916.12 1.13 0.11 4.65 10.46 1.04
SAOS130* 28.2| -1395639.65 | 1263.82 | -4153.85 | -2475.43 | 1161396.60 | 950.28 | 47844.61 | 22407.55 | 214100.02 | 3523.76 | -842.40 | -456.52 | 4002.50 | 284.67 | -291.27 | -463.32 | 0.00
SAOS132 28.6| 12840.09 178.97 | 273.11 [ 111.35 1769.84 0.81 25.75 18.72 133.10 1.65 0.02 611.63 1.00 3.92 10.30 1.80 1.23
SAOS136 29.4] 15489.73 171.68 | 303.71 199.56 8333.57 3.56 123.80 71.65 28.30 8.64 -0.01 763.93 4.84 0.21 8.76 5.31 1.70
SA0S140 30.2] 14019.38 194.64 | 320.62 129.55 549.48 0.95 47.73 19.35 429.22 1.79 -0.59 462.17 4.55 0.05 10.67 1.13 1.41
SAOS150 322 11016.57 237.35 | 905.03 | 147.62 4168.80 5.19 265.59 34.00 72.83 3.42 -1.75 | 493.63 5.56 0.25 1.76 1.03 1.70
SAOS170 36.2| 12820.76 149.71 | 347.00 | 116.07 625.63 1.09 181.67 220.64 5821.90 5.23 13.84 | 529.56 | 16.48 4.49 39.38 15.49 0.89
SA0S184* 39.0[ 6297.02 164.74 | 338.50 | 163.99 | 43542.60 4.25 646.03 582.19 -446.52 34.52 049 |1288.19| 11.30 1.48 |121710.64 | 10.07 1.75
Average 14621.73| 137.22| 231.42| 153.68 5311.93 2.61 106.08 91.60 696.72 4.09 5.38| 628.00 13.69 2.46 23.77 6.70 1.94
Stbw. 6744.38 52.48| 162.50 81.56 7284.67 4.92 147.12 209.65 2309.62 5.25 15.39| 185.15 58.75 7.94 58.96 9.65 1.04
%RSD 46.13 38.25 70.22 53.07 137.14] 188.25 138.69 228.88 331.50| 128.30| 286.19| 29.48| 429.15| 322.76 248.11 143.98 53.39
Detection limit 2.9 0.03 0.03 0.05 0.74 0.01 0.26 0.18 2.06 0.09 0.07 0.03 0.12 0.19 0.06 0.02

Sample weight below 50ug*
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Guogavelin
ella
Mg* \ Cr Mn Fe Co Ni Cu Zn As Rb Sr Mo cd Ba Pb u (Benthic)
Mg* 1.00 0.30 0.15 0.22 0.24 0.26 0.45 0.32 0.43 -0.19 0.25 -0.59 0.33 0.02 0.36 0.23 0.44 0.14
\4 0.30 1.00 0.65 0.18 0.42 0.40 0.51 0.44 0.14 0.17 -0.15 -0.49 0.56 0.12 0.20 0.06 0.08 -0.15
Cr 0.15 0.65 1.00 0.23 0.05 0.08 0.19 0.20 0.24 -0.28 -0.09 -0.61 0.19 0.15 -0.17 -0.15 -0.11 -0.29
Mn 0.22 0.18 0.23 1.00 0.05 0.51 0.29 0.24 -0.06 -0.19 -0.08 -0.18 0.42 -0.14 -0.09 0.13 -0.23 -0.23
Fe 0.24 0.42 0.05 0.05 1.00 0.78 0.75 0.68 0.00 0.67 0.05 0.03 0.48 0.09 0.24 0.57 0.40 -0.22
Co 0.26 0.40 0.08 0.51 0.78 1.00 0.83 0.68 -0.01 0.42 0.19 0.00 0.71 0.22 0.26 0.59 0.30 -0.45
Ni 0.45 0.51 0.19 0.29 0.75 0.83 1.00 0.64 0.22 0.38 0.15 -0.15 0.64 0.32 0.21 0.54 0.37 -0.32
Cu 0.32 0.44 0.20 0.24 0.68 0.68 0.64 1.00 0.35 0.23 0.15 -0.03 0.64 0.33 0.50 0.58 0.36 -0.30
Zn 0.43 0.14 0.24 -0.06 0.00 -0.01 0.22 0.35 1.00 -0.49 0.10 -0.44 0.35 0.53 0.24 0.08 0.35 0.25
As -0.19 0.17 -0.28 -0.19 0.67 0.42 0.38 0.23 -0.49 1.00 -0.04 0.38 0.27 -0.13 0.09 0.20 0.07 -0.09
Rb 0.25 -0.15 -0.09 -0.08 0.05 0.19 0.15 0.15 0.10 -0.04 1.00 -0.08 0.18 0.16 0.34 0.46 0.59 -0.40
Sr -0.59 -0.49 -0.61 -0.18 0.03 0.00 -0.15 -0.03 -0.44 0.38 -0.08 1.00 -0.23 -0.07 0.08 0.06 -0.27 -0.19
Mo 0.33 0.56 0.19 0.42 0.48 0.71 0.64 0.64 0.35 0.27 0.18 -0.23 1.00 0.40 0.41 0.19 0.26 -0.13
cd 0.02 0.12 0.15 -0.14 0.09 0.22 0.32 0.33 0.53 -0.13 0.16 -0.07 0.40 1.00 0.22 0.08 0.24 -0.14
Ba 0.36 0.20 -0.17 -0.09 0.24 0.26 0.21 0.50 0.24 0.09 0.34 0.08 0.41 0.22 1.00 0.39 0.41 0.16
Pb 0.23 0.06 -0.15 0.13 0.57 0.59 0.54 0.58 0.08 0.20 0.46 0.06 0.19 0.08 0.39 1.00 0.50 -0.41
U 0.44 0.08 -0.11 -0.23 0.40 0.30 0.37 0.36 0.35 0.07 0.59 -0.27 0.26 0.24 0.41 0.50 1.00 0.00
6“0gavelinella
(Benthic) 0.14 -0.15 -0.29 -0.23 -0.22 -0.45 -0.32 -0.30 0.25 -0.09 -0.40 -0.19 -0.13 -0.14 0.16 -0.41 0.00 1.00
5C (Benthic) -0.18 -0.79 -0.74 -0.21 0.01 0.09 -0.12 -0.15 -0.17 0.28 0.68 0.60 -0.18 -0.06 0.21 0.54 0.39 -0.16
Communali
Benthic (final) Factor 1 Factor 2 Factor 3 ty Factor 1 Factor 2 Factor 3 Multiple Eigenvalue | Eigenvalue| % Total Kumul Kumul.
Pb 0.93 0.21 0.17 Ni 0.10 0.87 0.94 0.94 1 4.6 50.8 4.6 50.8
Cu 0.89 0.20 0.28 Pb 0.86 0.91 0.94 0.92 2 1.6 18.0 6.2 68.8
Cd 0.80 0.10 -0.08 Co 0.00 0.93 0.94 0.91 3 1.2 12.9 7.4 81.7
Ba 0.78 -0.15 0.25 Cu 0.80 0.84 0.92 0.90
Mn 0.74 0.31 0.15 Cd 0.64 0.65 0.65 0.79
Co 0.04 0.97 0.07 Ba 0.61 0.63 0.69 0.68
Ni 0.31 0.88 0.26 Mn 0.55 0.65 0.67 0.66
Mg* 0.23 0.27 0.83 Mg* 0.05 0.12 0.81 0.64
Sr -0.10 -0.05 -0.88 Sr 0.01 0.01 0.78 0.45
Expl. Var 3.62 2.00 1.74
Total 0.40 0.22 0.19
0.82

labelled values are significant at level p>0.05
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\'J Cr Mn Fe Co Ni Cu As Rb Sr Mo Ba Pb

\'/ 1.00 0.87 0.67 -0.05 0.68 0.59 0.11 0.06 -0.50 -0.49 0.34 0.34 -0.29
Cr 0.87 1.00 0.54 -0.08 0.56 0.56 0.24 0.23 -0.43 -0.45 0.55 0.22 -0.08
Mn 0.67 0.54 1.00 0.30 0.79 0.83 0.39 0.23 -0.16 -0.34 -0.04 0.55 0.05
Fe -0.05 -0.08 0.30 1.00 0.31 0.27 0.59 0.63 0.36 0.62 -0.09 0.19 0.62
Co 0.68 0.56 0.79 0.31 1.00 0.85 0.54 0.25 -0.18 -0.14 0.16 0.54 0.14
Ni 0.59 0.56 0.83 0.27 0.85 1.00 0.54 0.42 -0.06 -0.31 0.19 0.48 0.25
Cu 0.11 0.24 0.39 0.59 0.54 0.54 1.00 0.63 0.39 0.30 0.30 0.34 0.64
As 0.06 0.23 0.23 0.63 0.25 0.42 0.63 1.00 0.34 0.36 0.28 0.33 0.70
Rb -0.50 -0.43 -0.16 0.36 -0.18 -0.06 0.39 0.34 1.00 0.32 -0.31 0.28 0.57
Sr -0.49 -0.45 -0.34 0.62 -0.14 -0.31 0.30 0.36 0.32 1.00 -0.07 0.04 0.57
Mo 0.34 0.55 -0.04 -0.09 0.16 0.19 0.30 0.28 -0.31 -0.07 1.00 -0.12 0.14
Ba 0.34 0.22 0.55 0.19 0.54 0.48 0.34 0.33 0.28 0.04 -0.12 1.00 0.43
Pb -0.29 -0.08 0.05 0.62 0.14 0.25 0.64 0.70 0.57 0.57 0.14 0.43 1.00
Planktic
(final) Factor 1 Factor 2 Factor 1 Factor 2 Factor 3 Multiple Eigenvalue | Eigenvalue % Total Kumul. Kumul.
Co 0.92 -0.02 Ba 0.05 0.82 0.96 1 3.5 44.3 3.5 44.3
Ni 0.91 0.31 Ni 0.83 0.93 0.96 2 2.9 36.7 6.5 81.0
\ 0.90 -0.10 Rb 0.02 0.84 0.96
Cr 0.85 -0.05 Cr 0.73 0.73 0.94
Cu 0.21 0.94 Vv 0.81 0.82 0.94
Rb -0.12 0.91 Co 0.85 0.85 0.93
Ba 0.23 0.87 Cu 0.05 0.93 0.92
Pb -0.21 0.71 Pb 0.05 0.55 0.65
Expl. Var 3.38 3.09
Total 0.42 0.39

Summe 0.81

labelled values are significant at level p>0.05
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