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Abstract 
The Canadian oil sand region, located in the northern part of the province 

Alberta, holds the third largest oil reserves in the world with an estimated volume 

of 173 billion barrels of heavily biodegraded petroleum. Surface mining of oil 

sand deposits which are situated in low depth, has a huge impact on the 

surrounding environment due to the removement of vegetation, surface soils, and 

subsurface geological material (overburden). In 2011, an area of around 600 km2 

was affected by oil sands mining. However, not only the mining process itself is 

an issue of growing public and environmental concern, also by-products resulting 

from the oil sand extraction with hot water cause additional environmental 

problems. The extraction water and residual oil are stored in tailings ponds, which 

surpass approximately 180 km2. The environmental impact of oil sand exploration 

and further processing is not only of growing concern regarding soil and 

vegetation removement but also pollution of the surrounding compartments soil, 

water and air, and the deterioration of the landscape and the ecosystem function 

are major problems. 

For landscape reconstructions the major solid waste or residual products of oil 

sand extraction, the coarse tailings sands, the mature fine tailings and the removed 

overburden are used. According to soil remediation standards, these reclamation 

sites should support a healthy plant community that will evolve towards an 

ecosystem comparable to that existing prior to disturbance. For a successful 

recultivation of the disturbed land into its natural environment soil and plant 

community development needs to be understood. Within the last decades 

especially soil structure, affected water, and plant growth and diversity have been 

studied for reclamation areas in Alberta. In contrast only little is known about the 

occurrence of residual oil-sand-derived organic matter, which is a contaminant in 

the soils from reclamation sites, and its possible fate with increasing age. 

The goal of this thesis is to understand how the initial organic matter 

composition of the oil sands evolves during oil sand processing and to gain 

information on the proportion, fate and type of oil-sand-derived organic matter in 

the developing soils on reclamation sites. Additionally the reactions of plants and 

microbial communities in terms of composition and adaptation to oil 

contamination of the growth substrate used for recultivation are studied. 
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To assess the influence of oil sand processing and the progress of reclamation, 

field samples consisting of original oil sand material, mature fine tailings from a 

tailings pond and from drying cells of different ages as well as a variety of 

reclamation site samples were analyzed regarding biogeochemical parameter such 

as biomarkers, nitrogen, sulphur and oxygen (NSO) compounds, pore water ion 

concentrations, cell counts and microbial community structure. 

Oil sand related compounds are found in all samples from each step of the 

process chain. By comparing selected biomarkers and biomarker ratios from the 

different sample types it is shown that neither heat nor biological processes in 

tailings ponds, drying cells or reclamation sites have altered the composition of 

organic matter constituents to any significant extent. This demonstrates the 

resistance of the analyzed biomarkers against the extraction processes and 

biodegradation. Contrary to the oil-related biomarkers, changes in PAH 

abundances and patterns in the mature fine tailings and especially in the 

reclamation samples are observed, indicated by a loss or depletion of 

naphthalenes, phenanthrenes and chrysenes. These specific oil-derived organic 

constituents seem to be utilized as carbon/energy sources by microorganisms in 

the reclamation samples, leading to a reduction of hazardous substances in the 

developing soils. Designated cell abundances on reclamation sites are up to ten 

times higher compared to the original oil sand material. Here nitrate and roots in 

the newly developing soil seem to be the most important stimulants for microbial 

growth. 

In addition to the oil-sand-derived hydrocarbons, heteroatom-containing 

compounds were analyzed by ultra-high-resolution mass spectrometry regarding 

process-related changes of polar organic compounds. Based on bulk compound 

class distributions specific compositional features were identified that are related 

to the different steps of the process chain. As an example oxygen containing 

compounds like naphthenic acids are most pronounced in the oil sand samples and 

decrease along the process chain, whereas saturated fatty acids are most abundant 

in reclamation samples and represent their increasing input into the developing 

soils. These fatty acids are related to a microbial and cuticular wax origin. In 

contrast to the O2 class the N1 class decreases from the oil sand samples to the 

reclamation samples. This class is dominated by pyrrolic nitrogen compounds 

such as carbazoles, benzocarbazoles and dibenzocarbazoles, respectively. Detailed 
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analysis of the N1 class shows that the reclamation samples do not contain any 

unique N1 compound and an almost invariant double bond equivalent distribution 

along the process chain. This implies that all nitrogen-containing constituents 

must derive from the oil sand, which makes them sensitive tracers of oil-sand-

derived organic material even in soils from relatively old reclamation sites. 

A greenhouse experiment was set up to investigate effects of the different 

reclamations substrates on plants and soil microbial community by characterizing 

the phospholipid fatty acid composition of substrate and root material. Therefore 

three different reclamation substrates and two different plant species (Elymus 

trachycaulus and Lotus corniculatus) were analyzed. The analysis of the 

phospholipid fatty acid profiles in the substrates shows an enrichment of Gram-

negative bacteria especially in the tailings sand/mature fine tailings substrates 

containing residual oil-sand-derived organic matter. These bacteria seem to be 

capable of surviving high amounts of hydrocarbon contamination, even though 

oil-sand-derived organic compounds are very resistant to biodegradation and do 

not serve as a good carbon and/or energy source. In contrast phospholipid fatty 

acid data reveal that the development of fungi in the substrate is inhibited by oil-

sand-derived organic matter. The two plant types respond differently to the 

substrates. The phospholipid fatty acid inventory indicates a significantly higher 

fungal biomass and a generally higher microbial biomass for all growing 

substrates in the Lotus corniculatus roots. These results show that not only the 

substrate itself but especially the plant type influences the proportion of bacteria 

to mycorrhizal fungi and that the plant Lotus corniculatus might be a favourable 

pioneering plant for oil sand reclamation sites. 

It can be concluded, that the establishment of reclamation sites that evolve 

towards an ecosystem existing prior to mining operations is very challenging. 

Mature fine tailings and tailings sands show only slight to no changes of oil-sand-

derived hydrocarbons and NSO compounds before they are used as reclamation 

substrates. As soon as the tailings sands are used in landscape reconstruction, 

specific oil-sand-derived pollutants were degraded by an active and specified 

microbial community. With increasing age of the sites the oil-sand-derived 

pollutants decrease and the input of exogenous organic material, mainly derived 

from plants and trees increases, which supports the aspired ecosystem restoration. 

However, recalcitrant pyrrolic nitrogen compounds were found on all reclamation 
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sites and thus serve as an efficient and sensitive tool to detect even highly diluted 

petroleum residues in soils or other types of contaminated environmental samples. 
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Kurzfassung 
Die kanadische Ölsand-Region im Norden der Provinz Alberta beheimatet, mit 

einem geschätzten Volumen von 173 Milliarden Barrel stark biodegradiertem 

Erdöl, die drittgrößte Ölreserve der Welt. Dabei hat die Förderung der 

oberflächennahen Bitumenvorkommen durch den Tagebau große negative 

Auswirkungen auf die Umwelt, da unter anderem Böden und Vegetation entfernt 

werden müssen. Doch nicht nur der Abbauprozess selbst ist ein Thema 

wachsender öffentlicher und ökologischer Besorgnis. Nebenprodukte aus der 

Ölsandextraktion verursachen zusätzliche Umweltprobleme, da Extraktionswässer 

und Reste des extrahierten Öls in Absetzbecken, die mittlerweile eine Fläche von 

180 km2 übertreffen, gespeichert werden müssen. Auch die Kontamination der 

umgebenden Umweltkompartimente Boden, Wasser und Luft ist ein Thema 

laufender Debatten. 

Für die Landschaftsrekonstruktionen werden die Hauptabfallprodukte bzw. 

Restprodukte der Ölsandgewinnung wie „tailings sands“, „mature fine tailings“ 

und der Abraum aus dem Tagebau verwendet. Nach den kanadischen 

Bodensanierungsstandards sollten Rekultivierungsflächen das Wachstum einer 

gesunden Pflanzengemeinschaft unterstützen, die sich zu einem Ökosystem 

vergleichbar dem vor der Zerstörung entwickelt. In den letzten Jahrzehnten 

wurden vor allem Bodenstrukturen, Pflanzenwachstum und –vielfalt, aber auch 

kontaminiertes Wasser untersucht. Im Gegegensatz zu diesen Untersuchungen ist 

über die Abundanz von organischen Substanzen aus dem Ölsand, die in den 

Böden der Rekultivierungsflächen als Kontaminanten fungieren, nur wenig 

bekannt. 

Das Ziel dieser Arbeit ist es, den Anteil, das Schicksal und die Art der 

organischen Substanzen in den sich entwickelnden Böden zu verstehen. 

Außerdem gilt es Informationen über die strukturelle und molekulare 

Zusammensetzung, der aus dem Ölsand stammenden organischen Verbindungen 

zu gewinnen. Zusätzlich wird die Reaktion von Pflanzen und der mikrobiellen 

Gemeinschaften, bezüglich ihrer Zusammensetzung und der Anpassung an 

Ölverschmutzung im Rekultivierungssubstrat, untersucht. 

Um den Einfluss der Ölsandverarbeitung und den Fortschritt der Rekultivierung 

zu bewerten werden Feldproben, bestehend aus original Ölsandmaterial, MFTs 

aus einem Absetzbecken und aus Entwässerungszellen unterschiedlichen Alters 
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sowie eine Vielzahl von Rekultivierungsproben bezüglich biogeochemischer 

Parameter wie Biomarker, Stickstoff-, Schwefel- und Sauerstoff- (NSO) 

Verbindungen, Porenwasserionenkonzentrationen, Zellzahlen und mikrobieller 

Gemeinschaftsstruktur analysiert. 

In allen Proben aus der Ölsandprozesskette wurden organische Verbindungen, 

welche aus dem Ölsand stammen, nachgewiesen. Durch den Vergleich 

ausgewählter Biomarker und Biomarker-Verhältnisse aus den verschiedenen 

Probentypen wird gezeigt, dass weder Wärme noch biologische Prozesse in den 

Absetzbecken, Trockenzellen oder Rekultivierungsflächen, die Zusammensetzung 

des organischen Materials in nennenswertem Umfang verändert. Dies zeigt, dass 

diese organischen Verbindungen im allgemeinen sehr beständig gegen die 

industriellen Extraktionsverfahren und den biologischen Abbau sind. Im 

Gegensatz zu den ölbezogenen Biomarkern werden Veränderungen der PAK-

Abundanz und Zusammensetzung in den „mature fine tailings“ und insbesondere 

in den Rekultivierungsproben beobachtet. Durch den Verlust bzw. die 

Abreicherung von Naphthalinen, Phenanthrenen und Chrysenen wird jene 

Veränderung deutlich. Diese spezifischen organischen Ölbestandteile scheinen als 

Kohlenstoff/Energiequellen von Mikroorganismen auf den 

Rekultivierungsflächen genutzt zu werden, was zu einer Reduzierung von 

gefährlichen Stoffen in den sich entwickelnden Böden führt. Im Vergleich zum 

ursprünglichen Ölsandmaterial sind die Zellzahlen auf den Rekultivierungsflächen 

bis zu zehnmal höher. Hier scheinen Nitrat und Wurzeln die wichtigsten 

Stimulanzien für das mikrobielle Wachstum in den Böden zu sein. 

Zusätzlich zu den Ölsand-Kohlenwasserstoffen wurden heteroatomhaltige 

Verbindungen, mittels ultrahochauflösender Massenspektrometrie, bezüglich 

prozessbedingter Veränderungen der polaren organischen Verbindungen 

analysiert. Die Ergebnisse zeigen, dass Sauerstoffverbindungen wie 

Naphthensäuren in den Ölsandproben am höchsten konzentriert sind und entlang 

der Prozesskette abnehmen, während gesättigte Fettsäuren in den 

Rekultivierungsproben am häufigsten auftreten. Diese Fettsäuren stammen aus 

Mikroorganismen und Pflanzenwachsen und zeigen deren zunehmenden Eintrag 

in die Rekultivierungsböden. Im Gegensatz zur O2-Klasse nimmt die N1-Klasse 

von den Ölsandproben zu den Rekultivierungproben ab. Diese Klasse wird von 

pyrrolischen Stickstoffverbindungen, wie Carbazolen, Benzocarbazolen und 
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Dibenzocarbazolen dominiert. Eine detaillierte Analyse dieser N1-Klasse zeigt, 

dass die Rekultivierungsproben keine einzigartigen N1-Verbindungen und eine 

nahezu invariante Doppelbindungsäquivalentverteilung zeigen. Dies bedeutet, 

dass alle stickstoffhaltigen Verbindungen aus dem Ölsand stammen müssen. 

Damit sind diese N1-Verbindungen empfindliche Tracer für aus dem Ölsand 

stammendem organischen Material, das gilt sogar für relativ alte 

Rekultivierungsflächen. 

Nach der detaillierten Analyse der Rekultivierungssubstrate bezüglich ihres 

organischen Materials wurde ein Gewächshausexperiment vorbereitet, um 

Veränderungen in der Phospholipidfettsäurezusammensetzung der Substrate und 

des Wurzelmaterials zu untersuchen. Dafür wurden drei verschiedene 

Rekultivierungssubstrate und zwei verschiedene Pflanzenarten (Elymus 

trachycaulus und Lotus corniculatus) verwendet. Die Analyse der 

Phospholipidfettsäureprofile aus den Substraten zeigt eine Anreicherung von 

Gram-negativen Bakterien, insbesondere in den „tailings sand/mature fine 

tailings“ Substraten, welche den höchsten Anteil an Ölsandrückständen enthalten. 

Diese Bakterien scheinen in der Lage zu sein hohe Konzentrationen an 

Kohlenwasserstoffverunreinigung überleben zu können, obwohl diese 

organischen Verbindungen sehr widerstandsfähig gegen biologischen Abbau sind 

und nicht als gute Kohlenstoff- und/oder Energiequelle dienen. Im Gegensatz 

dazu zeigen die Phospholipidfettsäuredaten, dass die Entwicklung von Pilzen in 

dem Substrat mit hohem Ölsandrückstandsanteil stark gehemmt wird. Die beiden 

verschiedenen Pflanzenarten reagieren unterschiedlich auf die Substrate. Das 

Phospholipidfettsäureinventar zeigt eine deutlich höhere Pilzbiomasse und eine 

allgemein höhere mikrobielle Biomasse für alle Substrattypen in den Lotus 

corniculatus-Wurzeln. Diese Ergebnisse zeigen, dass nicht nur das Substrat selbst, 

sondern vor allem der Pflanzentyp den Anteil von Bakterien zu Mykorrhizapilzen 

beeinflusst. Nach diesen Ergebnissen wäre Lotus corniculatus als Pionierpflanze 

für diese Rekultivierungssubstrate besser geeignet. 

Zusammenfassend kann gesagt werden, dass die Errichtung von 

Rekultivierungsflächen, die sich zu Ökosystemen vergleichbar mit denen vor dem 

Ölsandabbau entwickeln, eine große Herausforderung ist. Die 

Rekultivierungssubstrate „mature fine tailings“ und „tailings sands“ zeigen nur 

eine geringe bis gar keine Veränderung der Ölsand-Kohlenwasserstoffe und NSO-
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Verbindungen, bevor diese als Rekultivierungssubstrate verwendet werden. 

Sobald die „tailings sands“-Substrate in der Landschaftsrekonstruktion 

Verwendung finden, werden spezifische Ölsand-Schadstoffe durch eine aktive 

und spezialisierte mikrobielle Gemeinschaft abgebaut. Mit zunehmendem Alter 

der Flächen nimmt der Anteil der Schadstoffe ab und ein Eintrag von exogenem 

organischen Material, das hauptsächlich von Pflanzen und Bäumen stammt, 

nimmt zu. Dieser Eintrag von frischem rezenten Material unterstützt die erstrebte 

Ökosystemrestaurierung. Allerdings werden schwer abbaubare pyrrolische 

Stickstoffverbindungen auf allen beprobten Rekultivierungsflächen gefunden, was 

diese zu effizienten und empfindlichen Markern macht, die sogar stark verdünnte 

Erdölrückstände in Böden oder anderen Arten von Umweltproben anzeigen. 
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Abbreviations 
ASE Accelerated Solvent Extraction 

B[a]A Benz[a]anthracene 

CCA Canonical correspondence analysis 

Chrys Chrysene 

cP Centipoise 

DCM Dichloromethane 

DBE Double bond equivalent 

EOPI Even-over-Odd preference index 

ESI Electrospray ionization 

FT-ICR-MS Fourier transform-ion cyclotron resonance-mass spectrometry 

GC-MS Gas chromatography-mass spectrometry 

HC Hydrocarbon 

HI Hydrogen index 

HPLC High performance liquid chromatography 

MFT Mature fine tailing 

MPLC Medium pressure liquid chromatography 

m/z Mass/charge 

NOM Natural organic matter 

NSO compounds nitrogen, sulphur and oxygen compounds 

OI Oxygen index 

OS Oil sand 

PAH Polycyclic aromatic hydrocarbon 

PI Production index 

PLFA Phospholipid fatty acid 

pMFT Processed mature fine tailing 

PMM Peat-mineral mix 

T Tesla 

TOC Total organic carbon 

TOE Total organic extract 

TS Tailings sand 

uMFT Unprocessed mature fine tailing 

uTS Uncovered tailings sand 

WCSB Western Canada Sedimentary Basin 
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1 INTRODUCTION 

1.1 Objectives and outline 

The rate at which land is being disturbed by industrial operations is increasing 

rapidly on a global scale. Thus, one of the most challenging problems of the 21st 

century is to reclaim disturbed land all over the world. For a successful 

recultivation of disturbed land into its natural environment soil and plant 

community development needs to be understood. After large scale disturbances 

such as oil sands mining and production in Canada research focuses on early 

ecosystem development including the re-establishment of abiotic and biotic 

structures. Especially, soil structure, affected water, and plant growth and 

diversity have been studied over the last decades. The identification of these 

essential components of ecosystem development, and how the associated 

processes can be influenced by land reclamation techniques will help to enhance 

natural amelioration. To develop a sustainable boreal landscape in oil sands areas, 

different land types like uplands, wetlands and lakes have to be reclaimed. 

The present thesis was conducted within the framework of the Helmholtz-

Alberta-Initiative (HAI) in the project theme “land reclamation and landscape 

development”. In contrast to soil structure, affected water, and plant growth and 

diversity, only little is known about the occurrence of residual oil-sand-derived 

organic matter, which is a contaminant in the soils of the reclamation sites, and its 

possible fate with increasing age. To understand the proportion, fate and type of 

organic matter in the developing soils the main questions addressed within the 

scope of this thesis are:  

 

 How does the initial organic matter composition of the oil sands evolve 

during oil sand processing? 

 What is the fate of oil-sand-derived organic matter on reclamation sites? 

 How can advanced analytical tools be used to characterize and evaluate the 

structural and molecular composition of oil-sand-derived organic 

compounds
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 How do plants and the indigenous microbial communities from 

reclamation sites react in terms of composition and/or adaptation to oil 

contamination of the growth substrate? 

 

This cumulative thesis addresses the above mentioned objectives in chapters 2, 3 

and 4. Chapter 2 and 3 are already published and Chapter 4 is a submitted 

manuscript. 

In Chapter 2 –Tracing biogeochemical and microbial variability over a 

complete oil sand mining and recultivation process– 29 field samples consisting 

of oil sand, unprocessed and processed MFTs and covered tailings sand samples 

from reclamation sites were analyzed regarding changes in their organic 

geochemistry, pore water chemistry and microbial community structure. The 

influence of the process steps: oil sand processing, tailings dewatering and 

compaction, and initial reclamation on these characteristics were estimated. Oil 

sand related compounds are found in all samples from each step of the process 

chain down to the maximum investigated depth of 70 cm. By comparing selected 

biomarkers and biomarker ratios from the different sample types it is shown that 

neither heat nor biological processes in tailings ponds or drying cells have altered 

the composition of organic matter constituents to any significant extent. This 

implies that these organic compounds are generally very resistant against the 

extraction processes and biodegradation. Contrary to the oil-related biomarkers, 

changes in PAH abundances and patterns in the pMFT and especially in the TS 

samples are observed, indicated by a loss or depletion of naphthalenes, 

phenanthrenes and chrysenes. These specific oil-derived organic constituents 

seem to be utilized as carbon/energy sources by microorganisms in the TS 

samples, leading to a reduction of hazardous substances in the developing soils. 

Designated cell abundances on reclamation sites are up to ten times higher 

compared to the original oil sand material. Here nitrate and roots in the newly 

developing soil seem to be the most important stimulants for microbial growth. 

Chapter 3 –Detection of residual oil-sand-derived organic material in developing 

soils of reclamation sites by ultra high resolution mass spectrometry– describes 

the analysis of selected samples characterized in chapter 2 plus three additional 

tailings sands sampling locations using ultra-high-resolution mass spectrometry. 
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FT-ICR-MS measurements in negative electrospray ionization mode were 

performed on 21 samples and results are discussed in detail for six representative 

samples regarding process-related changes of polar organic compounds. Based on 

bulk compound class distributions specific compositional features were identified 

that are related to the different steps of the process chain. Oxygen containing 

compounds are dominant in all samples among which the O2 class is the by far 

most abundant. This class increases with increasing age of the reclamation sites 

for the TS samples. The double bond equivalent (DBE) patterns of the O2 class 

differ between the OS/pMFT samples and the TS samples. The naphthenic acids 

are most pronounced in the OS samples and decrease along the process chain. The 

DBE 1 class is most abundant in the TS samples and represents saturated fatty 

acids illustrating their increasing input into the developing soils. These fatty acids 

in all TS samples from reclamation sites are related to a microbial and cuticular 

wax origin. In contrast to the O2 class the N1 class decreases from the OS samples 

to the TS samples and the DBE patterns are rather similar in all analyzed samples. 

The classes containing DBE 9, 12 and 15 species are dominated by pyrrolic 

nitrogen compounds such as carbazoles, benzocarbazoles and dibenzocarbazoles, 

respectively. Detailed analysis of the N1 class shows that the TS samples do not 

contain any unique N1 compound which implies that all nitrogen-containing 

constituents must derive from oil sand. The fact that no unique N1 compounds are 

present in the TS samples, and that the DBE distributions of the N1 classes are 

almost invariant along the process chain, makes them sensitive tracers of oil-sand-

derived organic material even in soils from relatively old reclamation sites.  

In Chapter 4 –Changing microbial community compositions in hydrocarbon-

contaminated tailings from Canadian oil sands – a greenhouse experiment– the 

changes in the PLFA composition of substrate and root material from a 

greenhouse experiment run for 14 weeks are investigated. Therefore three 

different substrates namely TS and pMFT analyzed in Chapter 2 and 3 and sand 

material from a German lignite mining area are used. Two plant species (Elymus 

trachycaulus and Lotus corniculatus) are potted on these substrates. The analysis 

of the PLFA profiles in the substrates shows an enrichment of Gram-negative 

bacteria especially in the TS/pMFT substrates containing residual oil-sand-derived 

organic matter. These bacteria seem to be capable of surviving high amounts of 
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hydrocarbon contamination, even though oil-sand-derived organic compounds are 

very resistant to biodegradation and do not serve as a good carbon and/or energy 

source. In contrast PLFA data reveal that the development of fungi in the substrate 

is inhibited by oil-sand-derived organic matter. 

The two different plant types respond differently to the substrates. The PLFA 

inventory indicates a significantly higher fungal biomass and a generally higher 

microbial biomass for all growing substrates in the L. corniculatus roots. These 

results show that not only the substrate itself but especially the plant type 

influences the proportion of bacteria to mycorrhizal fungi and that the plant L. 

corniculatus might be a favourable pioneering plant for oil sand reclamation sites. 

1.2 Oil sands and heavy oils 

Within the last decades the worldwide demand for crude oil has substantially 

increased and the supply of conventional crude oil did not meet the worlds 

demand for this form of energy any more. This has led to consideration of 

alternative or insufficiently utilized energy sources, among which heavy crude oil 

and natural bitumen are perhaps the most readily available to supplement short- 

and long-term needs (Meyer et al., 2007). Worldwide, 89 basins containing 

natural bitumen and around 192 heavy oil basins occur in more than 100 countries 

(Meyer et al., 2007). These unconventional energy resources of bitumen and 

heavy oil are estimated to be 5.6 trillion barrels with more than 80% occurring in 

Canada, Venezuela, and the United States (Hein, 2006; Hein et al., 2013). Per 

definition heavy oils are oils with API gravities between 10° API and 20° API and 

a viscosity greater than 100 cP. Oils with an API gravity less than 10° API and a 

viscosity greater than 10,000 cP are classified as bitumen or oil sands (Hein et al., 

2013; Meyer et al., 2007). Oil sand is unconsolidated sand containing high 

saturations of heavy oil or bitumen. Conventionally, the term ‘‘oil sand’’ refers to 

those highly viscous oil-containing reservoirs in which the oil at in situ reservoir 

conditions is too viscous to flow to a wellbore, whereas heavy oil flows to the 

wellbore under the same conditions (Hein et al., 2013; Meyer et al., 2007). 

Most heavy oil and natural bitumen is thought to be expelled from source rocks 

as light or medium oil and subsequently migrate to a trap. Under suitable 

conditions, several processes in the trap can convert the oil to heavy oil. These 
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processes include water washing, bacterial degradation and evaporation (Head et 

al., 2003; Meyer et al., 2007). 

 

1.2.1 Biodegradation of oil hydrocarbons 

One of the most important processes for the conversion of light oil to heavy oil 

or bitumen is the microbial degradation of hydrocarbons (Wenger et al., 2002). To 

enable this microbial degradation process different conditions in the reservoir are 

necessary, including reservoir temperatures lower than 80 °C and the presence of 

electron acceptors (O2, NO3
-, Fe3+, SO4

-, CO2), water, microorganisms and 

nutrients like phosphorous or nitrogen (Head et al., 2003; Tierney & Young, 

2010; Wenger et al., 2002). Biodegradation seems to be the only process which 

alters the chemical and physical properties of the oil in such a dramatic way. 

Saturated hydrocarbons are removed first while heavy polar and asphaltene 

components are concentrated in the residual oil, leading to a decrease in oil 

quality by lowering API gravity (from ~ 40° to 5°) and increasing viscosity, 

acidity, sulfur- and metal-content (Shuqing et al., 2008). This in-reservoir 

alteration process reduces the commercial value of the oil, due to e.g. a decrease 

in refinery distillate yields (Peters et al., 2005; Shuqing et al., 2008; Wenger et 

al., 2002). 

There is a general sequence of saturated hydrocarbon removal during 

biodegradation starting from n-alkanes to alkylcyclohexanes, acyclic isoprenoid 

alkanes, steranes and hopanes, with the possible production of new hydrocarbons, 

such as 17α,25-norhopanes at high levels of biodegradation (Head et al., 2010). A 

similarly sequential removal is seen for aromatic hydrocarbons where 

alkylbenzenes are removed prior to diaromatic and triaromatic hydrocarbons, with 

tri- and monoaromatic steroid hydrocarbons being resistant until very severe 

levels of biodegradation are achieved (Head et al., 2003; Peters et al., 2005). This 

sequential removal of hydrocarbons was converted to a biodegradation scale by 

Peters and Moldowan (PM scale) ranging from 0 to 10, where level 0 represents 

an undegraded oil and levels 6-10 severely degraded oils. As an example an oil 

with PM level 4 would show a complete removal of n-alkanes and a depletion of 

acyclic isoprenoids (Aitken et al., 2004). According to Wenger et al. 2002, who 
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modified the PM scale, this oil would be classified as heavily biodegraded. Elias 

et al. (2007) showed that conventional molecular biodegradation parameters, such 

as the Pr/n-C17 and Ph/n-C18 alkane ratios are not suitable for defining the extent 

of biodegradation for light to moderate levels of oil alteration. Thus, a new 

molecular biodegradation parameter, the degradative loss, which can be used to 

quantify the depletion of individual crude oil constituents, was suggested. In 

contrast to other assumptions these findings showed that the degradation patterns 

of light hydrocarbons and n-alkanes differ in different petroleum reservoirs. 

However, all of these publications present problems in adequately describing the 

extent of biodegradation in super heavy oils like the western Canadian oil sands 

(Larter et al., 2012). Therefore Larter et al. (2012) developed the Manco (Modular 

Analysis and Numerical Classification of Oils) scale, which is applicable for oils 

between PM values of 4–8. For the Manco scale, GC-MS patterns of eight 

compound types, namely alkyl toluenes, C0–1 naphthalenes, C2 naphthalenes, C3 

naphthalenes, C4 naphthalenes, C0–2 phenanthrenes, methyl dibenzothiophenes and 

steranes are used. Five levels of increasing degree of degradation (0–4) are 

derived for each compound class described as ‘pristine’, ‘light’, ‘moderate’, 

‘heavy’ and ‘depleted’ in terms of biodegradation for each compound group. 

These compound classes have been chosen since changes within these classes 

have been observed to be applicable to heavy oils, extra heavy oils and bitumen 

samples collected from the Peace River area and also for much of the Athabasca 

oil sands as well as samples from other basins (Larter et al., 2012). 

The aerobic degradation of hydrocarbons by bacteria and fungi has extensively 

been studied for several decades (Boll & Heider, 2010). Under oxic conditions, 

hydrocarbon metabolism is initiated by mono- or dioxygenase reactions. The 

dioxygen molecule is usually activated by these enzymes to a highly reactive 

metal-bound oxygen species that allows the terminal or subterminal hydroxylation 

of aliphatic alkanes or the mono or dihydroxylation of aromatic rings (Harayama 

et al., 1992). Therefore, the capability to fully degrade hydrocarbons has long 

been considered as an exclusive feature of aerobic microorganisms (Boll & 

Heider, 2010). 

However, the fact that oxygen is not available in all environments where 

hydrocarbons occur (e.g. in deep sediments and in oil reservoirs) has raised the 
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question if biodegradation of hydrocarbons is possible under anoxic conditions. It 

lasted since the late 1980s until anaerobic hydrocarbon degraders were identified 

(Widdel & Rabus, 2001). Kropp et al. (2000) and Rabus et al. (2001) were the 

first who demonstrated the mechanism for anaerobic activation of alkanes by a 

radical enzyme-catalysed addition to fumarate yielding alkylsuccinates. Briefly, 

there are several anaerobic mechanisms that appear to be important for the 

degradation of hydrocarbons. The functionalization of these hydrocarbons 

includes: substrate addition to fumarate, which has been demonstrated for toluene, 

4-isopropyltoluene, ethylbenzene, xylene, 2-methylnaphthalene, n-alkanes, iso-

alkanes and alicyclic alkanes; carboxylation, which has been demonstrated for 

benzene and naphthalene; and hydroxylation, which has been demonstrated for 

ethylbenzene and 4-isopropyltoluene (Abu Laban et al., 2015; Callaghan, 2012; 

Strijkstra et al., 2014; Tan et al., 2015).  

Under anaerobic conditions lower molecular weight PAHs were found to be less 

recalcitrant than higher molecular weight PAHs. Johnson & Ghosh (1998) and 

Chang et al. (2002) showed that PAH degradation rates are fastest under 

sulfidogenic conditions, followed by methanogenic and nitrate-reducing 

conditions. 

 

1.2.2 The Canadian oil sands 

The Canadian oil sand region is located in the northern part of the province 

Alberta and holds the third largest oil reserves in the world after Venezuela and 

Saudi Arabia (CAPP, 2013). The oil sands make up 97% of the total Canadian oil 

reserves with around 173 billion barrels of proven crude oil. The oil sand deposit 

is composed primarily of quartz sand, silt and clay, water and bitumen. A typical 

composition is 75% to 80% inorganic material, 3% to 5% water and 10% to 12% 

bitumen (National Energy Board, 2000). Since the crude bitumen is immobile it 

cannot be produced by conventional techniques (Tissot & Welte, 1984). 20% of 

the oil sand deposits are shallower than 75 m and are produced by surface mining, 

while the remaining 80% require some form of in situ recovery (National Energy 

Board, 2000). 
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Figure 1.1. Map showing the location and extent of the Canadian oil sands 

modified after Alberta Geological Survey. 

 

1.2.3 Geological background and geochemistry 

The main oil sand deposits are located in the Western Canada Sedimentary 

Basin (WCSB, 1400000 km2), a foreland basin of the Rocky Mountains. The 

source of the oil sands is controversial and still part of ongoing debates (Shuqing 

et al., 2008), although it is agreed that they represent biodegraded mature marine 

oils charged from pre-Cretaceous source rocks during the development of the 

Rocky Mountain Fold and Thrust Belt (Laramide orogeny) in Late Cretaceous–

Early Tertiary time (Head et al., 2003 and literature therein). In several studies the 

contributions from different source rocks have been discussed due to the size of 

the oil deposit, whereas others argue, based on biomarker characteristics, the 
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Mississippian Exshaw shale to be the single source of the oil sands (Fowler et al., 

2001; Riediger et al., 2001; Teare et al., 2012). Additionally to the Exshaw source 

rock, the Nordegg, and Duvernay formation are thought to also have supplied 

hydrocarbons in the WCSB. The marine source rock is thin (10 m), extremely 

organic-rich (TOC up to about 20%), composed of oil-prone type II kerogen and 

has hydrocarbon indices (HI) up to 600 (Creaney et al., 1994; Shuqing et al., 

2008). After the expulsion of the initially light oil from the source rock it migrated 

about 360 km north-eastwards from the Rocky Mountains and accumulated in 

cretaceous sediments (Adams et al., 2004). The three main oil fields are: Peace 

River, Athabasca and Cold Lake. The Peace River deposit contains bitumen in 

Mississippian as well as in the Permian and Cretaceous sandstones. The 

Athabasca oil field is the biggest and flattest reservoir with 152 x 106 m3 bitumen 

trapped in Devonian and Cretaceous sandstones. The Cold Lake deposits contain 

bitumen only in Cretaceous sandstones (National Energy Board, 2000). Burial 

history models of oil generation from the Exshaw Formation range from 110 and 

80 Ma at the Alberta-British Columbia border to about 60-56 Ma in the Peace 

River area (Riediger et al., 1999; Riediger et al., 2001). The reservoir bed is at the 

depth of 0-500 m below ground surface. Some of the oil sands near Fort 

McMurray that are located close to the surface can be mined, but less than 20% of 

the total area can be developed this way due to the depth of the formation 

(Shuqing et al., 2008). 
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Figure 1.2. Stratigraphy of the Western Canada Sedimentary Basin modified 

after Berbesi et al. (2012) and Higley et al. (2008). 

 

Within the Canadian oil sands there is an increasing trend of biodegradation 

towards the east. The current reservoir temperature at the Athabasca area is lower 
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than 10 °C and that at the Peace River area ranges between 16 °C and 22 °C 

(Shuqing et al., 2008). Non-degraded oil occurs at the western part of the Peace 

River, Peace River oil sands are degraded at PM levels 4-5 and Athabasca oil 

sands are degraded at PM levels 6-9. The heavy biodegradation of the Athabasca 

oil was among other factors a result of the lower reservoir temperature (Adams et 

al., 2006; Brooks et al., 1988; Shuqing et al., 2008). Adams et al. (2006) 

predicted the maximum burial temperatures in the Peace River reservoir ranging 

from 84 ± 4 °C in the western area to around 65 ± 5 °C in the eastern area. This 

suggests that reservoirs located at the western part of the Peace River reached 

pasteurization temperatures of over 80 °C in geological history which is assumed 

to be the reason for the occurrence of non-degraded oil (Wilhelms et al., 2001). 

Biodegradation of oil-derived organic compounds is a process which does not 

only take place in reservoirs, but also in tailings ponds. Several studies showed 

that the microbial community in oil sands tailings is capable of utilizing the 

lighter hydrocarbons from the diluent (naphtha) used in the extraction process and 

thereby support methanogenesis by providing hydrocarbon metabolites to the 

methanogenic consortium (Penner & Foght, 2010; Saidi-Mehrabad et al., 2012; 

Siddique et al., 2006; Siddique et al., 2007; Siddique et al., 2012; Siddique et al., 

2011). A tailings pond for Syncrude began to evolve methane gas, releasing an 

estimated 108 L of methane per day (Holowenko et al., 2000). 

In-reservoir biodegradation is an unfavorable process from many perspectives, 

whereas degradation of oil constituents in other environments like e.g. soils, 

sediments or coast lines where oil-derived hydrocarbons occur as contaminants is 

a desired process. After oil spills like the Exxon Valdez or Deepwater Horizon 

accidents biodegradation and other natural weathering processes removed most of 

the contaminating hydrocarbons within months to years in areas of high oil 

concentrations (Atlas & Hazen, 2011). Where microbial populations are well 

adapted to hydrocarbon exposure, such as in Gulf of Mexico waters, 

biodegradation of oil proceeds very rapidly, even though one should not expect 

100% removal of oil. In most cases microbes are highly responsible for the 

disappearance of the spilled oil that had spread into the environment (Atlas & 

Hazen, 2011). 
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1.2.4 Oil sand production 

As mentioned in chapter 1.2.2 the oil sands can be found in different depth 

ranges, therefore two different methods of oil sand production are currently used. 

Where bitumen deposits are close to the surface bitumen is surface-mined. The 

mining process is highly capital intensive and projects usually have a very long 

operating life (Rahnama et al., 2008). In Alberta, power shovels and large mining 

trucks (360 tons holding capacity) are used to move the bitumen to the dumping 

pit. Afterwards the bitumen enters large rotating tumblers where a slurry is 

produced by steam, hot water (~ 85 °C) and caustic soda (National Energy Board, 

2000). The produced slurry is diluted in pump boxes and pumped to the Primary 

Separation Vessels (PSV), where the bitumen rises to the surface and the sand 

settles to the bottom. Naphtha is added as a diluent and the mixture enters a high 

speed centrifuge to complete the cleaning or separation. The diluted bitumen is 

moved to the upgrading unit while the sand and other materials that settle during 

the separation process are removed as tailings slurry into tailings ponds. (National 

Energy Board, 2000) 

In-situ technologies are applied for deeper oil sand deposits involving reservoir 

stimulation using thermal energy to reduce the viscosity and enhance bitumen 

recovery. The two methods mainly used are steam-assisted gravity drainage 

(SAGD) and cyclic steam stimulation (CSS) (National Energy Board, 2000).  

During the SAGD process, steam injection and production take place 

simultaneously. Two horizontal wells are operating, the overlying functions as 

steam injection well, and the underlying well produces the heated bitumen. The 

heated bitumen moves to the production well, where it is pumped to the surface. 

The CSS method uses multiple cycles where each cycle consists of high-pressure 

injection of high temperature steam, a soaking interval and a production interval 

where bitumen is pumped to the surface. Each cycle can take several months and 

cycles are repeated until the reservoir reaches its economic life (Rahnama et al., 

2008). 

The commercial production of bitumen from the oil sands started in 1967 

(Suncor mine) (Kasperski & Mikula, 2011). In 2013, the oil sand production was 

about 1.98 million barrels per day and is estimated to increase to 3.7 million 

barrels per day by 2020 and 5.2 million barrels per day by 2030 (Canadian Energy 
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Research Institute, 2014). Seven different companies produced oil sands in the 

surface minable area in 2014 (Oil sands operations, 2014). 

 

1.2.5 Environmental impact 

The environmental impact of oil sand exploration, production and further 

processing is of growing concern regarding pollution of the surrounding 

compartments soil, water and air, and the deterioration of the landscape. 

Especially with respect to the oil sand increasing production each year there is a 

need for reliable research and monitoring (Gosselin et al., 2010). In the following 

the impacts of the oil sand industry on land, water and air are discussed. The oil 

sand bitumen is produced by two different technologies (see chapter 1.2.4), which 

have different impacts on the surrounding land. Oil sand production of the 

shallower reservoir by surface mining disturbs the area with a number of different 

operations like mines, overburden, tailings sand and sulfur storage, tailings ponds 

and drying cells. In situ technologies, used for deeper oil sand deposits, inject hot 

water steam into the reservoir and have lower impacts on the production areas like 

roads, pipelines and wells (Jordaan, 2012; Jordaan et al., 2009). Within the scope 

of this thesis the focus is set on land disturbance caused by surface mining, since 

this method is more disturbing and also the main production technique nowadays. 

In total around 600 km2 land is affected by oil sands mining, out of that, tailings 

ponds surpass 180 km2 (Kasperski & Mikula, 2011). Timoney & Lee (2009) even 

reported a loss of boreal forest of around 650 km2. 

Huge amounts of water are required for oil extraction after mining. This water 

derives from the Athabasca River and recycled process water. In 2008, industry 

withdrew 0.15 billion m3 of water from the river (Kasperski & Mikula, 2011). 

After several recycling steps, the then so called oil sands process-affected waters 

(OSPW) are gathered in tailings ponds which contain about 720 million m3 water 

till now (Schindler, 2014). The projected volume of tailings is expected to exceed 

1.1 billion m³ by 2020 (Pembina Institute, 2013). In the OSPW organic 

components of particular concern include polycyclic aromatic hydrocarbons 

(PAHs) and naphthenic acids which can be toxic in aquatic environments (Barrow 

et al., 2010; Headley et al., 2011; Headley et al., 2009; Kelly et al., 2009 and 
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references therein). It is an ongoing discussion whether the pollution of the river 

water and sediments with oil-derived hydrocarbons is caused by a natural or 

industrial source. Government and industry have claimed pollution in the lower 

Athabasca River to arise from soil erosion, forest fires and other natural events, 

but many scientists disagree with this opinion (Schindler, 2014). Timoney & Lee 

(2011) analyzed PAH concentrations in sediments from the Athabasca River Delta 

and found an increase of the total PAH concentration in the time period from 1999 

to 2009. Thereby the rate of increase of 0.05 mg/kg/yr of PAHs shows a positive 

correlation with annual bitumen production. Kelly et al. (2009) showed that 

industry is a far greater source of airborne PAHs than previously realized and 

confirmed defects (inconsistent sampling design, inadequate statistics and 

insensitive monitoring) of the industry-funded Regional Aquatic Monitoring 

Program (RAMP). Compounds which are diagnostic for a natural or an industrial 

source of contaminants in the surrounding environment have not yet been found. 

However, Headley et al. (2011) analyzed OSPW and river water using negative-

ion ESI FT-ICR-MS and showed that the ratio of sulfur-containing species along 

with the ratios of species containing On, NOn, and N2On were potentially useful 

for differentiating OSPW-derived organic components from natural background 

oil sands components. 

Oil sand production causes high emissions of greenhouse gases (GHG). 

Environment Canada reported GHG emissions of about 55 megatons (7.8 % of 

Canada´s total GHG emissions) in 2011 (Environment Canada, 2012). But there 

are also uncertainties in the assumptions of GHG emission regarding the 

proportion of soil carbon loss on mining sites, CH4 emissions from tailings ponds, 

and the success rate of reclamation (Yeh et al., 2010). 

 

1.2.6 Land reclamation 

Surface mining of the oil sands disturbs whole ecosystems by removing: the 

aboveground biomass (vegetation), surface soils and subsurface geological 

material (overburden), for a long period of time (McMillan et al., 2007). 

However, these removed parts were stockpiled and reused for later land 

reconstruction (MacKenzie & Quideau, 2010). Additionally, the major solid 
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‘waste’ or residual products of oil sand extraction, i.e. the coarse tailings sand and 

the fine tailings, are also used for landscape reconstructions. According to soil 

remediation standards, reclamation sites should support a healthy plant 

community that will evolve towards an ecosystem comparable to that existing 

prior to disturbance (Fung & Macyk, 2000). To match certification criteria as 

required from the Alberta Environmental Protection and Enhancement Act, the 

disturbed land has to be returned to “equivalent land capability”. This means the 

new land needs to be able to support similar land use for i.e. commercial forests 

and wildlife habitats (Alberta Environmental Protection, 1999). 

The oil sand mining area lies within the western areas of the boreal forest 

characterized by 64% wet land vegetation (mainly fen) and 23% upland 

vegetation consisting of pioneering trembling aspen (Populus tremuloides 

Michx.), slower growing white spruce (Picea glauca (Moench) Voss), black 

spruce (Picea mariana (Mill.) BSP), balsam poplar (Populus balsamifera L.), 

white birch (Betula papyrifera Marsh.) and jack pine (Pinus banksiana Lamb.) on 

drier sites (Fung & Macyk, 2000; Macdonald et al., 2012; Rooney & Bayley, 

2011). Climatic conditions imposed by a short growing season, long and cold 

winters and irregular distribution of precipitation make reclamation even more 

challenging (Fung & Macyk, 2000). Peat is the main source of organic 

amendment used for land reclamation in the oil sands region (Turcotte et al., 

2009). It is typically used due to the high peat availability in this region, its ability 

to decrease bulk density and to increase moisture retention and organic nutrient 

supply (Fung & Macyk, 2000). Since erosion is likely to occur on newly 

reclaimed sites, barley (Hordeum vulgare L.) is sown to provide quick vegetation 

cover and erosion control. Barley is used because it can be readily invaded by 

local flora within the first few years and it also helps to bulk up soil organic 

matter content and supply nutrients to the desired secondary crop (Hardy et al., 

1990). 

The reconstruction of the soil-like profiles using the industrial products, natural 

soil material and fertilizer leads to additional problems than just erosion. 

Reclaimed sites have more bare ground, grasses and forbs and less cover of moss, 

lichen, shrubs, broadleaves, spruce, pine or woody debris compared to natural 

sites (Rowland et al., 2009). Norris et al. (2013) extracted twice the concentration 
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of n-alkanes (with a strong odd/even predominance indicative for epicuticular wax 

of vascular plants) from natural boreal soils than from reclamation sites, even 

though the TOC content did not differ significantly, and a variety of PAHs, oil-

derived biomarkers and high amounts of salts were detected on reclamation sites 

from various ages (Kessler et al., 2010; Noah et al., 2014). Rooney & Bayley 

(2011) found that post mining landscapes support around 65% less peat land. 

Additionally industrial reclamation approaches not yet seem to fully incorporate 

the difficulties of large-scale recreation of physical landscapes and ecosystems. 

The traditional small-scale methods of remediation and restoration are not 

designed for large-scale recreations of landscapes (Johnson & Miyanishi, 2008). 

Once industry announces reclamation as completed, monitoring (15 years or 

more) has to prove successful ecosystem development, since reclamation 

certificates are only issued when long-term monitoring demonstrates the 

reclaimed land meets the objectives of equivalent land capability (Government of 

Alberta, 2013). In 2012, 1 km² has been certified as being reclaimed (Gateway 

Hill area) and around 50 km² have been certified as being permanently reclaimed. 

For these permanently reclaimed sites monitoring of tree and shrub growth has to 

be done before companies can apply for the final reclamation certification 

(Government of Alberta, 2013). 

 

1.2.7 Sample set 

To reach the objectives, two different sample sets were analyzed in this thesis. 

The first set comprised of 41 samples (discussed in chapters 2 and 3), which 

subdivide in four oil sand samples (OS), one unprocessed mature fine tailing 

(uMFT), 12 processed mature fine tailings (pMFT) from three different locations 

and ages, four uncovered tailings sands (uTS) from one site and 20 covered 

tailings sands (TS) from five different sites and ages. pMFT, uTS and TS samples 

were taken down to a depth of 70 cm in four depth intervals: 0 - 5 cm, 5 - 20 cm, 

20 -50 cm and 50 - 70 cm. The OS samples derive from an open-pit mine in the 

Athabasca oil sand region, the uMFT sample was taken from a tailings pond, 

pMFT samples derive from drying cells where they were dewatered and 

flocculants were added. The uTS samples are stockpiled sand material which is 
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used in future land reclamation. TS samples derive from reclamation sites and are 

all covered with a peat mineral mix (PMM). GC-MS and FT-ICR-MS 

measurements have been performed on this sample set. Additionally bulk 

properties like TOC content and Rock-Eval parameters were determined. Pore 

water analysis, cell counts and microbial community analysis were carried out by 

colleagues from the University of Potsdam. A sample overview is given in figure 

1.3. 
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The second sample set with a total of 21 samples derives from a greenhouse 

experiment. As substrates a Pleistocene sand (PS), a TS and a mixture of TS and 

pMFT (1:1 v/v) were used. Three different experimental set ups were chosen: 1) 

the three substrate types were inoculated with a soil bacterial mixture and no 

plants (NP) were inserted, 2) Elymus trachycaulus (slender wheatgrass), which is 

native to Alberta, was planted in the three substrates inoculated by three 

arbuscular mycorrhiza fungi (AMF) species and 3) Lotus corniculatus (Bird's foot 

trefoil), a nitrogen-fixing plant, was planted on the inoculated substrates (Figure 

1.4). For comparison, the biomarker inventory of exemplary E. trachycaulus and 

L. corniculatus roots as well as substrates and the added bacterial culture have 

been analyzed before starting the growth experiments. After 14 weeks of growth 

time substrates and roots were sampled for PLFA analysis. More details on the 

experimental set up are provided in chapter 4. 

 

 
Figure 1.4. Experimental set up of the greenhouse planting approach. 

 

1.3 Biomarkers 

In a geochemical context biomarkers, also called biological markers or 

molecular fossils, are organic compounds, which are found in oil, bitumen, rocks, 
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coals and sediments and show only little or no change in structure from their 

parent organic molecules in living organisms (Peters et al., 2005). Thus 

biomarkers build one of the most important groups of hydrocarbons in petroleum 

for a chemical fingerprinting (Wang et al., 2006). For petroleum exploration and 

reservoir geochemistry they provide important information on type, geological 

age and depositional environment of the source rock, as well as the thermal 

maturity and level of biodegradation of the organic matter. However, not only in 

exploration but also in environmental forensic investigations of oil spills the 

unique biomarker fingerprints are a tool for the identification and characterization 

of the source and origin (Wang et al., 2006). In the majority of cases biomarker 

derive from lipids which are part of the cell membrane of living organisms and 

serve e.g. as membrane reinforcers (Peters et al., 2005). In the following parts 

biomarkers which were analyzed in this thesis (chapters 2, 3 and 4) are described 

in more detail. 

 

1.3.1 Petroleum biomarkers 

Hopanes and steranes belong to the group of aliphatic oil biomarkers. Hopanes 

originate from their hopanoic precursors (e. g. C35 bacteriohopanepolyols), a 

group of lipids occurring predominantly in bacteria (prokaryotes). Here they 

control membrane ordering and fluidity properties. They belong to the group of 

pentacyclic triterpenes, which originate from the in vivo cyclization of squalenes 

(Rohmer et al., 1984; Strausz et al., 2010). During diagenesis the alkyl side chains 

of the bacteriohopanepolyol are cracked and the hydroxy groups are lost, which 

leads to the stable, saturated cyclic hydrocarbon (Strausz et al., 2010). Since 

hopanes derive from bacteria they are present in almost all sediments. The 

abundance of the C27-hopane 17α(H),21β(H)-22,29,30-trisnorhopane (Tm) and 

the lower stability of Tm during catagenesis compared to 18α(H),21β(H)-

22,29,30-trisnorhopane (Ts) forms the basis for the thermal maturity parameter 

Tm/(Ts + Tm) (Seifert & Moldowan, 1978). Homohopanes, a series of C31-35 

17α,21β(H)-homohopanes, can deliver information on the depositional 

environment of the source rock (Peters & Moldowan, 1991; Peters et al., 2005). 

Analytically hopanes are analyzed using GC-MS. Identification is based on the 
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elevated m/z 191 peak (typically the base peak) in the mass spectra. The structure 

of a C30 hopane is given in figure 1.5A.  

In vivo cyclization of squalenes and subsequent further transformation of the 

primary cyclization products in higher organisms (eukaryotes, mainly algae and 

higher plants) generates steroids as the precursor of steranes (Mackenzie et al., 

1982; Strausz et al., 2010), another prominent group of biomarkers. Steranes are 

tetracyclic triterpenes which consist of three cyclohexane and one cyclopentane 

ring. This group of biomarkers is characterized by the occurrence of numerous 

maturity-sensitive stereoisomers (Seifert & Moldowan, 1978). During early 

diagenesis the functional groups of the steroidal biolipids are altered (removal of 

the hydroxy group) but their stereochemical features stay mainly unaltered. 

During late diagenesis and catagenesis the all-chair configuration with all the ring 

junctions in trans configuration is changed (Mackenzie et al., 1982). The 

biological conformation αααR is changed to that of thermodynamically more 

stable sterane isomers. With increasing maturity the formation of the αββ isomers 

is favored and isomerization at the chiral C-20 enhances the formation of the S 

isomer (Mackenzie et al., 1982). Other geological sterane configurations are: 

αααS and αββR. Ratios of these compounds can be used to assess the maturity 

level (Peters et al., 2005). Diasteranes are rearranged steranes with a different 

methyl group pattern. Methyl groups are attached at C-5 and C-14 and not at C-10 

and C-13 of the sterane carbon skeleton. There is no direct biological precursor 

with this particular carbon skeleton, and thus diasteranes are most likely products 

of diagenetic and catagenetic processes involving carbon skeleton rearrangement 

of regular steranes. It is assumed that this rearrangement may be catalyzed by clay 

minerals, leading to higher concentrations of diasteranes in petroleum from clay-

rich source rocks (van Kaam-Peters et al., 1998). Since diasteranes are thermally 

more stable than regular steranes, their ratio can also be used as a maturity 

parameter (Peters et al., 2005). Upon GC-MS measurements steranes were 

identified based on their m/z 217 peak fragment. The structure of an exemplary 

sterane is given in figure 1.5A. 

Within the group of aromatic biomarkers mono- and triaromatic steroids, which 

result from the aromatization of steranes during diagenesis, are used as maturity 

parameters (Mackenzie et al., 1982; Mackenzie et al., 1981). The aromatization of 
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monoaromatic (MA) to triaromatic steroids (TA) occurs with ongoing maturation 

and is reflected by the maturity parameter TA/(MA+TA) (Mackenzie et al., 1981). 

Monoaromatic steroids were identified based on their m/z 253 peak fragment. For 

triaromatic steroids the peak fragment m/z 231 was used. Exemplary structures are 

given in figure 1.5A. 

 

 

Figure 1.5. Molecular structures of (A) hopane, sterane, mono- and 

triaromatic steroids (B) phosphatidylglycerol (C) phenanthrene, 

benz[a]anthracene, chrysene and (D) dibenzothiophene and carbazole.  
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1.3.2 Phospholipid fatty acids 

Phospholipid fatty acids (PLFAs) released by hydrolysis of phospholipids (PLs) 

have been intensively used to study microbial biomass activity and community 

structure since they are essential membrane components in viable cells and hence 

are characteristic biomarkers for living microorganisms (life markers) (Frostegråd 

& Bååth, 1996; Zelles, 1999). Different groups of microorganisms synthesize 

structural varieties of PLFAs of chemotaxonomic significance including: 

saturated, mono- and polyunsaturated, methyl-branched and cyclopropane-

containing fatty acids. These PLFAs are therefore effective taxonomic markers 

which make it possible to differentiate e.g. between fungi (e.g. 18:2ω6 and 

polyunsaturated C20 fatty acids), Gram-positive (branched saturated fatty acids), 

and Gram-negative bacteria (monounsaturated fatty acids) (Frostegråd & Bååth, 

1996; White et al., 1998; Zelles, 1999). 

Furthermore PLFAs can provide insights into nutrition imbalance or stress 

within a microbial community. Trans-monoenoic PLFAs provide an indication of 

environmental stress, since bacteria synthesize trans-monounsaturated fatty acids 

as a response to changes in their surrounding environment (White et al., 1998). 

Trans/cis ratios ≤ 0.05 represent healthy, unstressed bacterial communities 

whereas ratios greater than 0.1 indicate starvation or exposure to toxins (Guckert 

et al., 1986). McKinley et al. (2005) used saturated/unsaturated PLFA and 

iso/anteiso PLFA ratios to compare nutritional imbalances or stress of native 

prairie soil community to prairie sites that had historically been farmed prior to 

restoration. In soils PLFA profiles have been found to be useful in detecting the 

response of microbial communities to disturbance through land use (Harris, 2003; 

McKinley et al., 2005; Yao et al., 2000 and literature therein). Within soil fungi 

the fatty acid 18:2ω6 constitutes about 43 % of the total PLFAs (Federle, 1986). 

Especially for ectomycorrhizal fungi this maker is used for the estimation of 

mycelia biomass. However in abuscular mycorrhizal (AM) fungi a large 

proportion of 16:1ω5 and 18:1ω7 is found (even though these PLFA are not 

completely specific for AM fungi) (Olsson, 1999). 

Microbial communities in hydrocarbon-contaminated soils and sediment have 

also been studied using PLFAs. Ringelberg & White (1992) showed PLFA 

profiles indicative for active biodegradation of petroleum hydrocarbons in 
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subsurface sediments by an increasing viable biomass and a shift to PLFAs 

indicative for aerobic heterotrophs. Our data (see chapter 4) as well as previous 

studies (MacNaughton et al., 1999; Margesin et al., 2007; Shi et al., 2002) show a 

predominance of Gram-negative bacteria in hydrocarbon-containing 

environments. The molecular structure of an exemplary PLFA is shown in figure 

1.5C. 

 

1.3.3 Polycyclic aromatic hydrocarbons 

Polycyclic aromatic hydrocarbons (PAHs) are natural constituents of crude oil 

and may arise from chemical conversion of natural molecules, like steroids (Arun 

et al., 2011). The simplest PAHs are phenanthrene and anthracene (International 

Union on Pure and Applied Chemistry (IUPAC)). Benzene and naphthalene have 

been formally excluded from the list of PAHs. However, as aromatic 

hydrocarbons they are chemically related to PAHs (Arun et al., 2011). PAHs in 

the environment derive from anthropogenic and natural sources. The 

anthropogenic sources of PAHs can be classified into two types: petrogenic and 

pyrogenic. Crude oil and petroleum products are the petrogenic sources, whereas 

pyrogenic PAHs are formed by the incomplete combustion of organic matter (e.g., 

coal, petroleum, wood) (Yunker & Macdonald, 2003). Natural sources such as oil 

seeps, coal, grass and forest fires further contribute to the increasing PAH 

concentrations in the environment (Yunker et al., 2002). Due to the toxic, 

mutagenic and carcinogenic properties of PAHs and their metabolic products 

(epoxides), they are listed as priority pollutants by national and international 

environmental agencies (e.g., European Economic Area European Union, United 

States Environmental Agency) (Saha et al., 2012). As already mentioned in 

chapter 1.2.5, PAH concentrations were e.g. monitored in the Athabasca River 

and show increasing concentrations in the river water with increasing oil sand 

exploitation. 

The distributions of phenanthrene and alkylphenanthrenes in sediments and 

crude oils are often used in organic geochemical studies because their patterns 

change with increasing maturity (Radke & Welte, 1983). Generally, these 

aromatic hydrocarbon ratios correlate linearly with vitrinite reflectance (Ro) over a 
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wide range of maturity, from the beginning of the oil window to the condensate 

stage. This is in contrast to aliphatic biomarker indices such as steranes and 

hopanes, which correlate only at maturities below the oil window (Radke & 

Welte, 1983; Radke et al., 1982). Methylphenanthrene indices like the PP-1 index 

(Alexander et al., 1986) have to be interpreted with caution for biodegraded oils 

since microbial degradation may alter the methylphenanthrene pattern. Changes in 

distribution and concentration of PAHs in the oil sand, mature fine tailings and 

reclamation site samples are discussed in detail in chapter 2. Figure 1.5C depicts 

three exemplary PAHs. 

 

1.3.4 Nitrogen, sulphur and oxygen (NSO) compounds 

Crude oil is not only composed of aliphatic and aromatic hydrocarbons but also 

of heteroatom-containing (nitrogen (N), sulfur (S), oxygen (O)) compounds which 

become enriched in heavy oils and bitumen (see chapter 1.2.1). Carbazoles and 

dibenzothiophenes (Figure 1.5D) are typical non-hydrocarbon constituents of 

crude oils and also the main objects of non-hydrocarbon geochemical studies 

(Guan & Zhang, 2014). The fractionation of carbazoles during petroleum 

migration was successfully used for research on petroleum accumulation and 

migration. Larter et al. (1996) correlated the fractionation of certain carbazoles 

and benzocarbazoles in crude oils with migration distances in petroleum systems. 

They proposed that the abundance ratio of 

benzo[a]carbazole/(benzo[a]carbazole+benzo[c]carbazole) can be used as a 

maturity-independent measure of the relative secondary migration distance of 

related oils. However, Horsfield et al. (1998) subsequently showed that the 

abundance and compositions of the methylcarbazoles and benzocarbazoles in 

source rocks and their associated oils are controlles by maturation which implies 

that caution is required when using them as migration markers. Furthermore 

benzocarbazole distributions have been reported to depend on facies and 

depositional environment (Bakr & Wilkes, 2002). 

The distribution of alkyldibenzothiophenes was demonstrated to be strongly 

maturity-dependent in a wider maturation span, which was well proved by the 
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application of maturity parameters such as 4-/1-methyldibenzothiophene (Radke, 

1988; Radke et al., 1986).  

For oxygen-containing compounds Wilkes et al. (1998) described maturity 

related changes in the composition of various aromatic carbonyl compounds 

(benzene-, naphthalene-, indane-, and tetraline-based aldehydes and ketones). 

Naphthenic acids are also natural constituents of petroleum, including bitumen 

in the oil sands. They are complex mixtures of predominantely alkyl-substituted 

cycloaliphatic carboxylic acids (containing cyclopentane and cyclohexane rings) 

and small amounts of acyclic acids (Brient et al., 2000). Especially during the oil 

extraction process of the minded oil sands naphthenic acids cause problems since 

they become enriched and are released into the process water (Hadwin et al., 

2005). A detailed characterization of NSO compounds in oil sand samples and 

material from reclamation sites as well as mature fine tailings is provided in 

chapter 3. Exemplary NSO compounds are depicted in figure 1.5D. 

 

1.4 Electrospray ionization Fourier transform-ion cyclotron resonance-

mass spectrometry (ESI-FT-ICR-MS) 

1.4.1 Fundamentals of FT-ICR-MS 

FT-ICR-MS had its breakthrough in the 1970’s when Comisarow and Marshall 

from the University of British Columbia combined the Fourier transformation 

(FT) with the ion cyclotron resonance (ICR) and created a new mass 

spectrometric analyzer of unparalleled resolution and mass accuracy (Comisarow 

& Marshall, 1974a; Comisarow & Marshall, 1974b; Rodgers & Marshall, 2007). 

The development of superconducting magnets of high magnetic field strength (>5 

Tesla) led to a strong increase in the number of FT-ICR-MS applications 

especially in the field of characterizing naturally derived complex mixtures of 

organic compounds (Gross (2012) and literature therein). 

In FT-ICR-MS, the mass-to-charge-ratio (m/z) of ions is determined based on 

their orbital motion within the ICR cell (Kujawinski, 2002; Marshall & Chen, 

2014). An ion with the mass (m) and the charge (q) moving in a homogeneous, 

static magnetic field (B) is subject to the Lorentz force (F) perpendicular to the 

magnetic field. In the ICR cell the ions orbit at their cyclotron frequency (ωc) 
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(Gross, 2012; Marshall et al., 1998). The relationship between the cyclotron 

frequency and the magnetic field strength can be described with the equation 1.1: 

ωc  = q*B
m                                                              (1.1) 

The cyclotron frequency inversely depends on the m/z ratio of the ion. Since 

cyclotron frequency can be measured more accurately than any other physical 

property, FT-ICR-MS provides extremely high mass accuracy. The mass 

resolution is defined as the full width of a spectral peak at half-maximum peak 

height (Marshall et al., 1998). Therefore, the resolving power (R) of an FT-ICR-

MS instrument can be expressed as follows: 

R= ωc

Δωc, 50%
= - q*B

m*Δωc, 50%
                                       (1.2) 

The resolving power linearly increases with the magnetic field strength 

achieving ultra-high-resolution (>100,000) for superconducting magnets. Thereby 

FT-ICR-MS provides the highest mass accuracy and mass resolution currently 

available (Marshall et al., 1998; Rodgers & Marshall, 2007). 

Within the framework of this thesis all FT-ICR-MS measurements have been 

performed on an ultra-high-resolution Solarix FT-ICR mass spectrometer 

equipped with a 12 Tesla refrigerated superconducting magnet (Bruker Daltonics 

GmbH). A schematic overview of the instrumental set up is shown in Figure 1.6. 

The instrument is equipped with an ESI- (electrospray ionization), APPI- 

(atmospheric pressure photoionization), APCI- (atmospheric pressure chemical 

ionization) and a MALDI- (matrix-assisted laser desorption/ionization) source. 
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Figure 1.6. Schematic view on the instrumental set up of the FT-ICR-MS. The 

first a and second b dual ion funnel are used for a highly efficient and mass 

independent ion transfer to the RF-Hexapole . Afterwards the ions pass the 

Quadrupole , which is either run as bandpass or mass selectively. Then the ions 

reach the multifunctional RF-Hexapole  where they can be accumulated, 

collision activated or react with radical anions. Through the RF-Hexapole  the 

ions enter the ICR-Cell  (Infinity Cell™, Bruker Daltonics GmbH), which is 

situated in the homogeneous magnetic field. Here the ions are stored and detected 

(Gross, 2012). This scheme of the Bruker Solarix FT-ICR mass spectrometer was 

modified after the Bruker Daltonik User Manual and Gross (2012). 

 

1.4.2 Fundamentals of electrospray ionization 

Electrospray ionization (ESI) is a soft ionization technique at atmospheric 

pressure which selectively ionizes polar molecules with acidic or basic functional 

groups (Kujawinski, 2002). The dissolved analyte is sprayed through a needle into 

an electrical field and creates small charged droplets. ESI selectively ionizes polar 

species that protonate or deprotonate in the electric field (Kujawinski, 2002). To 

support the evaporation of the solvent from the aerosol a heated nebulizer gas (N2) 

is used (Kogej & Schalley, 2007).  

As a result, the size of the droplet decreases until it reaches the point (Rayleigh 

limit) where the surface tension can no longer sustain the Coulomb force of 
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repulsion, and the parent droplet disintegrates into much smaller droplets 

(“Coulomb explosion”) (Banerjee & Mazumdar, 2012). Two different theories 

describe the involved processes: 

The Charged Residue Model (CRM) invented by Dole and coworkers (1968) 

implied that the process of solvent evaporation and the formation of smaller 

charged droplets can repeat itself until droplets are formed that contain only one 

analyte molecule. This molecule is released as an ion by solvent evaporation and 

declustering. 

The Ion Evaporation Model (IEM) was originally developed by Iribarne and 

Thomson (1976) to explain the generation of atomic ions from charged droplets. 

Droplets shrink by evaporation until the electrical field strength at their surface is 

sufficiently large that solvated ions can be expelled from the droplet. Figure 1.7 

schematically depicts the ESI source and the basic steps of polar molecule 

ionization. 

Fenn’s improvements allowed a mass spectrometer to be interfaced to an 

electrospray source (Yamashita & Fenn, 1984a; Yamashita & Fenn, 1984b) and 

demonstrated that ESI-MS could be used very effectively for the analysis of small 

molecules as well as peptides and proteins with a molecular mass extending into 

the megadalton range (Whitehouse et al., 1985). Combined, ESI and FT-ICR-MS 

is a perfect tool for the characterization of polar compounds in complex mixtures. 
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Figure 1.7. Simplified construction of an ESI-source and the formation of 

charged droplets. This scheme of an ESI source was modified after the Bruker 

Daltonik User Manual. The schematic spray mechanism was modified after Kogej 

& Schalley (2007). 

 

1.4.3 Characterization of complex organic mixtures 

FT-ICR-MS affords ultra-high mass accuracy and resolving power, making it 

possible to identify molecular formulas in complex organic mixtures (Marshall & 

Rodgers, 2008) and to resolve thousands of compounds in samples without 

previous sample separation (Hughey et al., 2002a; Qian et al., 2001). It has been 

successfully applied to characterize a broad range of different types of naturally 

derived organic mixtures including soil (Ohno et al., 2010; Ohno et al., 2014) and 

natural organic matter (Sleighter & Hatcher, 2011), petroleum-related organic 
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compounds (Hughey et al., 2007; Hughey et al., 2002b; Liao et al., 2012; Pan et 

al., 2013; Poetz et al., 2014; Shi et al., 2010; Smith et al., 2008) and dissolved 

organic matter in water samples (Hockaday et al., 2009; Sleighter et al., 2010). 

Marshall and Rodgers (2004) introduced the term “petroleomics” to describe the 

analysis of the chemical composition of fossil fuels using ultra-high-resolution 

mass spectrometry with different “complementary” ionization modes. Since crude 

oil is considered to be the world’s compositionally most complex organic mixture 

(Marshall & Rodgers, 2004), consisting of alkanes, cycloalkanes, monocyclic and 

polycyclic aromatic hydrocarbons and polar compounds containing heteroatoms, 

this technique is an efficient and sensitive tool especially for the characterization 

of the polar petroleum fractions. Among the polar NSO compounds, especially 

phenols, acids, and carbazoles are used as indicators of oil source, thermal 

maturity, migration, and microbial alteration (Kamga et al., 2014). 

In the following a selected number of applications of different types of organic 

matter will be described in more detail. Hughey et al. (2007) presented the first 

detailed compositional analysis of acidic NSO compounds in biodegraded 

reservoirs and surface crude oils using negative-ion FT-ICR-MS with the aim to 

determine if oxygenated polar compounds could be used to estimate the degree of 

biodegradation in crude oil-contaminated soil samples. They found that the 

biodegraded reservoir crude oil exhibited an increase in relative abundance of O2 

species, a decrease in acyclic fatty acids, an increase in multi-ring naphthenic 

acids and a decrease in C32 hopanoic acids compared to the non-biodegraded 

reservoir crude oil. The surface oils exhibited trends similar to the biodegraded 

reservoir oil, indicating that the surface oils were biodegraded in the reservoir, the 

environment or both. Within this publication the A/C ratio proposed by Kim et al. 

(2005) was used to estimate the level of biodegradation. This index is based on 

the ratio of acyclic to cyclic acids and is explained in more detail in chapter 3. 

Polar NSO compounds in maltene and asphaltene fractions from five heavily 

biodegraded oil sand bitumen samples (PM levels 6−7) were analyzed using 

negative-ion ESI FT-ICR-MS by (Pan et al., 2013). They found that polar NSO 

compounds in maltene and asphaltene fractions differ in distributions. NSO 

compounds with higher DBE values were more abundant in the asphaltene 

fractions than in maltene fractions, suggesting that polar NSO compounds with 
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stronger polarity are readily fractionated into asphaltene fractions. O1 compounds 

in maltene fractions are dominated by phenols while O2 compounds were 

dominated by naphthenic acids. N1 species in maltene fractions were dominated 

by carbazole and benzocarbazole analogues, while N1 species in asphaltene 

fractions were dominated by dibenzocarbazole analogues. The nitrogen-

containing compounds with higher DBE values and shorter alkyl side chains seem 

to be more resistant to biodegradation. These findings fit quite well to our results 

on the maltene fractions of the oil sand samples (chapter 3). 

Oil sand process-affected waters (OSPW) have been studied intensively by 

Headley and Barrow over the last decade (Barrow et al., 2004; Barrow et al., 

2010; Headley et al., 2011; Headley et al., 2014). Barrow et al. 2010 analyzed an 

OSPW sample using ESI and APPI ion sources run in positive- and negative-ion 

mode. They observed that positive-ion APPI led to the greatest number of 

components, while the use of negative-ion mode ESI led to the observation of the 

fewest. The predominant components of the OSPW sample were oxygenated 

species, including naphthenic acids. Headley et al., 2011 compared OSPW 

samples with river water and ground water samples (measured in negative-ion 

mode with an ESI ion source) trying to find compounds that may be diagnostic for 

tailings pond leakage. They found that the distributions of the sulfur-containing 

species, OnS and OnS2, could have the potential to distinguish sources of OSPW. 

The ratios of species containing On along with NOn and N2On, were believed to be 

useful for the differentiation of organic components derived from OSPW from 

those found in river and lake waters. 

Organic matter within the pedosphere derives from natural and increasingly 

from anthropogenic sources (Schwark, 2010). Wang et al. (2011) analyzed polar 

compounds of residual oil in contaminated soils using negative-ion ESI FT-ICR-

MS and found that N1 and O1 species were selectively removed by biodegradation 

and species with higher DBE and lower carbon numbers were more resistant to 

biodegradation. Oxygenated compounds (O2–O6 species) increased upon 

biodegradation and were dominated by compounds with high DBE. 

Even though the number of publications on FT-ICR-MS is increasing each year 

e.g. the number of publications of natural organic matter (NOM) analysis using 

FT-ICR-MS increased from 4 publications in 2000 to 39 publications in 2010 
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(Sleighter & Hatcher, 2011), there are limitations of this analytical method. The 

biggest remaining problem for mass-based petroleomics is quantification. No 

single ionization method produces ions from different analyte neutrals with equal 

efficiency. ESI typically generates positive-ions by protonation of basic 

compounds and negative-ions by deprotonation of acidic compounds. Thus, ESI is 

‘‘blind’’ to aromatic hydrocarbons, thiophenes, furans, etc. Much more uniform 

ionization efficiency across widely different functional groups is currently 

provided by APPI (Marshall & Rodgers, 2008) (see also chapter 5.2 Outlook). 
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2 TRACING BIOGEOCHEMICAL AND 

MICROBIAL VARIABILITY OVER A COMPLETE 

OIL SAND MINING AND RECULTIVATION 

PROCESS 
 

 

This chapter has been published as: Noah, M., Lappé, M., Schneider B., Vieth-

Hillebrand, A., Wilkes, H., Kallmeyer, J., (2014) Tracing biogeochemical and 

microbial variability over a complete oil sand mining and recultivation process. 

Science of the Total Environment, 499, 297-310. 

DOI: 10.1016/j.scitotenv.2014.08.020 

 

2.1 Abstract 

Recultivation of disturbed oil sand mining areas is an issue of increasing 

importance. Nevertheless only little is known about the fate of organic matter, cell 

abundances and microbial community structures during oil sand processing, 

tailings management and initial soil development on reclamation sites. Thus the 

focus of this work is on biogeochemical changes of mined oil sands through the 

entire process chain until its use as substratum for newly developing soils on 

reclamation sites. Therefore, oil sand, mature fine tailings (MFTs) from tailings 

ponds and drying cells and tailings sand covered with peat-mineral mix (PMM) as 

part of land reclamation were analyzed. The sample set was selected to address 

the question whether changes in the above-mentioned biogeochemical parameters 

can be related to oil sand processing or biological processes and how these 

changes influence microbial activities and soil development. 

GC-MS analyses of oil-derived biomarkers reveal that these compounds remain 

unaffected by oil sand processing and biological activity. In contrast, changes in 

polycyclic aromatic hydrocarbon (PAH) abundance and pattern can be observed 

along the process chain. Especially naphthalenes, phenanthrenes and chrysenes 

are altered or absent on reclamation sites. Furthermore, root-bearing horizons on 

http://dx.doi.org/10.1016/j.scitotenv.2014.08.020
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reclamation sites exhibit cell abundances at least ten times higher (108 to 109 

cells g-1) than in oil sand and MFT samples (107 cells g-1) and show a higher 

diversity in their microbial community structure. Nitrate in the pore water and 

roots derived from the PMM seem to be the most important stimulants for 

microbial growth. The combined data show that the observed compositional 

changes are mostly related to biological activity and the addition of exogenous 

organic components (PMM), whereas oil extraction, tailings dewatering and 

compaction do not have significant influences on the evaluated compounds. 

Microbial community composition remains relatively stable through the entire 

process chain. 

 

2.2 Introduction 

The Canadian oil sands in northern Alberta contain about 26.8 billion m3 of 

proven crude oil reserves with a production of over 101 million m3 of bitumen in 

2011 (Teare et al., 2012). This immobile bitumen results from ongoing microbial 

alteration in the reservoir that transforms light oil into heavy or super-heavy oil 

(Shuqing et al., 2008). Due to the preferential biodegradation of lighter 

hydrocarbons, the density and viscosity increase of the oil lead to a decrease in its 

economic value (Head et al., 2003). These changes of chemical composition and 

physical properties imply the need for different production and upgrading 

processes, with the consequence of higher greenhouse gas emissions as well as 

water and land use, as compared to conventional oil production (Jordaan, 2012; 

Nelson, 2006). Due to their proximity to the surface, small parts of the oil sands 

are surface-minable, which has a huge impact on the surrounding environment 

and ecosystem functionality. Consequently, the reconstruction of the disturbed 

landscapes back to working ecosystems is an issue of increasing importance.  

The oil extraction requires large amounts of water and solvents, resulting in 2 to 

2.5 m3 of by-products (water, coarse sand, fines, residual bitumen, heavy metals) 

per barrel of crude oil (Grant et al., 2008; Nelson, 2006). Due to zero discharge 

policies for oil sand process-affected waters, these by-products, termed tailings, 

are stored in settling basins (tailings ponds) on site. Here, the coarse sand fraction 

settles quickly, is removed and stockpiled until it is used as so-called tailings sand 
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(TS) in landscape reconstruction. In contrast, the suspension of fines, heavy 

metals and residual bitumen slowly consolidates during the first 3 to 4 years in the 

pond, forming the so-called mature fine tailings (MFTs). For dewatering the 

rather liquid MFTs are dredged from the tailings ponds and pumped into drying 

cells where flocculants are added to promote dewatering. The consolidated 

processed MFTs (pMFTs) are then also used in landscape reconstruction 

(Siddique et al., 2012; Siddique et al., 2011). According to guidelines for tailings 

pond management and land reclamation established by the Canadian government 

(McFadyen, 2009), a layer of the consolidated pMFTs is either mixed with coarse 

tailings sand or directly spread out as bottom layer on the reclamation sites, where 

they are covered by a thick layer of the coarse tailings sand. Finally, this profile is 

covered with a mixture of peat (70 %) and mineral soil (30 %), called peat-

mineral mix (PMM), or other nutrient-rich substrates (Figure 2.1). 

Since there are no studies about changes of biogeochemical parameters 

throughout an entire oil sand mining and reclamation process chain, samples from 

the four major steps of the production chain (oil sand, MFTs from a tailings pond, 

MFTs from a drying cell and tailings sand from a reclamation site) were analyzed. 

The influence of each process step on the composition of organic matter and on 

changes of the microbial community was investigated to better understand 

whether changes in biogeochemical parameters can be related to oil sand 

processing or biological processes and how these changes influence microbial 

activities and soil development. MFT samples from drying cells and tailings sands 

from reclamation sites were also taken along vertical profiles to obtain 

information about the influence of sediment depth on the investigated parameters. 

To characterize the oil and to observe changes in composition of geogenic 

hydrocarbons over the mining, MFT treatment and recultivation process, the 

compositional changes of oil-derived biological markers were investigated. These 

molecular fossils are organic compounds, which show little or no structural 

changes from their parent molecules in living organisms and can provide 

information about the source of organic matter, maturity or the level of 

biodegradation (Peters et al., 2005). Heavy oils like the ones found in the 

Athabasca region and the leftovers from oil sand production are substantially 

affected by ongoing biodegradation so that most of the common geochemical 
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parameters for the determination of origin, source or maturity cannot be applied 

(Bennett et al., 2013). Therefore, in this study we focus on biomarker parameters 

that are relatively resistant to biodegradation, such as hopanes, phenanthrenes and 

mono- and triaromatic steroids since more labile organic compounds are absent 

(Bennett et al., 2013; Head et al., 2003). 

Microorganisms are active throughout the entire process chain in the oil sand 

deposits as well as in tailings ponds and reclamation sites. In the oil sands 

different microbial species metabolize crude oil constituents and thereby still 

change the hydrocarbon composition of their environment (Harner et al., 2011). In 

tailings ponds microorganisms degrade hydrocarbons and produce methane 

(Siddique et al., 2012) whereas on reclamation sites they are intensely involved in 

the development of new soils, e.g. by mobilizing nitrogen via ammonification and 

nitrification or by the fixation of N2 in the rhizosphere (Parker, 1957). Li et al. 

(2003) showed that the addition of peat moss on reclamation sites results in an 

increase in abundance and diversity of microbial biomass as well as in enhanced 

availability of nutrients. To get an overview about changes in microbial 

community structure in response to electron donor and acceptor availability, it is 

necessary to analyze the microbial communities as well as the pore water 

composition along the process chain. By comparing the cultivable aerobic 

microbial communities from the different habitats, first insights into their 

taxonomic diversity and their hydrocarbon degrading potential can be obtained. 

The cultivation approach is a fast and inexpensive method to obtain information 

on the active component of the population since it was suggested that the readily 

cultivable component of soil microbial communities may be the most important 

fraction in terms of biomass and activity (Ellis et al., 2003). It was shown in 

previous studies that the cultivable portion of a soil microbial community was an 

effective indicator of pollution in soil (Ellis et al., 2002; Ellis et al., 2003). The 

chemically enhanced oil sand extraction and the subsequent tailings reduction 

process strongly impact the environment. Thus, we hypothesized that the 

cultivable aerobic communities would reflect the individual environmental 

conditions characterizing the different habitats.  

A comparison between oil-containing samples and the oil-free soils on 

reclamation sites allows the differentiation between adaptations of the microbial 
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community to the geogenic background and to anthropogenic disturbances. So far 

most studies are limited to single steps of the oil sand mining and recultivation 

process such as bitumen characterization or microbial community studies (Golby 

et al., 2012; Penner & Foght, 2010). Here, we combine geochemical and 

microbiological data to provide information about the most important changes 

along the entire process chain, thereby allowing the assessment of microbial 

degradation of residual environmentally harmful compounds after oil extraction. 

Such information can be used to evaluate the success of the reclamation efforts. 

Our data might be helpful to improve recultivation approaches due to a better 

understanding of how the microbial community structure and the distribution of 

oil-derived organic compounds change during the major steps of the process 

chain. 

2.3 Material and Methods 

Due to restrictions regarding accessibility of field sites and availability of 

samples it was necessary to sample different mines to obtain samples from all 

stages of the processing and reclamation process. Samples were obtained from 

facilities operated by CNRL and Shell in the Athabasca Oil Sand area around Ft. 

McMurray in Alberta, Canada, and represent the different stages of the mining 

and recultivation process. Figure 2.1 provides an overview of the overall process 

chain and illustrates the interrelationship of the different sample types investigated 

in this study. 

Although samples come from different facilities, they are still comparable as the 

oil sand deposits in the Ft. McMurray area were formed in a rather uniform 

geological setting. Analysis of the oil confirms similar formation conditions for 

the whole area (Rubinstein et al., 1977).  
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2.3.1 Samples and sampling locations 

The following samples were used for this study: 

 Oil sand (OS) from an open-pit mine. 

 Unprocessed MFT (uMFT) from a tailings pond. 

 Processed MFTs (pMFT) mixed with flocculants from drying cells: 

 pMFT1 from the edge of a drying cell, fine tailings were deposited 

several months before sampling, crusted surface, partially drained, 

 pMFT2 from the edge of the same drying cell like sample pMFT1, 

fine tailings were deposited a few weeks before sampling, no 

crusted surface, wet, 

 pMFT3 from the center of a different drying cell, fine tailings were 

deposited about 5 months before sampling, crusted surface, 

completely drained. 

 Tailings sand (TS) covered with PMM from a reclamation site: 

 TS1 covered with a 35 cm layer of PMM and seeded with barley in 

spring 2011, 

 TS2 covered with a 60 cm layer of PMM, additional PMM was 

mixed into deeper layers in 2006. Plant cover resulted from natural 

seed input, 

 TS3 covered with a 35 cm layer of PMM in 2006. Plant cover 

resulted from natural seed input. 

 

 
Figure 2.1. Generalized process chain from oil sands to reclamation sites. 

Sample types investigated in this study are indicated by bold letters. 

 

Processed MFT and TS samples were taken using a hand-held coring device as 

well as a trowel or a hand auger up to a depth of 70 cm. Samples were taken in 
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depth intervals from 0 to 5, from 5 to 20, from 20 to 50 and from 50 to 70 cm. The 

PMM cover was removed prior to sampling. Upon retrieval the samples were 

immediately stored in gas-tight foil bags. In the field the bags were initially closed 

with clips and then heat sealed after return to the laboratory. A short contact with 

air could not be avoided. Samples were shipped and stored at +4 °C until 

immediately prior to analysis. A detailed sample description is given in the 

supplementary information. 

 

2.3.2 Extraction and characterization of the organic matter 

A detailed description of each analytical step can be found in the supplementary 

information. The samples were freeze-dried and ground prior to determination of 

total organic carbon (TOC) content, Rock-Eval pyrolysis or extraction with an 

organic solvent. After asphaltene precipitation, the extract was separated into 

compound class fractions by medium pressure liquid chromatography (MPLC) 

(Radke et al., 1980), and the resulting fractions were analyzed by gas 

chromatography-mass spectrometry (GC-MS). A flow chart of the different 

extraction, preparation, separation and analysis steps is shown in figure 2.2. 

 

2.3.3 Pore water analysis 

Pore water was extracted hydraulically with an IODP-style titanium-PTFE 

extraction system (Manheim, 1966) from the MFT samples. The OS and TS 

samples contained too little pore water and were leached (Blume et al., 2011). In 

short, for the leaching 10 g of sample was suspended in 10 mL of deionized water, 

shaken on a vortex for 3 h and then centrifuged to remove all solids. Ion 

concentrations were determined by ion chromatography (IC). The pore waters and 

the leachates were analyzed for the following ions: fluoride, chloride, bromide, 

nitrite, nitrate, phosphate, sulfate, sodium, ammonium, potassium, magnesium, 

calcium, acetate, formate, propionate, citrate, oxalate and butyrate. Analytical 

details are given in the supplementary information (Table S2.1). 
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2.3.4 Extraction of cells and determination of cell abundances 

Depending on the oil content, cells were extracted from the sediment according 

to the protocols of Lappé & Kallmeyer (2011)) and Kallmeyer et al. (2008) by 

density separation. After cell extraction the cells were stained with SYBR Green I, 

embedded according to Morono et al. (2009) and quantified by direct counting 

under an epifluorescence microscope. 

 

2.3.5 Diversity of cultivable bacteria 

For analysis of the diversity of cultivable bacteria, aerobic heterotrophic colony-

forming units (CFUs) were determined. Substrate-specific carbon-metabolizing 

bacteria were enriched on plates and incubated. CFU abundances were calculated 

on the basis of colonies present at the end of the incubation periods. Genomic 

DNA was extracted from a colony of each pure culture according to a simple 

standard protocol (Jacobsen, 1995) and amplified by PCR using the universal 

forward primer 27F(5’-AGAGTTTGATCCTGGCTCAG-3’) and the universal 

reverse primer 907R (5’-CCGTCAATTCMTTTRAGTTT-3’) (Lane, 1991). The 

partial 16S rDNA sequences were compared by BLAST (Altschul et al., 1990) to 

known sequences in GenBank (www.ncbi.nlm.nih.gov). Analytical details of 

cultivation experiments and PCR conditions are given in the supplementary 

information. 
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Figure 2.2. Schematic flow chart summarizing all analytical steps performed 

on the sample set. 

 

2.4. Results 

2.4.1 Organic geochemical results 

2.4.1.1 TOC content and fraction yields 

The TOC contents of the samples and the amount of organic matter extractable 

with organic solvents vary strongly between the four different sample types 

(Figure 2.3; Table S2.2). Two of the OS samples have TOC values below 8 %, 

whereas the other ones contain up to 13.2 % TOC. The pMFT samples show an 

enrichment of organic matter as reflected by TOC contents up to 16.8 %. Much 

lower TOC values are found for the tailings sand samples (0.3 – 3.8 %) (Figure 

2.3). The TOC content of the peat-mineral mix (PMM) is 15.4 %. 
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Figure 2.3. Depth profiles of TOC contents and extraction yields. 

 

Asphaltene concentrations in extracts of the OS samples are between 6.3 % and 

7.4 % of the total organic extract (TOE) (Table S2.3), which is only about one 

third of the concentrations reported by other authors (Brooks et al., 1988; Fowler 

& Brooks, 1987; Tissot & Welte, 1984). Most of the MFT samples and especially 

the tailings sands show higher percentages of asphaltenes compared to the oil 

sands with values up to 18.3 % (Table S2.2 and S2.3). The maltene fractions 

consisting of aliphatic hydrocarbons, aromatic hydrocarbons and nitrogen, sulfur 

and oxygen (NSO) compounds show a relative increase of the latter from the oil 

sands over the MFTs to the tailings sands (Figure 2.4 and Table S2.2). There is no 

obvious change in the relative fractional composition with depth, but the different 

sample types and locations show slight differences. For example most of the TS 

samples have higher aliphatic to aromatic hydrocarbon ratios (average ratio for the 

entire depth profile TS1: 0.97, TS2: 1.24, TS3: 1.18) compared to the MFT 

samples (average ratio for the entire depth profile pMFT1: 0.75, pMFT2: 0.76, 

pMFT3: 0.84) and all OS samples (0.74 – 0.78) (Table S2.4). The percentages of 

the aliphatic and aromatic hydrocarbon fractions of the OS samples are in fairly 

good agreement with literature reports (Table S2.3). 
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Figure 2.4. Ternary diagram displaying the bulk compound class composition 

of the extractable organic matter. 

 

2.4.1.2 Rock-Eval pyrolysis 

While Rock-Eval pyrolysis was originally developed as a screening tool to 

identify source rock potential in petroleum exploration (Espitalié et al., 1977), it 

has also successfully been applied toward characterization of organic matter in 

soils and recent sediments in the context of environmental and biogeochemical 

studies (e.g. Disnar et al., 2003; Graz et al., 2010; Hare et al., 2014; Marchand et 

al., 2008). The S2 parameter represents the volatile organic compounds generated 

by cracking of the macromolecular organic matter, while the S3 parameter 

represents the carbon dioxide evolved during pyrolysis, which derives from 

oxygen-containing moieties in the organic material (Espitalié et al., 1977). Figure 

2.5 depicts a cross plot of hydrogen index (HI = (S2/TOC)*100) versus oxygen 

index (OI = (S3/TOC)*100) values based on these parameters in a Pseudo van-

Krevelen diagram. pMFT samples show the highest HI values ranging between 

552 and 751 mg HC/g TOC and very low OI values (5 – 12 mg CO2/g TOC). In 
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comparison, the TS samples have lower HI values (161 – 326 mg HC/g TOC) and 

higher OI values (25 – 207 mg CO2/g TOC). The production index (PI, proportion 

of S1 to S2 (S1/(S1+S2))) decreases from the OS samples to MFT and TS 

samples. Additional data are given in table S2.5. 

 

 
Figure 2.5. Pseudo van-Krevelen diagram (hydrogen index HI versus oxygen 

index OI) depicting data from Rock-Eval pyrolysis. 

 

2.4.1.3 Aliphatic hydrocarbon fractions 

The saturated hydrocarbon fractions show impacts of severe biodegradation, 

indicated by the depletion or the absence of certain compound classes in the entire 

sample set. n-Alkanes (m/z 85) were absent in all oil containing samples but were 

detected in the TS samples (Table S2.3). In the TS1 depth profile n-alkanes were 

detected in the top layer (C16 – C31, maximum C25) and in the deepest layer (C14 – 

C22, maximum C17) but were found only in traces in the two middle layers (5 – 20 

and 20 – 50 cm). In TS3 samples n-alkanes are present in the top layer (C15 – C20, 

maximum C17), while all deeper layers show only trace amounts. In contrast, in 
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TS2 samples, where the PMM was mixed into deeper layers and roots could be 

found at all depths, n-alkanes were present over the entire depth profile (C12 – 

C31) with an odd over even predominance and a maximum at C27. 

Hopanes and tricyclic terpanes were found in the entire sample set, due to their 

relative strong resistance to microbial degradation. However, in the TS samples 

they occurred in lower mean concentrations (474 ng/g sed) relative to the 

analyzed OS (1031 ng/g sed) and MFT (1182 ng/g sed) samples. 25-Norhopanes 

were not detected in our sample set, whereas gammacerane is abundant in all 

samples. The calculated biomarker ratios for hopanes, the thermal maturity 

parameter Ts/(Ts + Tm) and the homohopane index (HHI), show only minor 

changes between the different sample types and over the depth profiles (ratios and 

formulas in table S4). There are regular steranes and diasteranes in all samples. 

The sterane-diasterane pattern in the chromatograms remains unaltered over the 

entire process chain. 

 

2.4.1.4 Aromatic hydrocarbon fraction 

A complex pattern of C2 – C4 alkylnaphthalenes was found in the uMFT sample 

and pMFT3 samples from the drying cell, with the highest alkylnaphthalene 

concentration in the uMFT sample (611 ng/g sed). pMFT1 and pMFT2 samples 

show a loss of C2 alkylnaphthalenes. OS1 and OS2 show a higher relative 

abundance of C3 – C4 alkylnaphthalenes, while co-eluting 1,2,5,6- and 1,2,3,5-

tetramethylnaphthalene are the only detectable naphthalenes in the two low-grade 

samples OS3 and OS4. No naphthalene constituents were present in any of the TS 

samples. 

OS3 and OS4 show a loss of phenanthrene and methylphenanthrenes (3-MP, 2-

MP, 9-MP and 1-MP) (Figure 2.6 and S2.1) compared to OS1 and OS2. 

Phenanthrene as well as C1 – C3 alkylphenanthrenes were detected in OS1 and 

OS2 and all MFT samples. All pMFT samples show the same distribution of C1 – 

C3 alkylphenanthrenes. In the TS samples phenanthrene is missing, but some C2 – 

C3 alkylphenanthrenes are detected. The total concentrations of phenanthrenes in 

the OS samples range from 105 - 1118 ng/g sed. The phenanthrene content is 
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higher in the uMFT (1862 ng/g sed) and pMFT (365 - 1646 ng/g sed) samples 

than in the TS samples (below detection limit – 97 ng/g sed). 

In addition to the two- and three-ring polycyclic aromatic hydrocarbons 

(PAHs), four-ring PAHs were identified in all samples, namely two methylpyrene 

isomers as well as C1 - C3 benz[a]anthracenes and/or chrysenes. Besides alkylated 

PAHs the parent four-ring benz[a]anthracene (B[a]A) is abundant in all samples 

from oil sand to tailings sands. This is different for the parent isomer chrysene 

(Chrys), which is present in OS1 and OS2, the uMFT and in all pMFT samples. 

Chrysene is absent in OS3, OS4 and in the TS samples. Higher (five- or six-ring) 

PAHs as well as the four-ring pyrene could not be detected in any sample. 

Exemplary chromatograms of each sample type show the distribution of 

phenanthrenes, benz[a]anthracenes and chrysenes (Figure S2.1). 

The total concentration of PAHs and alkylated PAHs for all samples shows a 

clear enrichment of PAHs in the MFT samples and a strong decrease in the TS 

samples. The ratio between B[a]A and chrysene is expressed by the parameter 

B[a]A/(B[a]A+Chrys). This parameter shows an increase from OS1 over OS2 to 

the pMFT samples, which indicates a loss of chrysene in this sample type. The 

uMFT sample does not show this loss of chrysene, as indicated by a value similar 

to OS1. OS3 and OS4 as well as all TS samples display values of 1 due the 

complete absence of chrysene (Figure 2.6). 
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Figure 2.6. Concentration of total PAHs with their associated 

B[a]A/(B[a]A + Chrys) ratios. Due to a complete absence of chrysene in the OS3 

and OS4 and all TS samples the B[a]A/(B[a]A + Chrys) ratios is 1 and therefore 

not shown for the TS samples. 

 

Mono- (MA) and triaromatic steroids (TA) show the same distribution pattern 

over the entire sample set. This is emphasized by the selected biomarker ratio 

TA/(MA + TA) (ratios and formulas in table S2.4). Triaromatic dinosteroids and 

triaromatic 3- and 4-methylsteroids were also detected in all samples. 

 

2.4.1.5 Carboxylic acids 

Analysis by GC-MS showed that C16 and C18 fatty acids are most abundant in 

OS (fatty acid range: C12 – C26), uMFT (C12 – C32) and pMFT samples (pMFT1: 

C12 – C32) (pMFT2 0 - 20 cm: C14 – C30, 20 – 70 cm: C12 – C32) (pMFT3: C12 – 

C34). The TS samples show a different fatty acid pattern with C20 to C30 

concentrations being higher than those in oil-containing samples. In TS1 and TS3 

C16 and C18 fatty acids are still the most abundant compounds. In TS2 there is a 

dominance of C22 – C28 with a maximum at C24. At each site the fatty acid 

concentration remains constant with depth.  
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2.4.2 Concentrations of dissolved inorganic and organic ions in the pore water 

Pore water was only available from the MFT samples, from the OS and TS 

samples there were only leachates. During leaching the water to solids ratio is 

much larger than in the MFT samples, so a direct comparison between the 

different types of samples is not possible. In order to be able to identify trends in 

ionic composition, we normalized the concentrations to a conservative ion, in our 

case chloride and sodium for anions and cations, respectively. 

 

2.4.2.1 Anions 

In OS samples, the most abundant anion is chloride with concentrations of 0.6 

to 29.2 mmol L-1. Sulfate concentrations range between 0.3 and 17.6 mmol L-1, 

resulting in sulfate to chloride ratios between 0.2 and 1.8. OS3 reveals the highest 

anion concentrations with 17.6 and 29.2 mmol L-1 for sulfate and chloride, 

respectively. Nitrate was not detected in any OS sample (Figure 2.7). 

Figure 2.7. Pore water ion concentration of the OS and uMFT samples. 

 

In the uMFT sample, chloride concentration is 8.8 mmol L-1, which is higher 

than that in OS1, OS2 and OS4 but lower than that in OS3. Sulfate concentration 

is about half of the lowest concentration found for the OS samples (0.1 mmol L-1), 

resulting in a sulfate to chloride ratio of 0.01. In contrast to the OS samples, 

nitrate is present in very low concentrations (0.02 mmol L-1) (Figure 2.7). 

Consequently the nitrate to chloride ratio is below 0.01. 

In pMFT1 and pMFT3 anion concentrations are highest in the crusted surface, 

strongly declining with depth. At the surface of pMFT1 and pMFT3, chloride and 
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sulfate concentrations can even be higher than those in the OS samples. The 

sulfate to chloride ratios range from 0.03 to 0.53 with the highest values in the 5 - 

20 cm depth interval. Nitrate concentrations are still rather low (0.10 mmol L-1), 

but about five times higher than those in the uMFT sample. Still nitrate to chloride 

ratios remain below 0.01. Along the pMFT2 depth profile most anion 

concentrations show only little variability (Figure 2.8). 

In the TS samples, sulfate is the predominant anion with concentrations in the 

range of 1.4 – 21.7 mmol L-1. In contrast to the OS and MFT samples, chloride 

concentrations are very low and range between 0.01 and 0.1 mmol L-1. The 

resulting sulfate to chloride ratios are between 27 and 1544. In those TS samples 

that contain nitrate, concentrations are higher than those in any of the samples 

described before (0.01 – 0.66 mmol L-1), resulting in nitrate to chloride ratios 

from 0.1 to 41. Especially in root-bearing horizons, which contain a significant 

amount of PMM, nitrate values are about ten times higher than those in any of the 

samples described before (Figure 2.7 and 2.8). 
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2.4.2.2 Cations 

Generally the leachate from OS3 exhibits ion concentrations that are about ten 

times higher than those from the other OS samples (Figure 2.7). Sodium 

represents the most abundant cation with concentrations ranging between 1.8 and 

2.3 mmol L-1 in OS1, OS2 and OS4, and 26.0 mmol L-1 in OS3. When 

normalizing to sodium, the ratios show only little variability in all OS samples 

(0.01 – 0.02 for potassium, 0.01 – 0.12 for calcium and 0.03 – 0.12 for 

magnesium) indicating a similar ionic composition of the samples.  

In the uMFT sample, sodium concentration is in a similar range as in OS3, all 

other cations are only found in very low concentrations (< 0.25 mmol L-1) (Figure 

2.7), resulting in sodium normalized ratios below 0.01. 

In pMFT1 and pMFT3 cation concentrations are highest in the crusted surface 

and decline with depth, indicating evaporative pumping. Along the pMFT2 depth 

profile most cation concentrations show little variability. Although sodium 

concentrations are lower than in the OS and in the uMFT samples (17.4 - 18.7 

mmol L-1), potassium concentrations are slightly higher (0.2 – 1.9 mmol L-1) 

(Figure 2.7 and 2.8). Still, potassium to sodium ratios remain around 0.01. 

In the TS samples calcium is the most abundant cation (0.6 – 6.8 mmol L-1) 

with calcium to sodium ratios between 1.3 and 10.5, which is up to 1,000 times 

higher than those in the MFT samples. Potassium, which plays a major role in 

fertilization, is quite depleted in the TS samples (0.01 – 0.1 mmol L-1), but due to 

the lower sodium concentrations, the potassium to sodium ratios range between 

0.02 and 0.13, which is up to ten times higher than those in the MFT samples. 

Magnesium concentrations range between 0.2 and 2.0 mmol L-1 (Figure 2.8), 

resulting in magnesium to sodium ratios from 0.3 to 3.0, which is up to 100 times 

higher than those in the MFT and OS samples.  

 

2.4.2.3 Organic acids 

For a better comparison between leachate and pore water, organic acid 

concentrations were normalized to chloride. In the OS samples, acetate, formate 
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and propionate concentrations are in the range of 0.01 to 0.03 mmol L-1 (Figure 

2.7), resulting in chloride-normalized ratios below 0.01.  

In the uMFT sample, formate concentration is slightly higher than that in the OS 

samples (0.06 mmol L-1), but acetate remains low (0.02 mmol L-1) and propionate 

was not detected (Figure 2.7). Chloride-normalized ratios remain uniformly below 

0.01. 

In the pMFT samples, acetate concentrations are generally higher than in the OS 

and the uMFT samples (0.06 – 0.28 mmol L-1), resulting in acetate to chloride 

ratios of up to 0.02. In pMFT2, acetate shows a positive outlier between 30 and 40 

cm depth. Formate was only detected in the crusted surfaces of pMFT1 and 

pMFT3 (0.02 and 0.03 mmol L-1, respectively). Propionate was only found in the 

crusted top layer of pMFT1 (0.02 mmol L-1) (Figure 2.8). Chloride-normalized 

ratios remain uniformly below 0.01. 

In the TS samples, all organic acid concentrations are in a similar range as in the 

OS and the uMFT samples (Figure 2.7 and 2.8), but due to a lower chloride 

content the chloride-normalized ratios are between ten and hundred times higher 

than those in the other samples. 

 

2.4.3 Microbiological results 

2.4.3.1 Direct cell counts 

In the OS, the uMFT and the pMFT samples, i.e. in all samples that contain 

natural or residual oil, cell abundances quantified by direct counting were in the 

range of high 106 to low 107 cells g-1. In pMFT1 and pMFT3, the highest cell 

counts were found in the crusted top layers, while cell counts were constant along 

the depth profile of pMFT2. On the reclamation sites, cell abundances in root-

bearing horizons range from 108 to 109 cells g-1, which is at least ten times higher 

than those in the oil-containing samples (Figure 2.9). 
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Figure 2.9. Cell counts (uMFT, pMFTs and TS) from direct cell counting and 

cell counts determined by CFU. The diagrams on top show depth profiles from the 

drying cells, whereas the diagrams on the bottom show depth profiles from the 

reclamation sites. The cell abundance of the uMFT sample is plotted in the MFT1 

diagram (black triangle). 

 

2.4.3.2 Plate counts 

The aerobic heterotrophic microbial community quantified via colony forming 

units (CFUs) represent nearly 48 % of the direct cell counts in oil sands and ~ 10 - 

60 % of the cell counts in the pMFT samples, with the highest values in the upper 

20 cm and a substantial decrease at depths below 50 cm (Figure 2.9). In pMFT1 

(5 - 20 cm) the viable cells even slightly exceed the direct counts. CFUs on oil 
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sand specific agar (MM-MFT) represent ~ 17 % of the direct counts in MFT 

samples (data not shown). Up to 50 % of the cultivable bacteria in OS and pMFT 

samples could be characterized as “slow-growing” during enrichment on MM-

MFT agar and developed colonies with a diameter below 0.5 mm. In those 

samples from reclamation sites that did not contain any roots, cell abundances 

determined by CFU counting are similar to direct cell counts (107 cells g-1). The 

CFUs from TS2 exhibit a significantly smaller proportion (6 - 31 %) of the direct 

cell counts and do not show any relation to sampling depth. In the TS samples the 

CFUs on MM-MFT represent ~ 10 % of the direct counts (data not shown). 

Generally, CFUs potentially overestimate the fraction of cultivable aerobes. That 

might be related to the fact that direct cell counts and samples for plate counting 

were determined on different subsamples, which had been stored for different 

time periods. Due to an extended storage time the subsamples used for cultivation 

experiments might have been exposed to oxygen, thereby causing a shift in the 

microbial community toward aerobic organisms.  

 

2.4.3.3 Community analysis 

In total, 880 heterotrophic bacterial isolates were taxonomically characterized 

by molecular analysis. 299 isolates derived from oil sands (a mixture of OS1 to 

OS4 was analyzed), 130 from pMFT1, 186 from pMFT3, and 265 from TS2. The 

relative abundance of bacterial classes cultivated under aerobic conditions varies 

significantly across the samples. Betaproteobacteria dominate the isolates 

enriched from pMFT1 but reveal a significantly lower abundance among the 

isolates from oil sands, from pMFT3 and from TS2 (Figure 2.10). With 100 % in 

pMFT3, 91 % in pMFT1, 61 % in TS2, and 17.5 % in oil sands Comamonadaceae 

are the most frequently occurring family within this class (Figure S2.2). 

Actinobacteria are the most abundant phylum in isolates from oil sands and 

pMFT3 (68 % and 71 %, respectively) and are relatively abundant in TS2 (43 %) 

and pMFT1 (21 %). Alphaproteobacteria and Gammaproteobacteria are also 

relatively abundant in all samples, but with considerable variability. Over all 

samples Actinobacteria and Alphaproteobacteria exhibit significant sample-to-

sample variation in the composition of families (Figure S2.2). Isolates belonging 
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to the classes Flavobacteria and Sphingobacteria are relatively frequent in TS2 but 

are very rare in oil sand, pMFT1 and pMFT3 (Figure 2.10). 

 

 
Figure 2.10. Composition of the aerobic bacteria at the class level within the 

pool of culturable isolates (n = 880). The bars represent a mixture of the four oil 

sand samples (OS) and the complete depth profiles of pMFT1, pMFT3 and TS2. 

 

A canonical correspondence analysis (CCA) (Figure 2.11) based on genus-level 

information of the cultivable aerobic communities indicates a separation of the 

oil-sand-derived isolates by the higher aliphatic hydrocarbon content of the TOC 

fraction and the abundance of Actinobacteria. Separation of the TS2 isolates 

coincides with higher contents of asphaltenes and carboxylic acids of the TOC 

fraction and the relative abundance of Bacteroidetes. Separation of the pMFT1 

and pMFT3 isolates from oil sand and TS2 isolates is mainly explained by the 

abundance of Betaproteobacteria and the increased TOC content. 
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Figure 2.11. Canonical correspondence analysis of the community structure of 

cultivable bacteria based on the relative abundance of the genera. Vectors 

indicate geochemical parameters and relative abundance of classes; open circles, 

individual genera. 
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2.5 Discussion 

In the current study, 29 samples representing four different stages of oil sand 

mining, tailings management and initial land reclamation, were analyzed. This 

sample set was screened for organic geochemical parameters as well as for pore 

water ion concentrations and partly for the community structure of the cultivable 

aerobic microorganisms. 

 

2.5.1 Evolution of organic matter composition 

Although the analyzed oil sand samples originate from the same geological 

setting, the TOC content of the four samples varies between 6.2 and 13.2 %. This 

is probably due to the different qualities of the bitumen representing different 

levels of biodegradation and inhomogeneities as there were many clay lenses of 

different sizes in the samples. Lower TOC content in the uMFT (4.3 %) sample 

was expected as most of the oil had been extracted during processing. The TOC 

content in the pMFT samples from drying cells is higher than that in the uMFT 

sample and even higher than that in OS3 and OS4 (TOCpMFT 9.6 – 16.8 %). As 

organic matter concentration and the content of fines in sediment often correlate, 

Nichols (1984) and Sollins et al. (1996) proposed that the content of organic 

matter is determined by the surface area of mineral grains, which is the largest in 

the smallest grain fraction. This accumulation of organic matter around fine 

particles might explain the high TOC content in the pMFTs. Due to the strong 

adhesion of organic matter to smaller particles (Sollins et al., 1996), the remaining 

oil cannot be recovered from these particles by the hot water bitumen extraction 

without enormous effort. By the addition of high-molecular weight anionic 

polyacrylamides as flocculants to support dewatering of the pMFTs, further 

organic material is added. In the coarse tailings sands, which are used as 

substratum for newly developing soils, TOC content varies between 0.4 % and 

3.8 %. Such low values can be explained by the fact that the coarse sand fraction 

does not contain significant amounts of residual oil after extraction. Among the 

TS samples TOC content is highest in TS2 (0.89 % at the top, rising to 3.75 % in 

the deepest layer, Figure 2.3), which is probably due to intense mixing with 
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PMM, which has a TOC content of 15.4 %. The significant amount of roots along 

the depth profile must also originate from the PMM. The arbitrary distributions of 

roots at sites TS2 and TS3 underline their external origin. 

Since the organic material deriving for the oil sands does not contain a labile 

hydrocarbon fraction due to the severe level of biodegradation, a detailed 

biomarker characterization was performed to trace oil-derived organic matter in 

the TS samples and its changes. Our data on oil-derived biomarkers confirm the 

marine source rock and the severe level of biodegradation as reported in many 

previous studies, e.g. Shuqing et al. (2008). Details of this assessment are 

presented in the supplementary information. 

The selected biomarker ratios (Table S2.4) in the uMFT and pMFT samples are 

similar to the ratios in the OS samples. In contrast to the OS and MFT samples, 

where the organic matter is oil-derived, TS samples show a combination of oil-

derived components and organic matter input from roots and peat. The detected n-

alkanes in the covered TS samples are believed to originate from roots and the 

PMM. This is confirmed by the fact that all TS2 samples contain both PMM and 

n-alkanes. In TS1 and TS3 the n-alkanes in the top layer could have been leached 

from the PMM cover and/or derive from initial root development. The odd-over-

even predominance of the n-alkanes and the relatively high oxygen index (OI) 

values (Figure 2.5) reveal a predominant origin of organic matter from recent 

terrestrial plant material. Relatively high concentrations of carboxylic acids in all 

TS samples (Table S2.2; 22.8 % - 28.6 %) might also be derived from roots, 

PMM and microbial cells. 

In our study Rock-Eval measurements were applied to evaluate changes in the 

organic matter quality. The decreasing production index from OS samples over 

MFT to TS samples, and consequently a relative increase of S2, shows that free 

and adsorbed hydrocarbons were mainly removed during oil extraction, which 

leads to an enrichment of macromolecular components. This is obviously in good 

agreement with the higher proportion of asphaltenes in the MFT and TS samples. 

A relatively high hydrogen index (HI) and a lower production index for the pMFT 

samples compared to the uMFT sample are most probably caused by the added 

flocculants. TS2 shows higher OI values than all other TS samples due to the 

PMM admixture. 
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Our results on polycyclic aromatic hydrocarbons provide insights into different 

levels of microbial alteration and changes of the organic matter composition along 

the process chain. OS3 and OS4 have a lower TOC content than OS1 and OS2 

and show a loss of phenanthrene and methylphenanthrenes (3-MP, 2-MP, 9-MP 

and 1-MP). The only naphthalenes still present in OS3 and OS4 are 1,2,5,6- and 

1,2,3,5-tetramethylnaphthalene, which are least susceptible to biodegradation 

(Huang et al., 2004; Püttmann & Villar, 1987). Furthermore, OS3 and OS4 reveal 

a total loss of chrysene and C1-B[a]As and/or chrysenes (with the exception of 

one single peak) compared to OS1 and OS2 (Figure 2.6 and S2.1). These 

differences and the lower TOC values indicate an even more severe level of 

biodegradation of OS3 and OS4 as compared to OS1 and OS2. Also, in the pMFT 

samples the B[a]A-Chrys-Ratio increases compared to OS1 and OS2 and the 

uMFT sample, due to a slight loss of chrysene (Figure 2.6 and S2.1). The total 

amount of PAHs and alkylated PAHs in the uMFT sample is higher than in all 

other samples (Figure 2.6), which might be due to enrichment and accumulation 

effects. A loss of phenanthrene, methylphenanthrenes and a change in the C2 

phenanthrene pattern can be seen in the TS samples. Additionally, a complete loss 

of naphthalenes and chrysene is observed. Due to the fact that microorganisms 

degrade naphthalene and phenanthrene prior to hopanes, steranes and aromatic 

steroids (Wenger et al., 2002), this might be an indication for microbial activity 

rather than the influence of oil sand processing. Insignificant variability of the 

hopane, diasterane and mono- and triaromatic steroid patterns shows that 

microbial processes involved in the initial reclamation do not change biomarker 

ratios in this short period of time. However, phenanthrenes, naphthalenes and 

chrysenes seem to be utilized as carbon and energy sources by microorganisms 

within a few years. Since these compounds belong to the class of PAHs, which are 

well-known to be toxic, mutagenic and carcinogenic, their removal from tailings 

sand used for land reclamation is obviously a favorable process. B[a]A is the only 

parent PAH which could be detected in the TS samples. Taking into account that 

B[a]A and chrysene have the same octanol/water-partition-coefficient (logKow 

5.8) (Bayona et al., 1991) and that the water solubility of chrysene (2 µg/L) is 

even lower than that of B[a]A (14 µg/L) (Mackay & Shiu, 1977), chrysene 

removal is unlikely to be related to oil sand processing. Boonchan et al. (2000) 
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reported that bacteria and fungi isolated from contaminated soils were able to 

degrade small amounts of chrysene and B[a]A and even utilized pyrene as the 

sole carbon and energy source. Besides B[a]A and chrysene all PAHs show a high 

hydrophobicity and a strong sorption to sand or clay particles and organic matter 

(Bardi et al., 2000). It therefore is likely that PAHs were not completely removed 

from the sand fraction during oil sand extraction and that changes in the PAH 

fraction compared to the OS and MFT samples are mainly due to microbial 

activity.  

 

2.5.2 Microbial activity in relation to pore water biogeochemistry 

Cell abundances in the OS samples are in the range of 8.7 x 106 to 2.8 x 107 

cells g-1. These values are lower than cell abundances in the top layers of naturally 

occurring hydrocarbon-free soils, where they range between 108 and 109 cells g-1 

(Hoorman & Islam, 2010). This reduction in cell abundance might be due to the 

oil sand deposits being positioned below the surficial soil layer with high 

microbial abundance and activity, leading to a limited supply with easily 

accessible carbon sources in oil reservoirs at this depth. The deficiency in 

nutrients is confirmed by low cell division rates, as indicated by the slow and 

restricted growth on MM-MFT agar. Reduced concentrations of low molecular 

weight organic acids in the pore water are also indicative of a general nutrient 

deficiency, leading to lower cell abundances and vice versa. For example OS1 and 

OS2 have a higher TOC content than OS3 and OS4 and also higher cell 

abundances. This correlation might be explained by the presence of more 

bioavailable organic matter in OS1 and OS2, as the loss of phenanthrenes and 

methylphenanthrenes in OS3 and OS4 is indicative of a higher level of 

biodegradation. The community structure analysis of the cultivable aerobic 

bacteria shows the presence of Sphingomonadaceae in the OS samples. All 

isolates belong to the hydrocarbon-degrading genera Sphingobium, 

Sphingomonas and Novosphingobium which are able to degrade a broad spectrum 

of mono- and polycyclic aromatic compounds (Kertesz & Kawasaki, 2010). In 

contrast to TOC content, the availability of typical electron acceptors for oil-

degrading microbes does not seem to be the limiting factor for microbial 
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community size. In OS3, for example, sulfate concentration is more than ten times 

higher than that in the OS1, OS2 and OS4 but exhibits lower cell abundances than 

samples with a higher TOC content. Besides the oil-degrading 

Sphingomonadaceae (Alphaproteobacteria), Actinobacteria are present in the OS 

samples. Many representatives of their subclasses are known to have the ability to 

degrade naphthalene and other PAHs (Kämpfer, 2010). Additionally, 

Betaproteobacteria, which are able to degrade n-alkanes (C12 – C34), naphthalene, 

phenanthrene and a series of other hydrocarbons (Prince et al., 2010), were found 

in the oil sand. 

In the uMFT sample organic acid concentrations in the pore water are similar to 

those found in the leached waters of the oil sand, the sodium-normalized ratios are 

also in the same range around 0.01. Sulfate concentrations in the uMFT sample 

are about ten times lower than those in the OS samples, whereas nitrate and 

potassium concentrations increase. Nitrate can act as an electron acceptor for 

certain bacteria. However, cell counts are in the same range as in the oil sand (1.7 

x 107 cells g-1), indicating that cell abundances are not affected by the oil 

extraction with hot water (35 – 80 °C) (Masliyah et al., 2004). 

In the pMFT samples pore water ion concentrations are generally highest in the 

crusted top layers of the drying cells. The enrichment of ions is caused by 

evaporative pumping. This is especially true for sulfate, sodium, calcium and 

magnesium along the profiles of pMFT1 and pMFT3. Due to its later deposition, 

the surface of pMFT2 was not crusted at the time that the samples were taken. The 

more homogenous water content is reflected in the pore water ion concentration, 

which is more or less constant over the depth profile of pMFT2 and not elevated 

at the surface. pMFT2 was deposited only a few weeks prior to sampling, whereas 

pMFT1 and pMFT3 tailings were deposited several months before the sampling 

campaign. Not only the ion concentrations in the pore water but also the cell 

abundances are constant over the depth profile at pMFT2. 

As mentioned above, nitrate is an electron acceptor for nitrate-reducing bacteria 

under sub- and anoxic conditions. In the pMFT samples nitrate is found in all but 

one sample in very low concentrations (max. 0.1 mmol L-1), which thus might 

indicate its consumption by nitrate-reducing bacteria. 
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In each sample set from the pMFTs, there is a slight correlation (R2 between 

0.63 and 0.71) between cell abundance and acetate concentration in the pMFT 

samples (data not shown). Acetate is a common organic substrate for 

heterotrophic microbes, so a positive correlation between cell abundance and 

acetate can be expected. In combination with the potentially sub- and anoxic 

conditions in deeper layers and low nitrate concentrations, relatively high acetate 

concentrations could also be explained by the presence of acetogenic bacteria, 

which are important members of bacterial consortia known to be involved in the 

anaerobic degradation of constituents of geogenic organic material like coal and 

petroleum (Gilcrease & Shurr, 2007). This would also explain the increase in cell 

abundance in the deepest layers of pMFT1 and pMFT3. Acetogenic bacteria can 

produce acetate, H2 and CO2 from higher fatty acids (long-chain fatty acids) by 

anaerobic degradation (McCarty, 1981). Additionally, propionate is produced, 

which is also transformed into acetate when nitrate and sulfate are not available as 

inorganic electron acceptors (Westermann et al., 1989). This process might 

explain the low propionate concentrations in pMFT samples. Under anaerobic 

conditions, acetate is the substrate for acetoclastic methanogenesis, thus the 

measured acetate concentrations in the pMFTs appear to be unusually high. It was 

reported in detail that the MFTs are subject to substantial methanogenesis (Penner 

& Foght, 2010; Siddique et al., 2006; Siddique et al., 2007; Siddique et al., 2011). 

Therefore, we assume that the strictly anaerobic methanogenic community in the 

pMFT samples is inhibited either by increasing O2 partial pressure or by 

hydrocarbons inherent to the MFTs, as it was reported in a study on a crude oil-

contaminated aquifer, which showed that acetoclastic methanogens were 

extremely susceptible to inhibition by crude oil, whereas formate- and hydrogen-

utilizers were unaffected (Bekins et al., 1999). Moreover, the high salinity in the 

upper pMFT layers could also have an inhibitory effect (Waldron et al., 2007). 

Similar to acetate, formate was found in a few pMFT samples. It also serves as 

a nutrient for microbes and cell abundances are positively correlated to its 

concentration. When formate concentrations on the drying cells are low, microbial 

abundances are low as well. Cell abundances determined by direct counting are 

highest in the uppermost layers of pMFT1 and pMFT3, where concentrations of 

electron acceptors (especially sulfate) are highest. Sulfate can serve as an electron 
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acceptor under anoxic conditions, so it is not possible to relate viable cells and 

sulfate concentrations, since the CFUs only represented aerobic heterotrophs. 

However, cell abundances are in a similar range as in the OS and the uMFT 

samples. The addition of flocculants does not seem to influence cell abundances.  

The cultivable aerobic microbial communities exhibit substantial differences 

with regard to the composition of bacterial classes. The most remarkable 

characteristic is the high abundance of Betaproteobacteria and therein the 

Comamonadaceae in pMFT1. Comamonadaceae were shown to be present in the 

surface layers of tailings ponds, (Saidi-Mehrabad et al., 2012) and in unprocessed 

mature fine tailings (Siddique et al., 2014). Due to their metabolic diversity and 

hydrocarbon-degrading potential they were considered to be well-adapted to the 

low oxygen concentrations in the tailings ponds (Saidi-Mehrabad et al., 2012). 

Similar environmental conditions can be assumed for the undrained layers of the 

sampling site pMFT1 where nitrate and ferrous iron can serve as electron 

acceptors in the absence of oxygen.  

At the class level the cultivable aerobic microbial community in pMFT3 

resembles the community in the OS samples regarding the high abundance of 

Actinobacteria and the low abundance of Betaproteobacteria. However, 

comparison on family and genus levels shows that the composition of the 

cultivable aerobic communities differs significantly. Since the composition of the 

oil-derived organic matter in oil sand was found to be comparable to that in pMFT 

samples the differences possibly reflect the extreme environmental conditions in 

pMFT3, e.g. high ion concentrations and low water content. Thus, among the 

Actinobacteria cultivated from pMFT3 there was a high abundance of 

Nocardioidaceae (Figure S2.2), which are known for their ability to degrade and 

metabolize aliphatic and aromatic hydrocarbons. They are also known to tolerate 

high NaCl concentrations, heavy metals and, like many other Actinobacteria, 

desiccation (Whitman et al., 2012).  

Cell abundances strongly vary on reclamation sites. In some horizons they 

remain in the range of 107 cells g-1 but in most horizons cell counts are at least ten 

times higher. This matches well with average cell counts in natural hydrocarbon-

free soils (Hoorman & Islam, 2010). Higher cell abundances were exclusively 

found in root-bearing horizons with nitrate concentrations between 0.19 and 
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0.66 mmol L-1, indicating that roots and/or nitrate initiate or at least promote the 

development of microbial communities (Rovira, 1965). In the absence of oxygen 

or with low oxygen partial pressure nitrate induces the denitrifying pathway, 

which is found in a broad spectrum of genera within Proteobacteria, 

Actinobacteria, Firmicutes, and Flavobacteria. These denitrifying bacteria are 

typical soil inhabitants (Zumft, 1999). Between 20 and 50 cm depths at TS3, TOC 

content, cell abundance, the amount of roots and nitrate concentration are high, 

revealing the link between these biogeochemical parameters. (Cocking, 2003) 

showed that roots act as a source of organic carbon. The rhizosphere enhances the 

nutrient availability by massive input of easily degradable organic substances 

compared to the bulk soil (Barber & Lynch, 1977). Thus, the population density 

of microbes is higher in the rhizosphere than in the bulk soil. The influence of 

roots on microbial abundances can be observed over the TS2 depth profile, where 

cell abundances follow TOC content (R2 = 0.99). Over the TS2 depth profile 

nitrate is detectable in all samples. It is the only profile where the C24 fatty acid is 

the dominating acid in the organic extract. This is probably due to amelioration by 

the application of PMM at this site, which is intensively permeated by fine roots. 

Reflecting the findings of high cell abundances by direct counting, the 

corresponding values of total and viable cell counts found by cultivating are 

highest in TS2 but do not show an increase according to sampling depth. Direct 

cell counting cannot distinguish between cells from PMM and tailings sand. Thus, 

although the applied PMM had a lower cell density (2.3 x 107 cells g-1) than the 

tailings sand (107 – 109 cells g-1) it cannot be excluded that PMM-borne bacteria 

entered the tailings sand and altered the composition of its microbial community. 

Furthermore, roots can supply oxidative enzymes that may contribute to the 

degradation of PAHs (Liste & Alexander, 1999), which is indicated e.g. by the 

total loss of naphthalenes in the TS samples. 

In TS1, where cell abundances are highest in the upper layers and decline with 

depth, the large number of microbes is indicative of better growth conditions 

compared to other TS samples, which normally contain lower cell abundances. As 

this site was covered with PMM and seeded with barley, this might have fostered 

the growth of the microbial community. Cocking (2003) assumes that growing 

roots supply additional nutrients, thus promoting cell proliferation in the root-
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bearing horizons. In contrast, the process of building a natural depth profile of cell 

abundances takes longer. This can be seen in TS3, which was not seeded but 

where native plants started growing after natural seed dispersal. 

On the reclamation sites acetate concentrations are highest in the upper layers. 

Acetate is a common substrate for microorganisms. Consequently, an active 

microbial community should have consumed most acetate and keep its 

concentration low. Our findings of both high acetate concentrations and high cell 

abundances in the upper layers cannot be explained by high rates of acetogenesis, 

as this process only occurs under anaerobic conditions (Westermann et al., 1989). 

Furthermore, the occurrence of propionate in some TS samples indicates that no 

acetogenesis takes place on the reclamation sites as propionate is not degraded to 

acetate in the presence of nitrogen and oxygen (Westermann et al., 1989). 

Although in some TS samples cell abundances were found to be higher than those 

in the MFTs, the absolute acetate concentration is usually two to tenfold lower, 

although a comparison of concentrations of dissolved ions between pore water 

and leachates is not completely accurate, even when normalizing against a 

conservative ion. By normalizing on chloride, acetate concentrations in the TS 

samples are ten to hundred fold higher than those in the other samples. So the 

most likely explanation for the co-occurrence of high acetate concentrations and 

microbial cell densities is a generally low metabolic activity of the microbial 

community. 

Figure 2.11 depicts the relationship between the biogeochemical parameters 

determined for each step of the oil sand mining and initial reclamation process 

chain. In this context the cultivable aerobic bacterial community can be seen as an 

indicator of different carbon compounds that are available in the four investigated 

substrate types. The difference between the pMFT community on the one side and 

the oil sand and the reclamation site communities on the other also suggests that 

the added flocculants could serve as an additional nutrient source that favors other 

bacterial species than those in the oil sand and tailings sands. The unique position 

of the TS2 community correlates well with the carboxylic acids that were assumed 

to be metabolites from recent rather than from oil-derived organic matter. 

The fundamental difference between the aerobic cultivable communities in the 

processed but undrained pMFT1 and the original oil sand is the almost complete 
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replacement of the original microbial community by the community established in 

the process water and the tailings pond. This change is caused by the reuse of 

water from the tailings ponds for the oil extraction. Over time an abundant 

microbial community that is specific to the tailings ponds will develop and 

overprint the indigenous oil sand community during the oil extraction.  

The differences in the cultivable community between pMFT1 and pMFT2 on 

the one side and the completely drained pMFT3 on the other, is mainly caused by 

desiccation. The accumulation of salts and hydrocarbon compounds leads to 

changes in the geochemical regime, on which the microbial community reacts 

through changes in community composition. 

 

2.6 Summary and conclusions 

Each step of oil sand and tailings processing and initial reclamation influences 

biogeochemical parameters to a different extent. The two main waste products of 

the oil sand extraction process are very different. The pMFT samples are enriched 

in TOC and therefore in oil-derived components because they contain a high 

percentage of fine clays that bind hydrocarbons on their surfaces. The coarse 

tailings sands are depleted in TOC due to the much lower clay content. 

Nevertheless, oil sand-related compounds are found in all samples from each step 

of the process chain down to the maximum investigated depth of 70 cm. 

By comparing selected biomarkers and biomarker ratios it could be shown that 

neither heat nor biological processes in tailings ponds or drying cells have altered 

the composition of organic matter constituents to any significant extent. This 

shows that these organic compounds are generally very resistant against the 

extraction processes and biodegradation. In contrast to the biomarkers, changes in 

PAH abundance in the pMFT and especially in the TS samples can be observed, 

indicated by a loss or depletion of naphthalenes, phenanthrenes and chrysenes. 

These specific oil-derived organic constituents seem to be utilized as 

carbon/energy sources by microorganisms in the TS samples, leading to a 

reduction of hazardous substances in the developing soil. This reveals that the 

observed compositional differences are to a great extent due to biological 

activities and the addition of exogenous organic components, e.g. PMM. 
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Interestingly, all samples that show the loss of phenanthrene and 

methylphenanthrene, also show the loss of chrysene and methyl B[a]A and/or 

Chrys. This applies to OS3 and OS4 as well as to all TS samples, indicating that 

similar biological processes take place in these rather different environments.  

The oil-extraction process does not influence cell abundances as shown by the 

rather uniform cell abundances in the range of 107 cells g-1 before and after the 

extraction. On reclamation sites, where cell abundances are up to ten times higher, 

nitrate and roots in the sediment seem to be the most important stimulants for 

microbial growth. The site covered with PMM and seeded with barley shows the 

most natural depth profile for cell abundances, indicating that reclamation 

approaches show some positive results in restoring ecosystem functionality. The 

addition of nutrients seems to be an important factor in land reclamation. 

In the pMFT samples from the drying cells highly biodegraded and poorly 

accessible residual oil is the main carbon source, leading to limited cell growth as 

compared to the tailings sands from reclamation sites, which are characterized by 

easily degradable organic matter such as n-alkanes and carboxylic acids that are 

derived from roots and PMM. 

The results from the aerobic cultivation show that this portion of the microbial 

community is strongly influenced by the environmental changes connected with 

the oil sands extraction and the tailings processing. Therefore, this approach is a 

useful tool to obtain insight into the presumably active aerobic bacterial 

communities inherent to those disturbed substrates. It is also apparent that further 

investigation is required to clarify if these portions of the communities are 

representative subsets. 

Along an oil sand mining, tailings management and initial reclamation process 

chain, prominent changes in biogeochemical parameters can only be observed in 

the tailings sands after the addition of PMM.  
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2.8 Supplementary material 

A. Sample description 

Oil sands 

Oil sand samples were taken in October 2010. They originate from open-pit 

mines in the Athabasca oil sands area (region around Fort McMurray). The 

samples mainly consist of silicates, clay, water and bitumen with the general grain 

size ranging from silt to medium sand. Clay lenses are common. 

 

Unprocessed MFT 

The unprocessed MFT sample is from a tailings pond from CNRL. It was taken 

on October 24 in 2011. It consists of about 30 wt% solids (> 90 % clay), 70 wt% 

water and unrecovered bitumen. The sample is from the only tailings pond of 

CNRL´s mine, where fines are settling since the pond was taken into operation in 

2009. 

 

Processed MFTs 

The processed MFT samples come from drying cells and are provided by Shell. 

They were taken on October 25, 2011. They mainly consist of clay, water and 

unrecovered bitumen with a fluid content of only 20 to 35 % after final 

deposition. The samples are mixed with polyacrylamide to promote dewatering. 

They were taken at two different drying cells (cell 1 (pMFT1 and 2) and cell 2 

(pMFT3). Samples from cell 1 were taken from docks installed around the cell. 
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One dock (pMFT1) was surrounded by tailings deposited several months ago. 

During sampling, no difference between the different layers of the tailings could 

be detected. Five samples, each several metres apart, were taken and a composite 

sample was prepared for analysis. There was a 5 to 7 cm deep solid surface crust 

and below that crust the tailings were less solid. The tailings were compressed 

from 90 cm after deposition to 65 cm during sampling. 

At the second dock, the tailings were deposited a few weeks prior to sampling. 

The pMFT3 samples from cell 2 were deposited in May 2011. The surface was 

much more solidified than in cell 1. Samples could be taken from the centre of the 

cell. A composite sample was mixed out of three samples. 

 

Tailings sands 

The tailings sand samples originate from reclamation sites. They were provided 

by Shell and taken on October 25 in 2011. They consist of fine to medium grained 

sand, which is well sorted. Some samples contain roots. Samples were taken at 

two different locations on a tailings dyke that encloses a tailings pond. One 

portion of the dyke was capped with PMM in 2011 (first sampling site, TS1 

samples) and another part was capped in February 2006 (second sampling site). 

At the second sampling site, two samples were taken (TS2 and TS3). The TS1 

samples were taken mid-slope from underneath the PMM cap, which was 35 cm 

deep. A barley cover crop was planted in spring 2011. The composite sample was 

made of five subsamples. 

TS2 and TS3 samples were taken at the same location. Due to admixing of 

PMM and the tailings sand, one sample set of admixed material (TS2) was taken 

and a second sample set containing less PMM (TS3) was taken downslope. For 

the TS2 samples the depth of the interface was determined as the end of the 

dominant peat layer, below which there were large pockets of PMM mixed with 

sand. The interfaces were at 60 cm depth on average. The PMM cap downslope 

was shallower (35 cm on average) and the interface was more obvious, but there 

were still some pockets of peat below the interface, generally in the 20 to 50 cm 

interval. At both locations 700 to 800 g material from each depth at each sampling 
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point were collected. The PMM cap was removed with a shovel to expose the 

tailings sand. 

 

B. Detailed method description 

Rock-Eval pyrolysis and TOC analysis 

Both experimental procedures have been performed by Applied Petroleum 

Technology AS (APT) in Norway following the Norwegian Industry Guide to 

Organic Geochemical Analyses (NIGOGA), 4th Edition. A Leco SC-632 

instrument was used for TOC measurements. For Rock-Eval measurements a 

Rock-Eval 6 instrument has been used (temperature program: 300 °C (3 min.) – 

25 °C/min. – 650 °C (0 min.)). 

 

Sample extraction 

Original oil sand samples were freeze-dried, ground and extracted using 

Accelerated Solvent Extraction (ASE, Dionex Inc.) (solvent: chloroform (32 %), 

acetone (38 %), methanol (30 %), ASE-method: 100 °C, 50 bar, heat 5 min., 15 

min. static phase, 4 cycles). 

MFT and TS samples were freeze-dried, ground and extracted (48 h) with the 

same solvent mixture using Soxhlet apparatus. 

 

Asphaltene precipitation 

The extracts were dissolved in dichloromethane containing 1 % of methanol, 

afterwards a 40-fold excess of n-hexane was added to the solutions and the 

precipitated asphaltenes were allowed to settle for 4 h at ambient temperature. The 

asphaltenes were separated by vacuum filtration and washed with ASE. A detailed 

method description is given by Theuerkorn et al. (2008).  
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Medium Pressure Liquid Chromatography (MPLC) 

After the addition of internal standards (5α-androstane, ethylpyrene, 5α-

androstan-17-one, erucic acid) the maltene fractions were separated using medium 

pressure liquid chromatography described by Radke et al. (1980) to yield three 

fractions: aliphatic hydrocarbons, aromatic hydrocarbons and hetero-compounds, 

i.e. nitrogen, sulphur, oxygen (NSO) compounds.  

 

Fractionation of the NSO compound fraction (KOH column) 

The NSO compound fraction was further separated into a neutral NSO 

compound fraction and a carboxylic acid fraction via KOH column. For this 

purpose, a glass column was filled with a mixture of silica gel 100 (63 - 200 µm), 

isopropanolic KOH solution and dichloromethane. The less polar fraction was 

eluted with dichloromethane. Subsequently, 50 mL dichloromethane containing 2 

% formic acid was added and the free acids were eluted. 

 

Derivatisation 

To improve the gas chromatographic behavior, the neutral NSO compound 

(containing e.g. alcohols) and the carboxylic acid fractions were derivatized to 

yield less polar compounds prior to GC-MS analysis. The neutral NSO compound 

fractions were silylated using N-methyl-N-(trimethylsilyl)-trifluoroacetamide 

(MSTFA). The carboxylic acid fractions were methylated using diazomethane in 

diethyl ether. 

 

GC-MS 

Analysis of all fractions was performed using a DSQ Thermo Finnigan 

Quadrupole MS coupled with a Thermo PTV injection system (Thermo Electron 

Corporation) equipped with a 50 m x 0.22 mm x 0.25 µm BPX5 (SGE) column. 

Helium was used as carrier gas at a constant flow of 1.0 mL/min. The gas 

chromatograph was used in splitless mode with the following oven temperature 
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programs: 50 °C, 1 min isothermal, 3 °C/min to 310 °C (held for 30 min.) for the 

aliphatic and aromatic hydrocarbon fractions and 50 °C, 1 min. isothermal, at 

3 °C/min to 350 °C (held for 25 min.) for the NSO compound fractions. The 

injector temperature was programmed from 50 to 300 °C at a rate of 10 °C/sec. 

Mass spectra were recorded in the full scan mode at a rate of 2.5 scans/second 

(Aliphatic hydrocarbons: m/z 50 – 600, aromatic hydrocarbons: m/z 50 – 330, 

NSO compounds and carboxylic acid methyl esters: m/z 50 – 650). The transfer 

line was heated to 320 °C and the ion source temperature of the MS was operated 

at 230 °C in electron ionization (EI) mode at 70 eV. 

Multiple reaction monitoring (MRM) data for biomarkers were acquired on the 

Finnigan MAT 95XL mass spectrometer coupled with a HP 6890A 

gaschromatograph. Column and temperature program were the same as those used 

in the DSQ-system for the analysis of the aliphatic hydrocarbon fractions. The 

injector temperature was set to 52 °C and increased to 300 °C at 720 °C/min. The 

mass spectrometer was operated in the EI mode at 70 eV and 260 °C source 

temperature. Biomarkers were recorded in multiple reaction monitoring (MRM) 

mode with a dwell time of 21 ms and an inter-dwell time of 20 ms per metastable 

transition, resulting in a scan cycle time of 0.984 s for the detection of 24 

metastable transitions. Steranes were determined using the the metastable 

transitions m/z 372, 386, 400, 414 → m/z 217, hopanes were determined using the 

metastable transitions m/z 370, 384, 398, 412, 426, 440, 454, 468, 482 → m/z 191. 
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Ion exchange chromatography 

Table S2.1. Analytical conditions for the determination of ion concentration in 
pore water/leached water. 

 Anions Cations Organic acids 

Instrument Sykam IC Sykam IC 
Dionex ICs 
3000 

Column LCA A14 IBJ K01 As11Hc 
Oven 
temperature 

65 °C 40 °C 35 °C 

Suppressor SAMSTM, SeQuant, Sweden none 
ASRS300 2 
mm 

Detector SYKAM S3115 conductivity detector 
SYKAM S3115 
conductivity detector 

Dionex 
conductivity 
detector 

Mobile 
phase 

12.5 mL L-1 sodium carbonate (Na2CO3) 
(0.5 M) + 1 mL L-1 Modifier (1 g 4-
hydroxybenzonitrile in 50 mL methanol) 

2.5 mL L-1 L-
histidine (0.2 mol L-1) 
+ 2.5 mL L-1 1 N 
nitric acid (HNO3) 

KOH in 
varying 
concentrations 

Elution isocratic conditions isocratic conditions gradient 

Eluent flow 1 mL min-1 1 mL min-1 0.38 mL min-1 

 

Cultivation of aerobic bacteria 

Tailings samples (1g) were suspended in 5 mL sterile 0.1 % sodium 

pyrophosphate and shaken at 200 rpm for 30 min. Serial dilutions were performed 

in sterile 0.9 % saline. Aerobic heterotrophic colony-forming units (CFU) were 

determined on tryptic soy agar (Applichem, 1/10 strength). Plates were incubated 

in the dark at 20 °C for up to 4 weeks. Enrichment of bacteria metabolising 

substrate-specific carbon sources was performed on mineral agar (medium 457, 

DSMZ, Germany) supplied with an extract of processed MFT (MM-MFT agar, 

per one litre medium: supernatant of 100 g MFT autoclaved in 500 mL distilled 

water, slurry separated by centrifugation, 12.000 x g, 15 min). Plates were 

incubated in the dark at 20 °C for up to 3 months. CFU abundances were 

calculated on the basis of colonies present at the end of the incubation periods, 

with the SD being determined from three replicates. 
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Amplification of 16S rDNA 

PCR was carried out in a final volume of 50 μL containing 5 μL template DNA, 

0.5 μM of each of the primers (Eurofins MWG; Ebersberg, Germany), 2.5 mM 

MgCl2, 200 μM of each dNTP, 10 μL Q-Solution, 1 U of Taq polymerase and 1x 

concentration of PCR buffer (all components: Taq PCR Core Kit; Qiagen, 

Germany). Reactions were performed in a Mastercycler thermoblock (Eppendorf, 

Hamburg, Germany) for 30 cycles (1 min at 94 °C, 1 min at 55 °C and 1 min at 

72 °C) after an initial denaturation step of 3 min at 94 °C and final elongation 

5 min at 72 °C. Sequencing was done by a commercial service (GATC Biotech, 

Konstanz, Germany). 

 

C. Results 

Oil biomarker 

The detection of C30 steranes in OS1 - OS4 verifies the origin from a marine 

source rock (Moldowan et al., 1985). Gammacerane, a geochemical indicator for 

hypersaline lacustrine environments or water column stratification in marine 

deposits (Sinninghe Damsté et al., 1995), is found in all samples, underlining the 

marine origin of the oil. Triaromatic dinosteroids and triaromatic 3- and 4-

methylsteroids were also found in all samples. Triaromatic dinosteroids are age-

diagnostic biomarkers and supposed to originate from dinosterol, a compound that 

derives from marine dinoflagellates (Peters et al., 2005). The homohopane index 

(HHI), which represents the distribution of C31-35 17α,21β(H)-homohopanes 

(Peters & Moldowan, 1991) delivers values higher than 0.1 (Table S2.3). This and 

the higher abundance of C35-homohopanes compared to C34-homohopanes are 

indicators for anoxic marine conditions during deposition of the corresponding 

source rock (Peters & Moldowan, 1991; Peters et al., 2005). The abundance of the 

C27-hopane 17α(H),21β(H)-22,29,30-trisnorhopane (Tm) and the fact that during 

catagenesis Tm is less stable than 18α(H),21β(H)-22,29,30-trisnorhopane (Ts) 

forms the basis for the thermal maturity parameter Tm/(Ts + Tm) (Seifert & 

Moldowan, 1978). This parameter, as well as the sterane-diasterane pattern, 

remains unaffected by oil sand processing or biodegradation. 25-Norhopane is 
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commonly used as an indicator of heavy biodegradation of crude oil in reservoirs, 

even though it is not ubiquitous in biodegraded oils (Shuqing et al., 2008). A 

publication by Bennett et al. (2006) shows the abundance and the lack of 25-

norhopanes in two different Athabasca oil sand wells. Although 25-norhopane has 

not been detected in our sample set, many other aspects indicate a high level of 

biodegradation, e.g. the absence of n-alkanes and alkylbenzenes in all oil-

containing samples. 

The methylphenanthrene index PP-1 (Alexander et al., 1986) and the 

monoaromatic to triaromatic steroid ratio TA/(MA + TA) (MacKenzie et al., 

1981) were selected as thermal maturity parameters for aromatic compounds. The 

further aromatization of monoaromatic to triaromatic steroids occurs with 

increasing maturity and is reflected by the ratio TA/(MA + TA), which is not 

affected by biodegradation. TA/(MA + TA) values between 0.35 - 0.44 for the OS 

samples indicate the origin of the oil as being from a source at the early oil 

window level of thermal maturity. Mono- (MA) and triaromatic steroids (TA) 

show the same distribution pattern over the entire sample set. This is emphasized 

by the selected biomarker ratio TA/(MA + TA) (ratios and formulas in Table 

S2.4). Triaromatic dinosteroids and triaromatic 3- and 4-methylsteroids were also 

detected in all samples. The PP-1 index is not a sufficient parameter for maturity 

determination in our sample set, due to microbial alteration of 

methylphenanthrenes. 
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Table S2.3. Fraction yields from OS1 – 4 compared to fraction yields reported in 
literature. 

 
*(Brooks et al., 1988), **(Fowler and Brooks, 1987), ***(Tissot and Welte, 1984) 
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Table S2.5. Data from the Rock-Eval Pyrolysis. 
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Figure S2.1. Exemplary GC-MS chromatograms of phenanthrenes, 

benz[a]anthracenes and chrysenes showing the loss of phenanthrene, 

methylphenanthrenes, chrysene and methyl-B[a]A and/or Chrys in the OS4 and 

TS3 samples. 
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Figure S2.2. Community composition of Bacteria based on family-level for a 

mixture of OS1-4 and the complete depth profiles of pMFT1, pMFT3 and TS2. 

Abbreviations: α, Alphaproteobacteria; β, Betaproteobacteria; γ, 

Gammaproteobacteria; A, Actinobacteria; F, Firmicutes; B, Bacteroidetes. 
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3 DETECTION OF RESIDUAL OIL-SAND-

DERIVED ORGANIC MATERIAL IN DEVELOPING 

SOILS OF RECLAMATION SITES BY ULTRA-HIGH-

RESOLUTION MASS SPECTROMETRY 
 

 

Reprinted with permission from Noah, M., Poetz, S., Vieth-Hillebrand, A., 

Wilkes, H., (2015) Detection of residual oil-sand-derived organic material in 

developing soils of reclamation sites by ultra-high-resolution mass spectrometry. 

Environmental Science & Technology, 49, 6466-6473. Copyright 2015 

American Chemical Society. 

DOI: 10.1021/es506013m 

 

3.1 Abstract 

The reconstruction of 

disturbed landscapes 

back to working 

ecosystems is an 

issue of increasing 

importance for the 

oil sand areas in 

Alberta, Canada. In 

this context the fate 

of oil-sand-derived organic material in the tailings sands used for reclamation is of 

utmost environmental importance. Here we use electrospray ionization Fourier 

transform ion cyclotron resonance mass spectrometry of maltene fractions to 

identify compositional variations over a complete oil sand mining and 

recultivation process chain. On the basis of bulk compound class distributions and 

percentages of unique elemental compositions, we identify specific compositional 

features that are related to the different steps of the process chain. The double

http://dx.doi.org/10.1021/es506013m
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 bond equivalent and carbon number distributions of the N1 and S1O2 classes 

arealmost invariant along the process chain, despite a significant decrease in 

overall abundance. We thus suggest that these oil-sand-derived components can 

be used as sensitive tracers of residual bitumen, even in soils from relatively old 

reclamation sites. The patterns of the O2, O3, and O4 classes may be applied to 

assess process-chain-related changes in organic matter composition, including the 

formation of plant-derived soil organic matter on the reclamation sites. The N1O2 

species appear to be related to unidentified processes in the tailings ponds but do 

not represent products of aerobic biodegradation of pyrrolic nitrogen compounds. 

 

3.2 Introduction 

The Canadian oil sands located in northern Alberta are one of the world’s 

largest heavy oil deposits. This reserve ensures to satisfy Canada’s domestic 

demand for crude oil for approximately the next 250 years. Currently, this deposit, 

which is of growing interest for petroleum companies as well as the Canadian 

government and society, supplies about 30% of the Canadian oil production, with 

an increasing trend (Czarnecki et al., 2005). The oil production including surface 

mining of the severely biodegraded oil sands followed by hot water extraction of 

the bitumen strongly influences the surrounding ecosystems, especially water and 

land (Johnson & Miyanishi, 2008; Jordaan, 2012). Thus, the environmental 

sustainability of oil sand production and the reconstruction of the disturbed 

landscapes is an issue of growing importance. 

As industry has to follow zero-discharge guidelines, all process waters have to 

be stored in tailings ponds on site. Besides water, the tailings consist of residual 

oil, metals, and sand and clay particles. Years after deposition, the fine particles 

form mature fine tailings (MFTs) whose dewatering causes great challenges. The 

water may then be reused in the oil extraction procedure, while the consolidated 

MFTs are used in landscape reconstruction (Siddique et al., 2011). For that 

purpose, they are either mixed with coarse tailings sands (TS) or directly spread 

out as a bottom layer on the reclamation sites, where they are covered by a thick 

layer of the coarse TS. The profile is then covered with a mixture of peat (70%) 

and mineral soil (30%), called peat–mineral mix (PMM), or other nutrient-rich 
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substrates. Considerable attention has been paid to the possible impact of the oil 

extraction procedure on groundwater and surface waters in the surrounding 

ecosystems (Barrow et al., 2010; Grewer et al., 2010; Headley et al., 2011; 

Headley et al., 2012). In contrast, only little is known about the occurence of 

residual oil-sand-derived organic material in the soils of the reclamation sites and 

its possible fate with increasing age. 

As polar compounds, i.e., oil constituents containing the heteroatoms nitrogen, 

oxygen and / or sulfur, get enriched in biodegraded oils (Wang et al., 2011), their 

characterization is important for understanding the environmental impact of oil 

sands exploitation. The generally higher recalcitrance of polar petroleum 

constituents to biodegradation in comparison to hydrocarbons and their toxicity to 

the environment make their process-oriented evaluation indispensable for 

reclamation approaches in the disturbed mining areas (Whitby et al., 2010). 

Fourier transform-ion cyclotron resonance-mass spectrometry (FT-ICR-MS) in 

connection with specific ionization methods is a powerful tool for the detailed 

characterization of complex mixtures of heteroatomic and high-molecular-weight 

compounds occurring in fossil organic matter. Major advances in the 

characterization of complex organic mixtures such as crude oils using ultra-high-

resolution mass spectrometry have been made in the past decade (Rodgers & 

McKenna, 2011). The excellent mass accuracy, resolving power and resolution of 

FT-ICR-MS is especially important for complex mixtures, where many possible 

elemental compositions can be assigned to any single nominal mass (Barrow et 

al., 2004). In combination with electrospray ionization (ESI) run in the negative-

ion mode FT-ICR-MS provides a comprehensive insight into the composition of 

polar acidic petroleum constituents. 

In a previous study, we presented a detailed assessment of biogeochemical and 

microbiological variability over a complete oil sand mining and recultivation 

process (Noah et al., 2014). Here we characterize the maltene fractions isolated 

from 21 samples including oil sands, MFTs and tailings sands of different ages 

and degrees of reclamation by negative-ion mode ESI FT-ICR-MS. A major goal 

of this study is to identify signatures in the elemental composition patterns that are 

indicative of biogeochemical processes occurring along the process chain and / or 

enable a source assignment of certain compound classes. We show that ultra-high-
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resolution mass spectrometry is a sensitive tool to detect oil-sand-derived organic 

material, even at high dilution, on reclamation sites. 

3.3 Material and Methods 

3.3.1 Sample set 

Samples were taken in October 2011 from various mines operated by CNRL, 

Suncor, and Shell in the Athabasca oil sand area around Ft. McMurray in Alberta, 

Canada. The different sample types represent single steps of oil sand processing, 

tailings treatment, and recultivation. A detailed sample description as well as GC-

MS data can be found in the 2014 article by Noah et al. The sample set comprises 

oil sand (OS) samples from an open-pit mine, an unprocessed MFT (uMFT) 

sample from a tailings pond, processed MFTs (pMFT) mixed with flocculants 

from drying cells, uncovered tailings sand (uTS) samples from a stockpile, and TS 

samples covered with PMM of an average thickness of 35 cm as part of land 

reclamation. Figure S3.1 depicts the described process chain. 

 

Table 3.1. Overview of the analyzed sample set. 

 
aSubscript numbers after sample abbreviation give the age of the material in 
months (m) or years (y). Samples marked with * have been used for Venn 
diagram analysis. pMFT depth intervals in cm below the surface; TS depth in cm 
below the PMM cap. The color code for each sample is used in all the figures 
shown in this work. Samples printed in bold letters have been selected to represent 
principal compositional patterns in various figures in this publication. TS5y and 
TS5y_m are from the same reclamation site; however, at the specific location 
TS5y_m, the PMM was mixed into deeper layers, while TS5y is just covered with 
PMM. 
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3.3.2 Sample preparation 

OS samples were freeze-dried, ground, and extracted using accelerated solvent 

extraction (ASE) (azeotropic solvent mixture: chloroform (32% v/v), acetone 

(38% v/v), methanol (30% v/v), ASE method; 100 °C, 50 bar, heat 5 min, 15 min 

static phase, 4 cycles). MFT samples and reclamation material were freeze-dried, 

ground, and extracted (48 h) with the same solvent mixture using a Soxhlet 

apparatus. The azeotropic solvent mixture was chosen since it is very well suited 

to extract a broad range of organic compounds of different polarity from 

sediments or other types of natural samples (Willsch et al., 1997). 

The extracts were dissolved in dichloromethane containing 1% methanol, a 40-

fold excess of n-hexane was added to the solutions, and the precipitated 

asphaltenes were allowed to settle for 4 h at ambient temperature. The asphaltenes 

were separated from the dissolved maltenes by vacuum filtration and washed with 

ASE. A detailed description of method is given in Theuerkorn et al. (2008). 

 

3.3.3 ESI FT-ICR-MS analysis 

Each maltene fraction was dissolved in dichloromethane to produce a 

50 mg/mL solution. From this solution was made a 1 mg/mL solution in 

methanol:toluene 1:1 (v:v) to which 4 µL of a concentrated aqueous ammonium 

hydroxide solution was added immediately prior to each measurement. For OS 

and MFT samples, a total of 250 µL of the solution was diluted in 1 mL of 

methanol:toluene 1:1 (v:v). The TS samples were measured in concentrations 

ranging between 10 and 25 µg/mL. The sample solutions were infused into the 

ESI source at a flow rate of 150 µL/h using a syringe pump (Hamilton). 

Ultra-high-resolution MS analyses were performed using a Bruker Solarix FT-

ICR-MS equipped with a 12 T refrigerated superconducting magnet. The 

negative-ion ESI operating conditions were as follows: capillary entrance 3 kV, 

collision voltage 1.5 V, ion accumulation time 0.05 s, dry gas flow 4 L/min, and 

dry gas temperature 220 °C. 

Spectra were recorded in broadband mode using four megaword data sets. A 

total of 100 spectra were accumulated in a mass range from m/z 150 to 2000. This 

broad mass range was chosen since high-molecular-weight organic compounds – 
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such as tetra acids (so-called ARN acids) with m/z values between 1228 and 1314 

– are well known to occur in the highly degraded oils (Brocart et al., 2007; 

Mapolelo et al., 2008). However, no ions with m/z values higher than 700 have 

been observed in the spectra of our samples. 

 

3.3.4 Mass calibration and data analysis 

External calibration was done using a calibration mixture for the ESI 

negative-ion mode containing polyethylene glycol sulfates (Shipkova et al., 

2000) and fatty acids. Internal recalibration was performed using a homologous 

fatty acid series (CnH2n-5O2) with a quadratic calibration mode. The standard 

deviation error lay between 0.012 and 0.051 ppm. 

In each spectrum, signals with a signal-to-noise ratio ≥ 6 were included into 

the further data assessment. Formula assignment was done using the elemental 

isotopes 1H, 12C, 13C, 14N, 16O, and 32S, with the upper thresholds N ≤ 2, O ≤ 10, 

S ≤ 2; C and H were unlimited. If no chemical formula within the allowed mass 

error of 1 ppm was found, the peak was not included into the mass/formula list. 

Data evaluation was done with the help of Data Analysis 4.0 SP5 (Bruker 

Daltonik GmbH, Germany) and Excel 2010 (Microsoft Corp., Redmond, WA). 

Double-bond equivalents (DBEs), defined as the number of double bounds and 

rings, were calculated for each elemental composition (CcHhNnOoSs) according 

to the formula DBE = c - (h/2) + (n/2) + 1. 
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3.4 Results and Discussion 

3.4.1 Bulk Compound Class Distributions 

A total of 21 samples have been analyzed in this study. 10 of them are TS 

samples from reclamation sites of different ages, while the other 11 samples 

represent other integral elements of the entire OS production process chain (Noah 

et al., 2014) (Table 3.1). While we report the complete data set for the entire 

sample set (see Supporting Information for details), only selected samples 

representing key steps in the process chain will be displayed in most of the figures 

to illustrate the principal compositional variations. In the following, we use 

percentages of the total monoisotopic ion abundance (TMIA) to express the 

relative abundances of organic constituents in the analyzed samples. These TMIA 

values are considered semiquantitative since response factors are not known for 

the thousands of elemental compositions observed. 

The summed abundances of compound classes depicted in Figure 3.1A vary 

between 91.6 and 97.4% TMIA for the samples on display, which is 

representative for the entire sample set (Table S3.1). The number of assigned 

signals for these compound classes is given in Table S3.2. It is obvious that 

oxygen-containing compounds are dominant in all samples among which the O2 

class makes up between 36.8 and 61.2% TMIA and thus is by far the most 

abundant. Interestingly, this class decreases from the OS to the processed mature 

fine tailings (pMFT) samples and then increases with increasing age of the 

reclamation sites for the TS samples. From previous ESI FT-ICR-MS-based 

investigations of crude oils, it is known that the abundance of O2 species increases 

with increasing level of biodegradation (Hughey et al., 2007; Kim et al., 2005). 

Therefore, a relatively high amount of O2 compounds was expected for the highly 

biodegraded OS samples. In contrast to the O2 class, the O3 and O4 classes show a 

continuous increase along the entire process chain which is particularly significant 

for the O3 class, rising from 0.7% TMIA in the OS1 to 12.3% TMIA in the TS23y 

sample. The opposite is observed for the N1 class, which decreases from 18.0% 

TMIA in the OS1 sample to 4.1% TMIA in the TS23y sample. We assume that this 

decrease of the N1 class (and also of other classes containing N and S) is not 

simply caused by suppressing effects of more easily ionizable constituents, as 
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samples with the highest relative abundance of O-containing compounds do not 

show the highest absolute abundance of O-containing compounds. The ternary 

plot depicting the relative abundances of the O3, O4, and N1 classes reveals the 

consistency of this compositional evolution for the entire sample set (Figure 

3.1B). The O1 and N1O1 classes do not show significant changes in the relative 

abundance between the different sample types. In contrast, the relative 

abundances of the N1S1, N1O2, S1O2, and S2O2 classes are clearly lower in the TS 

than in the OS and MFT samples. Especially the S2O2 class is nearly absent in the 

TS samples and completely missing in TS23y. 

 

 
Figure 3.1. (A) Compound class distribution as determined by negative-ion ESI 

FT-ICR-MS for six representative samples. (B) Ternary diagram displaying the 

increasing relative abundances of the O3 and O4 classes and the decrease of the 

N1 class along the process chain for the entire sample set. 

 

We have selected three samples (OS1, pMFT3m, and TS5y) representing “best 

averages” of the principal sample types investigated here for a detailed 

comparison of all assigned elemental compositions using a Venn diagram analysis 

(Figure 2A). This is based on the assumptions that the elemental compositions 

observed represent key constituents of a given sample and that the elemental 

compositions which are unique to a given sample can be used as an indication for 

the origin of the respective compound types. We are aware that this approach is 

limited by the fact that the complexity of a sample will influence the number and 

kind of elemental compositions observed. It is found that the OS1 and TS5y 
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samples exhibit similar proportions of unique elemental compositions, namely 

34.3 versus 29.3%. In contrast, a much smaller proportion of unique elemental 

compositions is present in the pMFT3m sample (8.1%). Interestingly, the 

assignment of these unique elemental compositions to certain compound classes 

reveals significantly different patterns for the three samples. We observe that 

unique O2, N1, N1S1, and N1O1 species predominate in the OS1 sample, N1O2 and 

SxOy species in the pMFT3m sample, and O3 and O4 species in the TS5y sample 

(Figure 3.2B and Table S3.3). In the following, we will discuss compositional 

patterns associated with these principal features in relation to the assessment of 

organic matter sources and biogeochemical processes. 

 

 
Figure 3.2. (A) Venn diagram and (B) relative abundances of unique elemental 

compositions for the OS1, pMFT3m, and TS5y samples. 
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3.4.2 Tracers for oil-sand-derived organic material. 

As pointed out above, the O2 class is most abundant in all analyzed samples. Its 

DBE patterns maximize at 1 or 3 and 4, depending on the sample type (Figure 

3.3A). The DBE 1 class represents simple acyclic carboxylic acids, while the 

DBE 3 and 4 classes are bi- and tricyclic naphthenic acids. The acyclic/Σ(1–3 ring 

cyclic) O2 species (A/C) ratio (A/C= (ΣO2 DBE 1/(ΣO2 DBE 2+3+4)) as proposed by 

Kim et al, (2005), is a useful parameter to display the related compositional 

differences. It remains constant at low values for the OS and MFT samples and 

increases in the TS samples (Figure 3.4). 

The naphthenic acids are most pronounced in the OS samples and decrease 

along the process chain. These compound types are well-known constituents of 

the Athabasca oil sands and can be original constituents of the oil (e.g., those with 

hopane skeleton) as well as formed by microbial oxidation of hydrocarbons 

(Aitken et al., 2004; Hughey et al., 2002b; Tissot & Welte, 1984; Whitby et al., 

2010). According to the DBE series abundance distributions and the A/C ratios, 

our OS and pMFT samples may be classified as severely biodegraded referring to 

the biodegradation index of Peters and Moldowan (PM 4-5) (Kim et al., 2005; 

Peters et al., 2005). The high abundance of DBE species 3 and 4 in the uncovered 

tailings sand sample uTS1m clearly documents the presence of residual naphthenic 

acids derived from the oil sand. 

The carbon number distribution of the O2 DBE 4 class shows a significant 

dominance of C21, C24, and C26 carboxylic acids in the OS samples which flattens 

along the process chain (Figure 3.5B). We consider these compounds to represent 

tricyclic terpenoid carboxylic acids. Cyr & Strausz (1983) reported the presence 

of a major series of C20 – C26 tricyclic terpenoid carboxylic acids in oil sand 

samples from Alberta based on GC-MS analyses. A C21 acid and a diastereomeric 

pair of C24 acids comprised 75% in this series. GC-MS measurements of the acid 

fractions from our samples (Figure S3.2) support the interpretation that the major 

FT-ICR-MS signals in Figure 3.5B represent these tricyclic terpenoid carboxylic 

acids. Only in the samples of the oldest reclamation site their typical oil-sand-

derived pattern is no longer retained. We thus suggest using them as one sensitive 

tracer of oil-sand-derived organic material whose decreasing relative abundance 

may be indicative of the progress of the reclamation process. 
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Overall, the DBE distribution patterns of the N1 species, which are second most 

abundant after the O2 species in the OS samples, are rather similar in all analyzed 

samples despite a clear decrease in abundance along the process chain (Figure 

3.3B). In all samples, the compounds with 12 DBEs are the most abundant 

species, followed by DBEs 10, 9 and 15 in this order. In agreement with previous 

reports on the characterization of petroleum samples by FT-ICR-MS (e.g. Hughey 

et al. (2002b) and Poetz et al. (2014)) we assign the DBE 9, 12 and 15 species as 

pyrrolic nitrogen compounds such as carbazoles, benzocarbazoles and 

dibenzocarbazoles, respectively, while the DBE 10 species could represent 

phenylindoles (Pan et al., 2013). Compounds with 18 DBEs, which most likely 

are benzonaphthocarbazoles or related pyrrolic nitrogen compounds, are almost 

absent in all TS samples. The pattern of the uTS1m sample is still similar to those 

of the OS and MFT samples but appears to indicate a loss of DBE 15 species such 

as dibenzocarbazoles. To better assess the DBE species pattern variability we 

have defined a double bond equivalent preference index (DPI) as specified in the 

Supporting Information which provides a measure for the relative predominance 

of the DBE 9, 12 and 15 series. With few outliers all DPI values are similar and 

scatter between 1.6 and 2.2 over the entire process chain (Table S3.8) supporting 

the suggested limited compositional variability of the N1 compounds. This is 

further corroborated by the similar patterns of the N1 series in a three dimensional 

DBE versus carbon number plot (Figure S3.4). We point out that the TS5y sample 

does not contain any unique N1 compounds (Figure 3.2B) which implies that all 

nitrogen-containing constituents detectable with ESI FT-ICR-MS run in negative-

ion mode must derive from OS. We thus conclude that the N1 compounds are 

sensitive tracers of oil-sand-derived organic material which can still be detected in 

soil samples from 23 year old reclamation sites. Moreover, we regard the 

invariability of the compositional pattern of the N1 class as evidence that 

biodegradation of these compounds does not play any significant role on the 

reclamation sites and that the observed depletion is merely due to a dilution by 

newly added organic material. Since carbazole is classified as very toxic to 

aquatic life with long lasting effects (IFA Gefahrstoffdatenbanken) it may well be 

assumed that these N1 compounds are also relevant with respect to the analytical 
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characterization of OS process-affected waters and water samples from the 

Athabasca River. 

S1O2 compounds which are relatively abundant in our sample set (Figure 3.1A) 

have previously been detected in bitumen from the Athabasca oil sands (Smith et 

al., 2008). The DBE pattern of the S1O2 species appears to indicate the 

predominance of two series of benzo-annulated compound types, namely one with 

DBE values 4, 7, and 10 and the other with DBE values 5, 8, and 11 (Figure 

3.1D). It is reasonable that the former series consists of thiophene-, 

benzothiophene-, and dibenzothiophenecarboxylic acids. The latter series might 

then contain the same core structures, however, with an additional saturated ring. 

It is well known that the Athabasca oil sands contain a wide variety of aromatic 

sulfur compounds, partly with additional alicyclic moieties (e.g. Strausz et al. 

(2011). Thus, we propose that the S1O2 compounds may be formed by oxidation 

of such sulfur-containing oil constituents through processes analogous to those 

that are responsible for the generation of naphthenic acids from hydrocarbons 

sensu stricto. Further insight into such relationships might come from 

characterization of the same samples using atmospheric pressure photoionization 

(APPI) which is particularly useful for characterization of sulfur heterocycles in 

petroleum-related samples. Importantly, over the entire process chain, the general 

DBE pattern of the S1O2 species does not change much, similar to the integrity of 

the DBE pattern of the N1 class as discussed above. This is also recognized in the 

corresponding DBE versus carbon number plots (Figure S3.4). The only exception 

is the complete absence of compounds with three, four, and five DBEs in the 

sample from the oldest reclamation site (TS23y, Figure 3.3D), which we consider 

as evidence for an enhanced susceptibility of thiophenecarboxylic acids to 

microbial degradation. Again, the TS5y sample is almost devoid of unique S1O2 

compounds (Figure 3.2B) supporting their potential application as additional 

tracers of oil-sand-derived organic material. 
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Figure 3.3. Relative abundance diagrams for the DBE distributions of the O2 

(A), N1 (B), N1O2 (C), and S1O2 (D) classes. Relative abundances for the entire 

sample set are given in Tables S3.4-S3.7. 

 

3.4.3 Distinctive features of mature fine tailings 

The N1O2 class is significantly more abundant in the MFT samples than in any 

of the other investigated sample types (Figure 3.3C, Table S3.1). Interestingly, it 

is also the compound class with the highest relative abundance of unique 

elemental compositions in the pMFT3m sample, which furthermore exceeds those 

in the OS1 and TS5y sample by far (Figure 3.2B). We therefore suggest that the 

occurrence of the N1O2 class must be tightly linked to processes taking place in 

the tailings ponds and/or drying cells and therefore could be a specific indicator of 

tailings-pond-derived organic material. The N1O2 class covers a relatively narrow 

DBE range from 8 to ~ 19 and maximizes at DBE 11. In the oldest TS sample 

(TS23y), it is nearly absent, with the highest relative abundance found at DBE 12. 

Overall, the carbon numbers of the N1O2 series range from 22 to ~40 in the MFT 

samples, and thus are different from those of the N1 class (Figure S3.4). 

N1O2 (along with N1O1) compounds have previously been shown to be 

relatively abundant in Athabasca oil sand samples and have been considered to be 
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biodegradation products of N1 compounds (e.g. Pan et al. (2013)). In fact, the 

initial step of carbazole biodegradation under aerobic conditions has been 

suggested to be catalyzed by oxygen-dependent carbazole 1,9a-dioxygenase 

which forms 2’-aminobiphenyl-2,3-diol (Ouchiyama et al., 1993). Assuming a 

similar mechanism being involved in the biological transformation of higher 

condensed pyrrolic nitrogen compounds, it is expected that DBE 11 and DBE 14 

N1O2 species are formed from benzocarbazoles (DBE 12) and dibenzocarbazoles 

(DBE 15), respectively. Thus, opening of the pyrrolic ring would lead to a 

decrease of the DBE value by 1 compared to the N1 class. However, comparison 

of the DBE versus carbon number plots for the N1 and N1O2 compounds in the 

MFT samples clearly contradicts any genetic relationship (Figure S3.4). We thus 

conclude that the N1O2 compounds characteristic of the MFT samples do not 

derive from aerobic biodegradation of pyrrolic nitrogen compounds. This seems 

to be in agreement with the observation that biological processes in tailings ponds 

proceed predominantly under anoxic conditions (Siddique et al., 2007; Siddique et 

al., 2011). The chemical nature of the detected N1O2 species must remain open at 

this point. 

 

3.4.4 Biogeochemical signatures of reclamation sites 

In contrast to the O2 DBE pattern of the OS, MFT and uTS1m samples, the 

covered TS samples exhibit the highest relative abundance at DBE 1 (Figure 

3.3A), which illustrates the increasing input of acyclic carboxyl acids (i.e., 

saturated fatty acids) into the developing soils. A clear even-over-odd 

predominance is seen for these fatty acids in all covered TS samples, which is 

related to their biosynthetic origin from C2 units (Figures 3.5A). The C16 and C18 

species are likely of microbial origin, while the longer-chain compounds (C20 to 

C30) derive from cuticular waxes of higher plants and thus indicate a terrestrial 

origin (Eglinton & Hamilton, 1967; Wiesenberg et al., 2008; Wiesenberg et al., 

2004). In 2004, Wiesenberg et al. reported that long-chain n-carboxylic acids (C22, 

C24, C26) are suitable diagnostic markers for plant biomass incorporation into soil 

organic matter. Since C24 and C26 fatty acids are most abundant in the covered TS 

samples (Figure 3.5A) this is clear evidence for the contribution of plants to the 
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developing soil organic matter pool on the reclamation sites. The even-over-odd 

preference index (EOPI, for definition see Supporting Information) (Wiesenberg 

et al., 2008) values for the long-chain saturated fatty acids from C19 to C31 is 

above 4 for all samples from reclamation sites, while the values of the OS, MFT 

and uTS1m samples are always lower than 3.5 (Figure 3.4). The EOPI allows 

differentiating between the site where TS are stockpiled for future reclamation and 

sites where reclamation has already started; moreover, it enables assessment of the 

ongoing development of soil organic matter formation in relation to the age of the 

latter. The EOPI values shown in Figure 3.4 were calculated from FT-ICR-MS 

data. Overall, there is a good correlation between these values and EOPI values 

calculated from GC-MS data (see Table S3.8). 

 

 
Figure 3.4. Even-over-odd preference index (EOPI) values of the O2 DBE 1 

class versus A/C (acyclic/cyclic) ratio of the O2 class in the carbon number range 

from C10 to C60. 

 

The carbon number distribution of the O2 DBE 6 class reveals an elevated 

abundance of the C20 carboxylic acid in the TS5y and TS23y samples (Figure 3.5C). 

This signal likely represents abietic acid, a constituent from various pines (pinus), 

larches (larix), and firs (abies), and/or palustric acid deriving from rosin and roots 

of pine (Pinus palustirs) (Breitmeier, 2005). Especially on site TS23y, many 

different tree species, including pine, grow. Samples from older reclamation sites 
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(TS5y and TS23y) are furthermore enriched in C32 hopanoic acid, as documented by 

the strong signal at carbon number 32 (Figure 3.5C). C32 hopanoic acid is a 

bacterial biomarker (Bull et al., 1998) and thus indicates an active microbial 

community in the soils of the reclamation sites, in agreement with results of a 

previous geomicrobiological study on the same samples (Noah et al., 2014). 

 

 
Figure 3.5. Relative abundance diagrams for the carbon number distributions 

of the O2 class at DBE values 1 (A), 4 (B,) and 6 (C) and putative structures of 

major constituents. Numbers on specific signals in the plots refer to those 

provided with the structures: 1, fatty acids with an even number of carbon atoms; 

2, 3, and 4, C21-, C24-, and C26-tricyclic terpenoid carboxylic acids; 5a,b, abietic 

acid (double bond between C7 and C8) and/or palustric acid (double bond 

between C8 and C9); 6, C32 hopanoic acid. Information for the entire sample set 

is given in Table S3.9. 

 

The O3 and O4 classes are most abundant in the TS samples (Figure 3.1A, B) 

and, moreover, are the only two classes for which the most unique elemental 

compositions have been found in the TS5y sample (Figure 3.2B). In contrast, O3 

species are nearly absent in the OS sample, except for the DBE 1 and DBE 7 

classes, which have slightly enhanced signal intensities (Figure S3.5). The DBE 7 

class also exhibits the maximum intensity in the pMFT samples. In the covered 

TS samples, the O3 class is dominated by DBE 1 species. We propose that these 

constituents are saturated hydroxy fatty acids, which is supported by identification 
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of such compounds in the acid fractions by GC-MS (Figure S3.3). Similar to the 

O2 class, an even-over-odd predominance is found in the TS samples in the carbon 

number range from C16 to C30 for the O3 DBE 1 species (Figure S3.6). The 

abundance of DBE 1 compounds rises with increasing age of the recultivation 

sites; thus, their occurrence is obviously related to the formation of soil organic 

matter during reclamation. This is supported by the observation that the uTS1m 

sample does not show a similarly significant increase of DBE 1 species. DBE 2 

species, which also show a relatively high abundance in the TS samples, could be 

oxo fatty acids and, as such, putative intermediates of fatty acid oxidation. 

According to the results of our study, ESI FT-ICR-MS analysis in negative-ion 

mode of maltene fractions is a useful tool to differentiate between old and modern 

carbon pools in environmental samples that are exposed to petroleum or 

petroleum-derived materials. The approach outlined here is not restricted to oil-

sand-related setting but can equally be applied to other scenarios, such as oil spills 

or petroleum seeps where mixing of organic compounds deriving from petroleum 

and biomass occurs. Pyrrolic nitrogen compounds are ubiquitous constituents of 

crude oils from any exploration area in the world. We propose that their 

assessment by ultra-high-resolution mass spectrometry can be an efficient and 

sensitive tool to detect even highly diluted petroleum residues in any type of 

environmental sample. 
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3.6 Supplementary material 

 
Figure S3.1. Generalized process chain from oil sands to reclamation sites. 

Sample abbreviations refer to the following sample abbreviations in this 

publication: uMFT:uMFT2y, pMFT1-3:pMFT3m, 1m, 5m, TS1-3:TS6m, 5y_m, 5y. 

Reprinted from Science of The Total Environment, 499, Noah, M.; Lappé, M.; 

Schneider, B.; Vieth-Hillebrand, A.; Wilkes, H.; Kallmeyer, J., Tracing 

biogeochemical and microbial variability over a complete oil sand mining and 

recultivation process, 297-310, 2014, with permission from Elsevier. 
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Table S3.3. Relative abundances of unique elemental compositions identified 
by Venn diagram analysis. 
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Figure S3.2. Extracted ion chromatogram (m/z 191) from GC-MS analysis of the 

methylated acid fraction of the OS1 sample revealing the presence of C21 and C24 

tricyclic terpenoid carboxylic acids. The mass spectra indicate that these peaks 

represent the compounds identified by Cyr et al. (1983). 
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Figure S3.3. Extracted ion chromatogram (m/z 259 + 383) from GC-MS 

analysis of the methylated and silylated acid fraction of the TS5y sample revealing 

the presence of hydroxy fatty acids as silyloxyfatty acid methyl esters. Compound 

assignment is based on comparison with published mass spectra (AOCS Lipid 

Library). 
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Figure S3.4. Three dimensional DBE versus carbon number plots of the OS1, 

MFT3m and TS5y samples displaying the DBE and carbon number distribution for 

the compound classes N1, N1O2 and S1O2. The figure illustrates that only minor 

pattern variations are recognizable for the N1 as well as the S1O2 compounds 

along the process chain. Furthermore, the complete absence of any pattern 

similarity provides clear evidence that N1 and N1O2 compounds in the MFT3m 

sample are genetically unrelated. 
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Figure S3.5. Relative abundance diagram for the DBE distribution of the O3 

class. 

 

 

Figure S3.6. Relative abundance diagram for the carbon number distribution of 

the O3 DBE 1 class. 
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4 CHANGING MICROBIAL COMMUNITY 

COMPOSITIONS IN HYDROCARBON-

CONTANINATED TAILINGS FROM CANADIAN OIL 

SANDS – A GREENHOUSE EXPERIMENT – 
 

 

This chapter is a manuscript submitted to Soil Biology & Biochemistry in March 

2016: Noah, M., Boldt-Burisch, K., Schneider, B., Mangelsdorf, K., Vieth-

Hillebrand, A., Wilkes, H., Changing microbial community compositions in 

hydrocarbon-contaminated tailings from Canadian oil sands – a greenhouse 

experiment –. 

 

 

4.1 Abstract 

Oil sands mining and 

extraction disturbs large 

boreal forest areas in 

Alberta, Canada. 

Successful reclamation of 

these landscapes includes 

the establishment of self-

sustaining plant communities and an active soil microbial community. Therefore 

the understanding of dynamic interactions between reclamation substrates, 

microorganisms, fungi and vegetation is of great importance. In the greenhouse 

experiment performed in this study three different reclamation substrates and two 

different plant species (Elymus trachycaulus and Lotus corniculatus) were 

sampled and analyzed regarding their PLFA inventory to gain more information 

on these interactions. The substrates show increasing bacterial biomass and an 

enrichment of Gram-negative bacteria with increasing residual oil-sand-derived 

organic matter in the substrate. These bacteria seem to be capable of surviving in 
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the presence of high amounts of contaminating hydrocarbons in the 

developingsoils. In contrast, the development of fungi in the substrate is inhibited 

by oil-sand-derived organic matter. The two different plant types respond 

differently to the substrates. The PLFA inventories indicate a significantly higher 

fungal biomass and a generally higher microbial biomass for all growing 

substrates in the L. corniculatus roots. This shows that not only the substrate itself 

but especially the plant type influences the proportion of bacteria to mycorrhizal 

fungi and that the plant L. corniculatus might be a favorable pioneering plant for 

oil sand reclamation sites. 

 

4.2 Introduction 

Open-pit mining of oil sands in Alberta, Canada, causes the disturbance of large 

land areas. In total an area of around 600 km2 is affected by oil sands mining, 

whereof tailings ponds, which store oil sand process-affected waters, surpass 180 

km2 (Kasperski & Mikula, 2011). Successful reclamation of these landscapes 

includes the building of stable soils, re-establishing of soil processes such as 

nutrient cycling and establishment of self-sustaining plant communities. 

Reclamation of land surfaces is determined by desired or mandatory end land uses 

and specific revegetation approaches for oil sands and different end land uses 

need to be developed (Luna Wolter & Naeth, 2014). One aspect is the 

development of land surfaces supporting the growth of new plant communities 

which ideally will evolve towards ecosystems comparable to those existing prior 

to disturbance (Fung & Macyk, 2000). 

Tailings sands (TS), which derive from the extracted oil sands, and mature fine 

tailings (MFT), which derive from tailings ponds, are used in landscape 

reconstruction. However, generally they represent inappropriate plant growth 

media due to their low water holding capacities, a lack of nutrients, high salinity 

and other chemistry often undesirable to functions as soils. Thus, they must often 

be covered with suitable reclamation material like peat-mineral mixtures (Naeth et 

al., 2011) which improves soil fertility and water holding capacity by increasing 

the organic matter content. Furthermore peat mineral mixtures improve soil 

biological activity as these materials are a source of propagules and soil 
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microorganisms (e.g. Mackenzie & Naeth 2010). A variety of studies were carried 

out on reclamation oil sands sites using different soil organic matter materials like 

peat mineral mix or forest floor as a cover (Brown & Naeth, 2014; Jamro et al., 

2014; Kwak et al., 2015), but almost nothing is known about the direct 

interactions of plants and tailing sands and processed mature fine tailings (pMFT), 

both used as basic material to rebuild soils. Adding cover materials like peat 

mineral mix or forest mineral mix are cost and time intensive as immense amount 

are needed to cover the extended reclamation areas. Therefore the understanding 

of the interactions of tailings sands, mature fine tailings and plants relevant for 

successful land reclamation has to be expanded to improve ways to reclaim soils 

(Naeth et al., 2011). 

Little is known about the influence of herbaceous plant species on oil sands 

tailings, because revegetation studies have mainly focused on woody species. 

Therefore in our study a greenhouse experiment was set up to investigate the 

interaction between two herbaceous plant species, microbial communities and 

selected arbuscular mycorrhizal (AM) fungi and oil-affected TS and pMFT 

substrates used for land reclamation. 

Approximately 80% of all land plants live in symbiosis with AM fungi 

(Newman & Reddell, 1987). These microorganisms are therefore integral parts of 

all terrestrial ecosystems (Opik et al., 2006) and play a critical role in ecosystem 

functions such as plant biodiversity, ecosystem variability and productivity (van 

der Heijden et al., 1998) as they enhance plant fitness by increasing biotic and 

abiotic stress resistance and they positively influence plant development due to 

their impact on phytohormone balance (Smith & Read, 2008). 

However, these symbiotic fungi are not expected to occur in TS, which originate 

from deeper sedimentary material and which are sterilized by hot water extraction 

during the oil recovery process (Bois et al., 2005). Furthermore, previous studies 

on TS and pMFT from drying cells showed the remains of oil-sand-derived 

hydrocarbons (e.g. PAHs, hopanes, steranes) in these filling materials and the 

resistance of these oil contaminants towards microbial degradation (Noah et al., 

2014). In newly developed reclamation soils these contaminants could inhibit the 

establishment of microbial consortia within the TS and the growth of a robust 

plant community. 
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In numerous publications it was shown that phospholipid fatty acid (PLFA) 

profiles were useful in detecting the response of microbial communities to land 

use, land disturbance and soil contamination with hydrocarbons and/or heavy 

metals (MacNaughton et al., 1999; Margesin et al., 2007; McKinley et al., 2005; 

Shi et al., 2002). 

The aim of the study was to determine the PLFA inventories of microorganisms, 

fungi and roots and to monitor and compare changes in the composition of those 

organisms with respect to land reclamation materials showing different levels of 

natural oil contamination (oil-free substrates as well as oil-affected TS and pMFT 

substrates). Furthermore the aim was to find out if various plant species 

differently contribute to soil microbial development in those reclamation 

substrates. Results about the microbial composition in these differently composed 

reclamation materials and in plant roots growing in these substrates will help to 

understand how strongly the soil organisms are influenced by oil extraction 

residuals and if selected organisms used in this experiment are survivable and 

therefore important for improved development of reclamation strategies. 

4.3 Material and Methods 

4.3.1 Sample set and experimental design 

Two different plant species, the grass Elymus trachycaulus (Link) Gould ex 

Shinners (slender wheat grass) (ET) native to Alberta, and the legume Lotus 

corniculatus L. (birdsfoot trefoil) (LC) were used for this greenhouse experiment. 

Three mining substrates were used in the experiment. Pleistocene, calcareous, 

sandy overburden substrate (PS) was retrieved from the fore field of an open cast 

lignite mining area at Welzow-Süd, Germany. Tailings sands (TS) and processed 

mature fine tailings (pMFT) are by-products of oil sands processing and were 

procured from Shell Canada in Fort McMurray (Alberta, Canada). The 

Pleistocene sands also served as a reference material with physical properties 

similar to those of tailings sands, without being influenced by oil-derived 

hydrocarbons. Moist pMFT samples were air dried, ground to powder with a jaw 

crusher and then mixed with TS (1:1). 

In preparation for the actual growing experiment 100 seeds of both plant species 

were separately germinated and first grown on sterile sandy PS. PS was sterilized 
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by gamma radiation of 50 to 90 kGy (Synergy Health Radeberg GmbH, Radeberg, 

Germany). Three arbuscular mycorrhizal fungal (AMF) species (Funneliformis 

mosseae formerly Glomus mosseae, Rhizophagus intraradices formerly Glomus 

intraradicies and Claroideoglomus etunicatum formerly Glomus etunicatum) 

were used. The AMF inoculants were added in a ratio of 1:10 inoculum:soil and 

mixed by hand with the soil. The fungal inocula (in form of granulates) were 

purchased from aurea systems GmbH, Neumarkt, Germany. The plants were pre-

grown in the PS substrate fungi mixture for 3 weeks in a greenhouse with a cycle 

of 9 h light (21°C) and 15 h darkness (16°C). 

Before starting the actual growth experiments, the biomarker inventory of 

exemplary grass (ET) and legume (LC) roots (AMF-inoculated) and of the used 

substrates (PS, TS, TS/pMFT) has been analyzed. In the following these samples 

are used as reference and are designated as reference roots (RR) or reference 

substrates (RS). 

To commence the growing experiment, the plants were repotted into 1.5 L pots 

with sterilized PS, TS and mixed TS/pMFT (1:1). The AMF-inoculated plants 

were additionally inoculated with a mixture of 18 soil bacterial strains (see Table 

S4.1) by dipping the roots into the mixture. Additional 2 mL of the bacterial 

suspension were added to the substrate surrounding the stem of the seedling. The 

bacterial strains were isolated from a reclamation site and pMFT material and 

were grown in TSA medium until late log phase. Cells were harvested and washed 

with 0.9% NaCl and suspended in 0.9% NaCl to cell densities between 106 to 108 

mL-1. Plants were watered every two days with 75 mL of tap water. Light and 

darkness as well as temperature cycles were the same as described above. Finally, 

plant roots and substrates were sampled after 14 weeks. As a vegetation free 

control, the three substrate types were inoculated only with the soil bacterial mix 

to assess the influence of plants on microbial community composition. An 

overview of the experimental design is depicted in figure 4.1. 
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Figure 4.1. Series (a) shows three pots containing the three different substrates 

Pleistocene sand (PS), tailings sand (TS) and TS mixed with processed mature 

fine tailing (pMFT, 1:1 v/v). Series (b) shows pots containing the three substrates 

with the grass Elymus trachycaulus (ET) and series (c) with the Lotus 

corniculatus (LC). To all pots a mixture of 18 soil bacterial strains was added but 

only series b and c were additionally inoculated with a mixture of arbuscular 

mycorrhiza fungi (AMF) (Funneliformis mosseae, Rhizophagus intraradices and 

Claroideoglomus etunicatum). 

 

4.3.2 Sample Preparation 

The complete root system of each plant was washed under running tap water and 

dried with a paper towel. Shoots were cut from the roots and roots were weighed 

directly after harvesting. Root total area (cm2) was calculated for fresh roots using 

an Epson perfection V700 Scanner and WinRHIZO Software (Regent 

Instruments, Inc. Quebec Canada, version 2009a) for digitalization and further 
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processing of the images. Root scan images are given in the supporting 

information (Figure S4.1 and S4.2). 

All substrates were freeze-dried and ground prior to the extraction of the lipids. 

Root samples were freeze-dried and cut into little pieces. About 80 g per substrate 

and around 100 mg roots were used for lipid extraction using a flow-blending 

system (Radke et al., 1978) and a modified extraction method after Bligh & Dyer 

(1959) with a solvent mixture of methanol/dichloromethane/ammonium acetate of 

2:1:0.8 (v/v/v) (pH 7.6) for 5 min. Prior to extraction the internal standards 5α-

androstane, ethylpyrene, 5α-androstan-17-one, erucic acid and 1-myristoyl-d27-

sn-glycero-3-phosphocholine were added. A detailed method description is given 

by Zink & Mangelsdorf (2004). Afterwards, the extract was separated from the 

sample material by centrifugation (3500 rpm) for 10 min at 20°C. The residual 

sample material was re-extracted twice using an ultrasonic unit (5 min) with the 

previously described extraction mixture. The three extracts were combined in a 

separation funnel. For phase separation the solvent ratio was changed to 1:1:0.9 

(v/v/v). The organic phase was obtained by separation from the aqueous phase, 

which was then re-extracted two times with 20 mL dichloromethane (DCM). The 

organic phases were combined and evaporated to dryness using a stream of 

nitrogen. 

The total organic extract was separated into different fractions. Therefore, the 

dissolved extract (1 mL DCM and methanol; 9:1) was separated via two columns 

in four fractions of different polarity. For this purpose the upper column was filled 

with silica gel (1 g, 63-200 µm) and the lower one with Florisil (1 g, 150-200 

µm). This resulted in a low-polarity lipid fraction (eluted with: 20 mL 

chloroform), a free fatty acid fraction (eluted with: 50 mL methyl formate + 

0.025% glacial acetic acid), a glycolipid fraction (eluted with: 20 mL acetone) and 

a phospholipid fraction (eluted with: 25 mL methanol (only the first column)). 

The low-polarity lipid fraction was further separated using medium pressure 

liquid chromatography (MPLC) described by Radke et al. (1980) to yield three 

fractions: aliphatic hydrocarbons, aromatic hydrocarbons and nitrogen, sulphur, 

oxygen (NSO) compounds. Each fraction was concentrated using a TurboVap 

system and dried under a gentle stream of nitrogen. 
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Half of the phospholipid fraction was subjected to trans-esterification to obtain the 

methylated formerly phospholipid-linked fatty acids (PLFA) by a method 

described by Müller et al. (1990). Therefore, an aliquot of the phospholipid 

fraction was dissolved in 500 µL of dichloromethane/methanol (9:1 v/v) in a 2 mL 

vial.  Afterwards 500 µL of trimethylsulfoniumhydroxid (TMSH) was added and 

the vial was sealed before placed into an oven for 2 h at 70°C. Afterwards, the 

solvent was evaporated and the sample was dissolved in dichloromethane for 

analysis by gas chromatography-mass spectrometry (GC-MS). 

 

4.3.3 GC-MS measurement 

Analyses of the aliphatic and aromatic hydrocarbon fractions and the PLFAs were 

performed using a gas chromatographic system (Trace GC Ultra, Thermo Fisher 

Scientific Inc. Waltham, Massachusetts, USA) coupled to a DSQ Thermo 

Finnigan Quadrupole mass spectrometer. The GC was equipped with a Thermo 

PTV injection system (Thermo Electron Corporation) and a BPX5 (SGE) column 

(50 m length, 0.22 mm ID, 0.25 µm film thickness) using the following 

temperature program: injector temperature from 50 °C to 300 °C with a rate of 10 

°C/sec, initial temperature 50 °C, heating rate 3 °C/min to 310 °C, held isothermal 

for 30 min. Helium was used as carrier gas at a constant flow of 1.0 mL/min. 

Measurements were performed in a mass range of m/z 50 – 600 in full scan mode 

at 2.5 scans/sec. The ion source temperature was 230 °C, the transfer line 

temperature 320 °C and the ionization energy in electron impact mode 70 eV. 

 

4.3.4 Total organic carbon (TOC) analysis 

TOC analyses have been performed at Applied Petroleum Technology AS (APT) 

in Norway following the Norwegian Industry Guide to Organic Geochemical 

Analyses (NIGOGA), 4th Edition on a Leco SC-632 instrument. 

  

4.3.5 Bacterial and fungal biomarkers 

Bacterial biomass was estimated using the summed concentration of the following 

PLFAs: iso(i)14:0; i15:0; anteiso(ai)15:0; i16:0; 10Me16:0; i17:0; ai17:0 16:1ω7; 
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cyclo(cy)17:0; 18:1ω5; 18:1ω7 (modified after Frostegråd & Bååth, 1996; Zak et 

al., 1996). As fungal biomarkers 18:2ω6,9 (Madan et al., 2002; Olsson, 1999; Zak 

et al., 1996) and 18:3ω3,6,9 (Jin et al., 2011; Pinkart et al., 2002; Vestal & White, 

1989; Zogg et al., 1997) were used. The fatty acid 16:1ω5, although representing 

a characteristic constituent of AMF (Olsson, 1999), has not been used as fungal 

marker, since it is also a common constituent in bacteria (Vestal & White, 1989) 

and abundant in the added bacterial culture. 

The bacterial PLFAs were additionally separated into markers indicative for 

Gram-positive bacteria: i14:0; i15:0; ai15:0; i16:0; 10Me16:0; i17:0; ai17:0 (Zak 

et al., 1996; Zelles, 1997) and Gram-negative bacteria: 16:1ω7; cy17:0; 18:1ω5; 

18:1ω7 (Zak et al., 1996; Zogg et al., 1997). 

PLFA data for the three added AMF species were taken from previous studies: 

Glomus mosseae: 16:0; 16:1ω5c; 18:1ω5c; 18:1ω7c; 18:1ω9c; 18:2ω6c; 18:3ω6c; 

20:3ω6c; 20:4ω6c; 20:5ω3c; 24:1ω9c (Madan et al., 2002). Glomus intraradicies: 

16:1ω9; 16:1ω5; 16:0; 18:2ω6,9; 18:1ω9; 18:1ω7; 18:1; 18:0; 20:2 (Olsson & 

Johansen, 2000). Glomus etunicatum: 8:0; 9:0; 14:0; 15:0; 16:1ω7; 16:1ω5; 16:0; 

17:0 18:2ω6,9; 18:1ω9; 18:0; 20:4; 20:0; 22:0 (Sabet et al., 2013; Sakamoto et al., 

2004). The fungal/bacterial ratio was calculated using the above mentioned 

PLFAs for the bacterial and fungal biomass. The carbon preference index (CPI) 

was calculated according to Marzi et al. (1993). 

4.4 Results 

An overview of the total PLFA concentrations, abundances of bacterial and fungal 

biomass, of Gram-positive and Gram-negative bacteria, the total number of 

PLFAs, the proportion of Gram-positive to Gram-negative bacteria, the 

fungal/bacterial PLFA ratio, and, where appropriate, the root areas, n-alkane 

concentrations and CPI values for the entire sample set are given in table 4.1. 

Overall, these results indicate significant variations of the parameters evaluated in 

relation to the experimental design used in this study. 
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4.4.1 Biomarker signatures in reference substrates and root material prior to the 

growth experiment 

Reference substrates 

The elemental analysis of the reference substrates (RS) revealed that the TOC 

content shows distinct differences between the Pleistocene sand (PS) and the 

tailing sand (TS) on the one hand and the processed mature fine tailing 

(TS/pMFT) on the other hand. The PS and TS samples had TOC values of 0.4%, 

whereas the pMFT sample contained 13.2% TOC. The total nitrogen (TN) content 

was below detection limit (< 100 ppm) for the PS and TS substrates. The pMFT 

substrate had a TN content of 0.2%. 

Only in the PS substrate n-alkanes were found. They occurred in the long chain 

range from n-C19 to n-C32 with a strong odd over even carbon number 

predominance and a maximum at n C31. 

The total n-alkane concentration in the PS reference substrate was below 

1 µg/gSub and the Carbon Preference Index (CPI) value was 8.5. In contrast, in 

the reference TS and TS/pMFT substrates n-alkanes were below detection limit. A 

detailed substrate characterization regarding polycyclic aromatic hydrocarbons 

(PAHs) and oil-sand-derived biomarkers can be found in Noah et al. (2014) and 

Noah et al. (2015). Here, oil-sand-derived hopanes, steranes, mono- and 

triaromatic steroids and PAHs were detected in all pMFT and TS samples from 

reclamation sites. The n-alkanes were absent in the pMFT and stockpiled TS 

samples, because they contained residuals of heavy oil from which these 

hydrocarbons were completely removed by biodegradation. Regarding the amount 

and type of organic matter the three different substrates can also be classified as 

no oil (PS), low oil (TS) and high oil (TS/pMFT) content substrates. 

Ergosterol, considered to be a specific fungal sterol (Seitz et al., 1979), was not 

detected in any of the substrates. Campesterol, stigmasterol and β-sitosterol, 

common plant cell membrane-derived sterols, were present in the PS substrate. In 

the TS and TS/pMFT substrates these higher plant lipids were not detected. 

The total amount of PLFAs was significantly higher in the TS/pMFT substrate 

(9 µg/gSub) than in the PS (3 µg/gSub) and TS (2 µg/gSub) substrates (Table 4.1 

and Figure 4.2). However, in the TS/pMFT reference substrate only 17 PLFAs 
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were detected thus indicating the lowest diversity compared to the TS and PS 

reference substrates containing 21 and 31 PLFAs, respectively (Table 4.1). 

The fungal/bacterial PLFA ratio of the RS was highest in the PS substrate (0.1) 

followed by the TS substrate (0.01). In the TS/pMFT reference material no fungal 

PLFAs were detected (Table 4.1 and Figure 4.2). The proportion of Gram-

negative to Gram-positive bacteria increased from PS (1.4) to TS (2.1) to 

TS/pMFT (7.5). 

Reference ET and LC roots and bacterial culture 

The total PLFA concentration in the roots of the reference grass Elymus 

trachycaulus (ET) was significantly lower compared to reference roots (RR) of 

Lotus corniculatus (LC) (Table 4.1 and Figure 4.3A, B). The bacterial and fungal 

diversity, indicated by the number of different PLFAs, was almost the same for 

both plant roots (ET: 27 PLFAs, LC: 25 PLFAs) (Table 4.1). The fungal/bacterial 

PLFA ratio of the RR was significantly lower for the ET roots (14.4) compared to 

the LC roots (60.9). The ratio of Gram-negative to Gram-positive bacteria was 8.8 

for the ET and 3.1 for the LC roots. 

The Gram-negative/Gram-positive ratio in the bacterial culture added was 1.7 

and PLFAs indicative for fungi were not present (Table 4.1). A detailed PLFA 

composition of the bacterial culture, all substrate and root samples is given in the 

table S4.2 in the supporting information. 
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4.4.2 Biomarker signature of substrates only inoculated with the bacteria mix  

After 14 weeks of substrate incubation with the bacterial culture and no plants 

(NP) the n-alkane concentration of the PS substrate was below 1 µg/gSub and a 

CPI of 5.3 was evaluated. Both values decreased compared to the PS reference 

substrate. The total PLFA amount increased in all three substrates and was 

significantly higher in the TS/pMFT substrate (15 µg/gSub) than in the TS 

(10 µg/gSub) and PS (8 µg/gSub) substrates (Table 4.1; Figure 4.2). The numbers 

of detected PLFAs were again highest in the PS sample (34 PLFAs), followed by 

TS/pMFT (21 PLFAs) and TS (19 PLFAs) (Table 4.1). The fungal/bacterial 

PLFA ratio of the PS substrates increased compared to the reference material from 

0.1 to 0.3. Traces of fungal markers were now detected in the TS/pMFT leading to 

a ratio of 0.02. In the TS substrate the fungal/bacterial PLFA ratio remained 

constant (0.01). The proportion of Gram-negative to Gram-positive bacteria 

showed the same trend but higher values than the reference substrates (Table 4.1; 

Figure 4.2). 

 

 
Figure 4.2. Bars indicate total PLFA concentrations in the different substrates 

subdivided into PLFAs indicative for Gram-positive and Gram-negative bacteria 
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and fungal biomass as well as other non-specific PLFAs with their corresponding 

fungal/bacterial PLFA ratios (black diamonds). RS = reference substrates (no 

treatment); NP = no plant (bacterial but no fungal inocula); ET = growth 

experiment with Elymus trachycaulus (bacterial and fungal inocula); LC = 

growth experiment with Lotus corniculatus (bacterial and fungal inocula). 

 

4.4.3 Biomarker signatures of ET roots and the three growing substrates 

In the experimental set up where ET was planted on to the three different 

substrates n-alkane concentrations below 1 µg/gSub and a CPI of 6.1 was 

determined for the PS sample which was lower than in the reference PS substrate. 

This experimental set up showed the highest PLFA concentration in the TS 

substrate (10 µg/gSub), followed by the substrates TS/pMFT (8 µg/gSub) and PS 

(4 µg/gSub) (Table 4.1; Figure 4.2). In all substrates the PLFA concentration 

increased after 14 weeks growth time compared to the RS. The number of PLFAs 

decreased from the PS to TS to TS/pMFT substrates (30 PLFAs, 25 PLFAs, 18 

PLFAs) as observed before (Table 4.1). The fungal/bacterial PLFA ratio showed 

the same trend than the RS with the highest ratio in the PS substrate (0.04) 

followed by the TS substrate (0.01) and a complete absence of fungal PLFA 

markers in the TS/pMFT substrate. The ratio of Gram-negative/Gram-positive 

bacteria in the substrates is comparable to those from the NP experimental set up 

(PS: 3.8, TS: 4.6, TS/pMFT: 10.5) (Table 4.1). 

After 14 weeks of growing time on the three different substrates the PLFA 

concentration in the ET roots decreased from TS/pMFT (3547 µg/g Roots) to TS 

(3163 µg/g Roots) and PS (2486 µg/g Roots) (Figure 4.3A). These concentrations 

were lower compared to the ET reference roots. The number of PLFAs was lowest 

for the roots grown on TS/pMFT with 14 PLFAs. In the roots grown on PS and 

TS 17 and 22 PLFAs were detected, respectively. The reduction of the PLFA 

numbers for ET roots grown on TS/pMFT (14 PLFAs) compared to the reference 

ET roots (27 PLFAs) amounted to 48% (Table 4.1). The fungal/bacterial PLFA 

ratio of the ET roots grown on the three different substrates decreased from PS 

(24.4) to TS (6.0) and TS/pMFT (4.3). In the root sample of the growth 

experiment with ET PLFAs indicative of Gram-positive bacteria were completely 
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absent for the plants grown on TS/pMFT (Figure 4.3A). As indicated by the 

Gram-negative to Gram-positive ratio the proportion of PLFAs indicative for 

Gram-negative bacteria in the ET roots increased from PS (3.6) to TS (2.0). Since 

Gram-positive bacteria are completely absent in the roots grown on TS/pMFT the 

Gram-negative to Gram-positive ratio is 0 for these roots. Root area scans 

revealed the biggest root area for the ET grown on PS (148.1 cm²) (Table 4.1; 

Figure 4.4A and S4.1). ET roots showed a decrease of root areas from PS to TS 

(44.7 cm2) and the smallest root area for the growing substrate TS/pMFT 

(8.5 cm2). The root area decrease showed a very good linear correlation with the 

decreasing amount of fungal PLFAs (ET: R² = 0.94, Figure 4.4A). The amount of 

fungal biomarkers 18:2ω6,9 and 18:2ω3,6,9 in the ET roots increased from roots 

grown on TS/pMFT and TS to those grown on PS for 14 weeks (Figure 4.4B). 

However, all growth experiments showed lower fungal biomarker amounts than 

the reference ET roots. 

 

 
Figure 4.3. Total PLFA concentrations from (A) Elymus trachycaulus (ET) and 

(B) Lotus corniculatus (LC) root samples prior to the growth experiment (RR, 

reference roots) and after growth experiment on Pleistocene sand (PS), tailing 

sand (TS) and tailing sand/processed mature fine tailings (TS/pMFT) substrates. 

The PLFAs are subdivided into PLFAs indicative for Gram-positive and Gram-

negative bacteria, fungi as well as other non-specific PLFAs with their 

corresponding fungal/bacterial PLFA ratios (diamonds). 
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4.4.4 Biomarkers signatures of LC roots and the three growing substrates 

The n-alkane concentration in the PS substrate (below 1 µg/gSub) after a LC 

growth time of 14 weeks was lower compared to the concentration in the 

reference PS substrate, as well as the CPI of 5.8. The total PLFA concentration 

(Figure 4.2) was significantly higher in the TS/pMFT substrate (46 µg/gSub) than 

in the substrates PS (8 µg/gSub) and TS (7 µg/gSub). The number of PLFAs 

decreased from PS>TS>TS/pMFT (31 PLFAs, 24 PLFAs, 20 PLFAs, Table 4.1). 

The fungal/bacterial PLFA ratio was comparable to the ET planting (PS: 0.07, TS: 

0.01, TS/pMFT: 0.00, Figure 4.2). The proportion of Gram-negative to Gram-

positive bacteria showed the same trend like the RS and the experimental set ups 

NP and ET (PS. 4.7, TS: 8.7, TS/pMFT: 10.6, Table 4.1). 

PLFA concentrations in the LC roots was highest for those grown on PS 

(79871 µg/g Roots), and very similar for the growing substrates TS/pMFT 

(36144 µg/g Roots) and TS (34968 µg/g Roots) (Figure 4.3B). The number of 

PLFAs in the LC roots was comparable to those of the ET with the lowest amount 

of PLFAs for LC roots grown on TS/pMFT (14 PLFAs). This is a PLFA diversity 

reduction of 44% compared to the LC reference roots. In the roots grown on PS 18 

PLFAs and for TS roots 17 PLFAs were detected (Table 4.1). The LC roots 

revealed a different trend for the fungal/bacterial PLFA ratio than the ET roots. 

Here this ratio was lowest for roots grown on the PS substrate (6.9) and much 

higher for the substrates TS (31.1) and TS/pMFT (32.3) (Figure 4.3B). In the LC 

root sample, PLFAs indicative of Gram-positive bacteria were completely absent 

for the plants grown on TS/pMFT. The amount of PLFAs related to Gram-

negative bacteria decreased from roots grown on PS (Gram(–)/Gram(+) = 16.3) to 

those grown on TS and TS/pMFT substrates. In both latter substrates PLFAs 

indicative of Gram-positive bacteria were completely absent. LC roots showed a 

decrease of root areas from PS>TS>TS/pMFT (55.8 cm2, 23.0 cm2, 11.3 cm2) 

after 14 weeks growth time (Figure 4.4A). The decrease of the root area also 

showed a quite good correlation with the decreasing amount of fungal PLFAs 

(LC: R² =0.95, Figure 4.4A). As for the ET roots the amount of 18:2ω6,9 and 

18:2ω3,6,9 increased in the LC roots from roots grown on TS/pMFT and TS 

towards those grown on PS for 14 weeks (Figure 4.4B). However, all growth 

experiments showed larger amounts of fungal biomarkers than the LC reference 
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roots. This was in contrast to the ET roots, where all growth experiments showed 

lower amounts than the reference roots. 

 

 
Figure 4.4. (A) Plot of sum of fungal PLFA marker versus root areas for all 

root samples. (B) Plot of fungal PLFAs 18:2ω3,6,9 versus 18:2ω6,9 for ET and 

LC roots grown on PS, TS, and TS/pMFT with their associated references roots 

4.5 Discussion 

4.5.1 Changing microbial community structure and organic matter in the 

substrates 

In general, there is a trend of increasing PLFA concentrations accompanying 

increases of oil remnants in the substrates, which is especially evident for the 

substrate TS/pMFT with LC grown on it. The substrate microbial community 

differs between the three different substrates (Figure 4.2). PLFA analyses indicate 

an enrichment of Gram-negative bacteria especially in the TS/pMFT substrates. 

These bacteria, traced by monounsaturated PLFAs, seem to be capable of 

surviving in the presence of and/or even utilizing high amounts of hydrocarbon 

contamination, even though oil-sand-derived organic compounds are very 

resistant to biodegradation and do not serve as a good carbon and/or energy 

source. Previous studies also showed a dominance of Gram-negative bacteria in 

hydrocarbon-contaminated environments (MacNaughton et al., 1999; Margesin et 

al., 2007; Shi et al., 2002). However, these studies focused on contaminations 

caused by lighter hydrocarbons from e.g. diesel. The enrichment of Gram-
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negative bacteria also leads to an increase of the total bacterial biomass with 

increasing oil remains in the substrates (Figure 4.2). Conversely to the Gram-

negative bacteria the Gram-positive bacteria do not seem to be strongly influenced 

by higher contents of oil remnants in the substrates. The significant increase of 

Gram-negative bacteria in the TS and especially in the TS/pMFT substrates (no 

matter if substrates were planted or not) should be considered regarding the 

development of reclamation strategies for the oil sand regions, since Gram-

negative bacteria have the ability to utilize the oil remnants and with this reduce 

their concentration in the substrates. The removal of oil-sand-derived 

hydrocarbons from the soils, which inhibit mycorrhizal fungal growth, is a 

favorable process which in the end leads to a healthier plant community, plant 

biodiversity, ecosystem variability and productivity. 

The diversity of the microbial community, as indicated by the number of 

different PLFAs (Table 4.1), decreases with the content of oil-contamination and 

is therefore lowest in the TS/pMFT substrates. The diversity appears to be mostly 

determined by the substrates, since there is not so much difference with or without 

plant cover. The decrease in diversity suggests the change of the microbial 

community to some dominating specialists being able to cope with the conditions 

of an oil-contaminated environment. Since the added bacterial mix was gained 

from a reclamation site (Noah et al., 2014), the dominance of some bacteria being 

well adapted to oil-contamination is very likely. 

The fungal/bacterial PLFA ratio shows in all experimental setups as well as in 

the reference substrates the highest values for the oil-free PS substrate indicating 

that the development of fungi in the substrate is inhibited by oil-sand-derived 

organic matter (Figure 4.2). An opposite effect was reported by Shi et al. (2002), 

who documented a shift from a bacteria- (Gram-positive and Gram-negative) to a 

fungi-dominated community in soils upon contamination with toluene. 

MacKenzie & Quideau (2010) analyzed samples from three different oil sand 

reclamation sites regarding microbial community structure and nutrition 

availability. They also found total microbial biomass and the fungal/bacterial 

PLFA ratio to be key response variables for microbial community structure. Their 

data showed that the season of sampling had more influence on the microbial 

community structure than different sites, most likely related to soil moisture. 
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However, the two sites with vegetation and an onetime addition of fertilizer after 

construction showed a general trend of higher microbial biomass and higher 

fungal/bacterial PLFA ratios compared to the site with no plant cover and 

fertilization. The values for the fungal/bacterial PLFA ratio ranged from 

approximately 0.15 to 0.7 and thus were higher than the values of our substrates. 

Since all analyzed reclamation sites were between two and seven years old and the 

oldest site showed the highest fungal/bacterial PLFA ratios (Mackenzie and 

Quideau, 2010) this trend seems to be age-related also. Thus these data might not 

be directly comparable with the 14 weeks old substrates from the greenhouse 

experiment. 

The n-alkane concentrations and the CPI values are highest in the PS reference 

material compared to all other PS substrates in all other experimental set ups. The 

strongest concentration decrease is seen for the set up where ET grew on the PS. 

Since evaporation of long-chain n-alkanes (ranging from C19 to C31) during the 14 

weeks can be excluded, microbial degradation of these hydrocarbons is likely to 

be the reason for this loss. The oil-sand-derived organic matter reflected by PAHs, 

hopanes, steranes and aromatic steroidal hydrocarbons (Noah et al. 2014) does not 

change significantly regarding composition or concentration after 14 weeks (data 

not shown). 

 

4.5.2 Changing microbial community structure in the roots  

Both plants, Lotus corniculatus and Elymus trachycaulus, show a decreasing 

PLFA diversity in the roots with increasing oil content in the substrate which 

seems to be mainly caused by the absence of Gram-positive bacteria, especially in 

the LC roots. In contrast, PLFAs indicative of Gram-negative bacteria were 

influenced only slightly by higher amounts of residual oil. Notably, the fungal 

biomass in the LC roots increases from the reference roots to the roots grown for 

14 weeks in any of the substrates (Figure 4.3A, B). The opposite can be seen for 

the ET roots, where the fungal biomass is highest in the reference samples and 

decreases in all roots during the 14 weeks growth phase. The same trend is found 

for the total PLFA concentrations in the roots. This shows that LC roots can 

promote the growth of bacteria and fungi even if the general microbial diversity 
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decreases if the substrate is highly oil-contaminated. These data show that not 

only the substrate itself but especially the plant type influences the growth of 

bacteria and fungi as well as their proportion. 

Analogous to the PLFA diversity the root areas decrease for both plants from the 

PS to the TS to the TS/pMFT substrates. However, the root area of the ET in the 

TS/pMFT substrate is 94.3% smaller compared to those grown on PS. For the LC 

roots the number amounts to only 79.7%. From all these findings, higher total 

PLFA concentrations resulting in higher bacterial and fungal biomass and a lower 

root area loss, LC copes better with the three different substrates. 

In conclusion, PLFA profiles are a useful and sensitive measure of microbial and 

fungal community structures and their changes in different root and substrate 

types and the greenhouse experimental set up allowed their comparison under the 

same conditions. Regarding the development of reclamation strategies for the oil 

sand region, the enrichment of Gram-negative bacteria with increasing oil-

contamination, as well as the influence of the plant type on the bacterial and 

fungal growth should be considered. To support reclamation efforts the targeted 

application of Gram-negative bacteria or a combination of Gram-negative bacteria 

and AM fungi e.g. in form of granulate on the reclamation sites should be taken 

into account. The reduction of oil remnants through degradation by Gram-

negative bacteria and the growth of AM fungi to enhance plant fitness and 

development are key steps in the development of healthy soils on reclamation 

sites. Regarding the promotion of bacterial and fungal growth the LC plant seems 

to be the more favorable, compared to ET. As a consequence this herbaceous plant 

type has a higher probability to support a successful reclamation. 

 

4.6 Acknowledgement 

We wish to acknowledge the partners in the Helmholtz-Alberta Initiative, the 

Helmholtz Association and the University of Alberta, for the support resulting 

from participation in this collaboration. Research funding is provided by the 

Helmholtz Association’s Initiative and Networking Fund, the participating 

Helmholtz Centres and by the Government of Alberta through Alberta 

Environment’s ecoTrust program. 



4 Microbial community composition in hydrocarbon-contaminated tailings 

171 

 

4.7 Supplementary material 

Table S4.1. Composition of the added bacterial culture (BC). 
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Figure S4.1. Root scan pictures of ET grown on the three different substrates for 

14 weeks. 

 

 
Figure S4.2. Root scan pictures of LC grown on the three different substrates 

for 14 weeks. 
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5 SUMMARY AND OUTLOOK 

5.1 Summary 

Even though the Canadian oil sands have been studied intensively over the last 

decades research mainly focused on single compartments like the oil sands itself, 

water contamination (groundwater, river water and OSPW), biodegradation of 

organic matter in tailings ponds, reclamation success regarding plant growth as 

well as diversity and basic soil characteristics like bulk density or soil water. In 

contrast only little is known about the microbial community structure and the oil-

sand-derived organic material on reclamation sites. Within this thesis a 

combination of the main compartments (oil sands, different types of tailings and 

reclamation sites of different age) was analyzed and a greenhouse experiment was 

set up to gain a better understanding of changes in the microbial community, the 

fate of oil-sand-derived organic matter and the input of fresh organic material to 

reclamation sites. The aim of this thesis was to gain a better knowledge of oil sand 

reclamation in Canada on a molecular and microbial level which could help to 

understand organic matter depletion processes and make recultivation more 

efficient. Within the framework of this thesis the following questions were 

addressed: 

 

 How does the initial organic matter composition of the oil sands evolve 

during oil sand processing? 

To assess the influence of oil sand processing (mining, hot water extraction, 

MFT dewatering and compaction and the addition of flocculants), original oil 

sand material as well as MFTs from a tailings pond and from drying cells of 

different ages were analyzed regarding biogeochemical parameter such as 

biomarkers, pore water ion concentrations, cell counts and microbial community 

structure. 

In the oil sand samples, the source material of the process chain, the detection of 

C30 steranes as well as triaromatic dinosteroids, originating from marine 

dinoflagellates, verify the origin of the oil from a marine source rock. 

Additionally the homohopane index (HHI) and the higher abundance of C35-
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homohopanes compared to C34-homohopanes are indicators for anoxic marine 

conditions during deposition of the corresponding source rock. The monoaromatic 

to triaromatic steroid ratio TA/(MA + TA) indicates the origin of the oil as being 

from a source at the early oil window level of thermal maturity. The oil sands 

show the complete the absence of n-alkanes and alkylbenzenes indicating a high 

level of biodegradation referring to the biodegradation index of Peters and 

Moldowan PM 4−5. 

The comparison of these oil-sand-derived biomarkers (hopanes, steranes, 

diasteranes, triaromatic dinosteroids and mono- and triaromatic steroids), 

biomarker ratios and also PAHs within the oil sand and the different MFT 

samples showed that neither industrial oil sand extraction, dewatering and 

compaction processes, nor microbial degradation of the organic matter in tailings 

ponds or on drying cells have altered the composition of oil-sand-derived organic 

constituents to any significant extent. This applies not only for the analyzed 

biomarkers but also for the cell counts and the microbial community structure, 

which remain nearly constant before and after oil sand processing.  

In addition to the oil-sand-derived hydrocarbons, heteroatom-containing 

compounds were analyzed by ultra-high-resolution mass spectrometry. Within the 

O2 class, which dominates all samples from the process chain, two- and three-

ringed naphthenic acids, well-known constituents of the Athabasca oil sands, are 

most pronounced in the oil sands and decrease in the MFTs, even though their 

pattern does not differ. This also applies for tricyclic terpenoid carboxylic acids, 

the DBE patterns of the S1O2 and the N1 classes which flatten but remain constant 

along the process chain supporting the suggested limited compositional variability 

from oil sands to mature fine tailings. 

Despite the general invariability of oil-sand-derived biomarkers as well as the 

above mentioned heteroatom-containing compounds in the MFTs, the N1O2 class 

is significantly more abundant in the MFT samples than in any of the other 

investigated sample type. Notably, this class makes up the highest proportion of 

unique elemental compositions in the detailed comparison of all assigned 

elemental compositions using Venn diagram analysis. Therefore it is concluded 

that the occurrence of the N1O2 class must be tightly linked to processes taking 

place in the tailings ponds and/or on drying cells and therefore could be a specific 
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indicator of tailings-pond-derived organic material even though the chemical 

nature of the detected N1O2 species must remain open at this point. 

 
 What is the fate of oil-sand-derived organic matter on reclamation sites? 

Oil-sand-derived biomarkers are found in all samples from reclamation sites 

down to the maximum investigated depth of 70 cm. However, the comparison of 

these biomarkers and biomarker ratios from the original oil sands and the samples 

from reclamation sites showed that the compositions of these compound classes 

have not been altered to any significant extent. Here it does not matter if the 

analyzed reclamation sites are young (several month) or quite old (up to 23 years), 

which shows the resistance of these organic compounds against biodegradation on 

reclamation sites. In contrast to the biomarkers, changes in PAH pattern in the TS 

samples can be observed, indicated by a loss or depletion of naphthalenes, 

phenanthrenes and chrysenes. These specific oil-derived PAHs seem to be utilized 

as carbon/energy sources by microorganisms on reclamation sites, which is a 

favorable process since it leads to a reduction of hazardous substances in the 

developing soil. Additionally to the oil-sand-derived organic matter, tailings sands 

from reclamation sites are characterized by easily degradable n-alkanes and fatty 

acids that derive from vegetation and the added PMM. Here the n-alkanes show a 

strong odd-over-even predominance indicating their plant wax origin. 

Process-oriented evaluation of not only hydrocarbons but especially polar 

petroleum constituents is indispensable for reclamation due to their recalcitrance 

and toxicity to the environment. The two- and three-ring naphthenic acids, which 

are most pronounced in the oil sand samples, decreased on reclamation sites with 

increasing age of the site. The high abundance of these naphthenic acids in the 

stockpiled tailings sands where reclamation has not yet started clearly documents 

the presence of residual naphthenic acids derived from the oil sands. 

Due to the input of fresh organic material the abundance of oxygen-containing 

compounds increases on reclamation sites with increasing age. This applies 

especially to the O2, O3 and O4 compounds which refer to fatty acids, hydroxy 

fatty acids and dicarboxylic acids. Reclamation samples exhibit the highest 

relative O2 abundance at DBE 1, which illustrates the increasing input of saturated 

fatty acids into the developing soils. Consistent with the n-alkanes a clear even-
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over-odd predominance is seen for these fatty acids in all covered TS samples. 

The C16 and C18 fatty acids are likely of microbial origin, while the longer-chain 

compounds (C20 - C30) derive from cuticular waxes of higher plants and thus 

indicate a terrestrial origin. The even-over-odd preference index (EOPI) enables 

assessment of the ongoing development of soil organic matter formation in 

relation to the age of the latter. However, not only fatty acids but also abietic acid, 

a constituent from various pines (pinus), larches (larix), and firs (abies), and/or 

palustric acid deriving from rosin and roots of pine (Pinus palustirs) were present 

in the reclamation site samples, revealing clear evidence for the contribution of 

plants to the developing soil organic matter pool on the reclamation sites. 

Analogous to the O2 class the O3 class is dominated by saturated hydroxy fatty 

acids with an even-over-odd predominance. Their abundance rises with increasing 

age of the recultivation sites, thus, their occurrence is obviously related to the 

formation of soil organic matter during reclamation. 

Root-bearing horizons on reclamation sites exhibit cell abundances to be at least 

ten times higher (108 to 109 cells g-1) compared to those of the oil sands (107 

cells g-1) and the microbial community structure shows a higher diversity, namely 

Cytophaga, Flavobacteria and Sphingobacteria. In agreement with the higher cell 

abundances C32 hopanoic acid, a bacterial biomarker, indicating an active 

microbial community in the soils of the reclamation sites was also shown to occur. 

The input of nutrients like nitrate and the addition of exogenous organic 

components promote microbial community and plant growth, which leads to a 

higher microbial diversity and increased capability of oil-sand-derived pollutant 

degradation. 

In contrast to the compound classes containing only oxygen, the S1O2 class 

shows only slight changes over the entire process chain. The only exception is the 

complete absence of compounds with three, four, and five DBEs in the sample 

from the oldest reclamation site, which is considered as evidence for an enhanced 

susceptibility of thiophenecarboxylic acids to microbial degradation on older sites. 

Pyrrolic N1 compounds are found to be even more recalcitrant than S1O2-

containing compounds and show a rather similar DBE pattern along the process 

chain. A detailed comparison of elemental compositions using Venn diagram 

analysis of the three principal sample types showed that the reclamation site does 
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not contain any unique N1 compounds, which implies that all constituents of this 

class detectable with ESI FT-ICR-MS run in negative-ion mode must derive from 

the oil sand. This leads to the conclusion that the N1 compounds are sensitive 

tracers of oil-sand-derived organic material which can still be detected in soil 

samples from 23-year-old reclamation sites. Moreover, the invariability of the 

compositional pattern of the N1 class proves that biodegradation of these 

compounds does not have any significant effect on the reclamation sites and that 

the observed depletion is merely due to a dilution by newly added organic 

material. Since pyrrolic nitrogen compounds are ubiquitous constituents of crude 

oils from any exploration area in the world their assessment by ultra-high-

resolution mass spectrometry can be an efficient and sensitive tool to detect even 

highly diluted petroleum residues in any type of environmental sample. 

 

 How can the application of advanced analytical tools be used to characterize 

and evaluate the structural and molecular composition of oil-sand-derived 

organic compounds? 

Since oil sand contains highly biodegraded oil, which is characterized by the 

absence of light and easily degradable hydrocarbons, the more labile fractions, the 

evaluation of changes within the group of residual hydrocarbons and enriched 

NSO compounds is limited using GC-MS analysis. Thus a classical organic 

geochemical biomarker approach using an analytical tool like GC-MS alone was 

found to be not efficient enough to reveal changes in the complex organic matter 

composition, especially with regard to heteroatom-containing and high molecular 

weight compounds, to reveal changes over the complete oil sand mining and 

recultivation process. Here ultra-high resolution mass spectrometry in connection 

with specific ionization methods opens a new analytical window for the 

characterization of these complex organic mixtures. The excellent mass accuracy, 

resolving power, and resolution of ESI FT-ICR-MS run in the negative-ion mode 

is especially important for a comprehensive insight into the composition of polar 

acidic petroleum constituents. 

According to the results of our study, ESI FT-ICR-MS analysis is a useful tool to 

differentiate between old and modern carbon pools in environmental samples that 
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were exposed to petroleum or petroleum-derived materials. The approach outlined 

in this thesis is not restricted to oil-sand-related settings but can equally be applied 

to other scenarios, such as oil spills or petroleum seeps, where mixing of organic 

compounds deriving from petroleum and biomass occurs. However, FT-ICR-MS 

also has its limitations regarding quantification, since response factors are not 

known for the thousands of elemental compositions, and structural information of 

the measured compounds. Therefore the combination of FT-ICR-MS and GC-MS 

data was considered to be very useful to gain additional structural information. 

For example the occurrence of tricyclic terpenoid carboxylic acids was assumed 

from the FT-ICR-MS data but their structure was verified by GC-MS 

measurements. This also applies for the saturated hydroxy fatty acids (O3, DBE 

1), whose structures were identified in the acid fractions by GC-MS. EOPI values 

calculated for saturated fatty acids, measured by FT-ICR-MS and GC-MS, 

showed a good correlation between FT-ICR-MS and GC-MS data, even though 

values gained from GC-MS measurements were in general slightly higher. 

 
 How do plants and the indigenous microbial community from reclamation 

sites react in terms of composition and/or adaptation to oil contamination of 

the growing substrate? 

Pioneering plants and microorganisms on reclamation sites generally have to 

cope with a surrounding that has been significantly disturbed by mining 

operations. This includes little or no vegetation and nutrients during the early 

phases of community establishment, plant and soil development. Additionally 

plants and microbes have to deal with oil-sand-derived contaminants in the 

developing soils, even though the microbial community is already adapted to oil-

sand-derived organic matter. For a better understanding of plant and microbial 

community development on tailings sands used for land reclamation a greenhouse 

experiment was set up using stockpiled tailings sands (TS), a mixture of tailings 

sands and MFTs and an oil-free control substrate. To reveal the influence of plants 

on the fungal and bacterial community two different plant types were chosen. 

After a 14 weeks growth phase the substrates reveal increasing bacterial biomass 

with increasing oil remnant, resulting from an enrichment of Gram-negative 

bacteria. These bacteria seem to be capable of surviving and/or even utilizing high 
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amounts of hydrocarbon contamination, whereas fungal growth is inhibited. 

Conversely to the increasing bacterial biomass the diversity of the microbial 

community decreases with the content of oil remnants. This decrease suggests the 

change of the microbial community to some dominating specialists being able to 

cope with the conditions of an oil-contaminated environment. The removal of oil-

sand-derived hydrocarbons from the soils by specialized Gram-negative bacteria 

is a favorable process which in the end leads to a healthier plant community, plant 

biodiversity, ecosystem variability and productivity. 

Root samples from Lotus corniculatus (LC) and Elymus trachycaulus (ET) show 

the same trend of decreasing microbial diversity with increasing oil content in the 

substrate. Here this is mainly caused by the complete absence of Gram-positive 

bacteria. Analogous to the bacterial diversity the root areas decrease for both 

plants with increasing oil remnants in the substrates. The fungal and bacterial 

biomass in the LC roots increases during the growth phase in any of the 

substrates, whereas the fungal and bacterial biomass decrease in the ET roots. This 

shows that LC roots can promote the growth of bacteria and fungi even if the 

substrate is highly oil-contaminated. It therefore can be concluded that not only 

the substrate itself but especially the plant type influences the growth of bacteria 

and fungi as well as their proportion. 

Regarding the development of reclamation strategies for the oil sand region, the 

enrichment of Gram-negative bacteria with increasing oil-contamination, as well 

as the influence of the plant type on the bacterial and fungal growth should be 

considered. Targeted applications of Gram-negative bacteria or a combination of 

Gram-negative bacteria and AM fungi in form of granulates on the reclamation 

could support the establishment of a new ecosystem. Regarding the promotion of 

bacterial and fungal growth the LC plant seems to be the more favorable, 

compared to ET. As a consequence this herbaceous plant type has a higher 

probability to support a successful reclamation. 

 

Overall the results of this study show that the establishment of reclamation sites 

that evolve towards an ecosystem comparable to that existing prior to mining 

operations is very challenging. MFTs and tailings sands show only slight to no 

changes of oil-sand-derived hydrocarbons and NSO compounds before they were 
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used as reclamation substrates. As soon as the tailings sands are used in landscape 

reconstruction, specific oil-sand-derived pollutants were degraded by an active 

and specified microbial community. With increasing age of the sites pollutants 

decrease and the input of exogenous organic material, mainly derived from plants 

and trees increases, which supports the aspired ecosystem restoration. The growth 

of specialized Gram-negative bacteria and AM fungi in recultivation substrates 

are key factors in the development of healthy soils on reclamation sites. 

However, recalcitrant pyrrolic nitrogen compounds found on all reclamation 

sites are considered to be an efficient and sensitive tool to detect even highly 

diluted petroleum residues in soils or other types of environmental samples. 

 

5.2 Outlook 

Additional research could be conducted to constrain the results of this thesis, 

since oil extraction, tailings management and reclamation approaches vary 

between different oil sand mining operators. Other reclamation strategies than 

those considered in this study, using different substrates (e.g. overburden), cover 

materials (e.g. woody debris) and seeding procedures etc. should also be 

considered when talking about reclamation success and efficiency. 

Chronosequences of reclamation sites could also help to understand seasonal 

variations. Additional root sampling of not only grasses but older plants like trees 

could give interesting insight on the degree of root mycorrhization, which is an 

important factor for plant growth and soil development. 

To reveal changes of other organic compounds in the given sample set, 

additional ionization techniques could be used, since ESI selectively ionizes polar 

constituents. It could also be important to gain access to less polar species (e.g. 

aromatics, thiophenes, etc.). Here atmospheric pressure photoionization (APPI) 

coupled with FT-ICR-MS extends the window of the compositional analysis and 

broadens the range of compounds accessible to ultra-high-resolution mass 

analysis. 

To constrain the idea of using pyrrolic nitrogen compounds as a sensitive tracer 

for oil contamination or seepage, other environmental samples containing 

petroleum residues should be analyzed with ESI FT-ICR-MS.
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