Biogeochemistry of the deep microbial ecosystem in the
Mallik 5L-38 Gas Hydrate Production Research Well

Vorgelegt von
Dipl.-Geologin
Raingard Maria Haberer

aus St. Ingbert

Von der Fakultidt VI — Planen Bauen Umwelt

der Technischen Universitiat Berlin

zur Erlangung des akademischen Grades einer Doktorin der Naturwissenschaften
-Dr.rer.nat.-

genehmigte Dissertation

Promotionsausschuss:

Vorsitzender: 1. Prof. Dr. W. Dominik

Berichter: 2. Prof. Dr. B. Horsfield
Berichter: 3. Prof. Dr. V. Thiel
Berichter: 4. Dr. habil H. Wilkes

Tag der wissenschaftlichen Aussprache: 22. Juni 2007

Berlin 2007

D &3






Zwei Dinge sind zu unserer Arbeit notig:
Unermudliche Ausdauer und die Bereitschaft,
etwas, in das man viel Zeit und Arbeit gesteckt hat,

wieder wegzuwerfen.

Albert Einstein






CONTENTS

Contents
CONTENTS 1
DANKSAGUNG S
INDEX OF FIGURES 7
INDEX OF TABLES 13
LIST OF ABBREVIATIONS 15
LIST OF PUBLICATIONS AND PRESENTATIONS 17
PUBLICATIONS ....otttiiieeeeeeectite e e ettt e e e e ettt e e e e eeeeetba e e e e e eeeeettaaaeeeeeeesetaaseeeeeeeeasasaeaeeeeeeasssseeeeeeeennstsseaeseeann 17
ORAL PRESENTATIONS ......uuutviiieeeeeeiitrereeeeeeeiiitseeeeeseeeaeitssseseseeeaeissssseseeseeaasssseseeseesissssssseeeessissssseeseemssssrsseseses 18
POSTER PRESENTATIONS ....uvvvvtiieeieeietteeeeesteeiesueeeeeeseesssssssssessesssassassseessssssssasssesessssssssssesesssesmssssssesssssmssssssseesss 19
KURZFASSUNG 21
ABSTRACT 23
1 INTRODUCTION 25
1.1 CHARACTERISTICS OF GAS HYDRATES ....cciiiiiitierieeeeeeeetieeeeeeeeesetaereeeeeeeeetaaeeeeseseeessssseseseeesessnreseeeeens 25
1.2 ROLE OF GAS HYDRATES FOR MICROBIAL COMMUNITIES IN EXTREME ENVIRONMENTS .........cccceevvenn. 29
1.3 OBIJECTIVES OF THE MALLIK 5L-38 GAS HYDRATE PRODUCTION RESEARCH WELL..........ccccuvunen..... 32
1.4 CHARACTERISTICS OF TERRESTRIAL ORGANIC MATTER ....ceeiiiiiiuriiiieeeeeeeeieeeeeeeeeeeennneeeeeeessennnnneeeeeeens 35
1.5 SEDIMENTARY PROCESSES IN A DELTA SYSTEM ....uuuuuiiiiiiiiiiiinieeeeeeeeeeisseeeeeeseeesinssseeeessesssnsssseesssssnnnes 37
2 STUDY AREA 39
2.1 (€32107€) 27N 56 1 (07N D) 23 s 1 1. (€ SRR 39
2.2 (€120) 0 €3 (07N B} 21 a1 1\ (€ SRR UROSRRRRT 39
2.2.1  Tectonic structures at the Beaufort-Mackenzie BaSin ..............covveiiviiieieiie e 40
2.2.2  Sedimentary development of the Mackenzie Delta............cccooveiieiiei i 43
2.2.3  Geological characteristics of the Mallik Site...........cccovieiiiiiiii e 44
2.3 PALEOCLIMATIC CONDITIONS DURING THE TERTIARY IN THE MACKENZIE DELTA REGION ................ 47
3 METHODS 49
3.1 SAMPLING AND SAMPLE LABELLING .......coouvttiiieeiieiiiteeeeeeeeesaseeeeeeeeeessssseeeseseeesssssseesesssssssnsseeseesssnnnes 49
3.2 ANALYTICAL METHODS (SAMPLE PREPARATION AND MEASUREMENT) .....ccuvieiiieeiieeiieeeeeeneeeeneenenes 51
3.2.1  Freeze drying and groUNGing .......cccueeererenineieeeeieenie e see e sae e ste st stessesneeseeseeseeseessenses 51
O S o Tod G - | B o (] ] £ PSSR 51
323  6°Cyg-analysis of the bulk 0rganic MAMET ..............cc.everveeveereeecieseeeee e, 52
3.2.4  OPEN SYSIEM-PYTOIYSIS .ecuveieieiiteie et eeeie e e se et sre e e sa e e e e stesresteaneeraeseeneeseenrenrs 52
2 T O 1 o T 1a L [ol o1 4 0] [o]o VS 53



CONTENTS

2 T I T - g =11 1SS 54
3.2.7  Compound specific carbon isotope analysis (GC-IR-MS).......ccccoeririrrieniniiii e 58
I T o210 ST o] 1o T o T T - T= 13T USSP 58
3.2.9  Glycerol etherlipid @nalySiS .........cooviiiiiiiiii e s sreenree s 61

4 CHARACTERISATION OF THE ORGANIC MATTER IN LIGNITE LAYERS OF THE
KUGMALLIT FORMATION (OLIGOCENE) AT THE JAPEX/JNOC/GSC ET AL. MALLIK 5L-38

GAS HYDRATE PRODUCTION RESEARCH WELL* 63
4.1 INTRODUCTION ....coviiiiiiinietiienteete ettt sttt st ettt sae bt e s et e bt saeebeeaeense s et ennesaeebesueene 63
4.2 STUDY AREA ...ttt sttt ettt sttt st ettt ae st be et e be ettt e s b e st e bt s bt eue et esseaentenbesueebeeneen 64
43 SAMPLES AND METHODS .....cutiuiiuiiiiiintietieit ettt sttt sttt sae e ettt ae e b e s e saesaeenes 65

O 00 S - 14110 11 o TSRS 65
B.3.2  IMIBENOGS ... et b bbbt R e e b e bbb Re b e et bbb e 66
4.4 RESULTS AND DISCUSSION .....ooiuiiiiiiiiiiiiiiiieieiteste ettt st sttt s e s 70
441 BUIK ChAraCleriStiCS......ucuiiiieiiiiieiees et 70
O Y/ To] (o 1St oTo] oo (1 o [P 72
4.4.3  Open-SYStEM PYFOIYSIS-GC ....cuuiiieeieieierie sttt e ettt e ettt besre e enae e e tesrenrenrs 74
4.4.4  MOIeCUlar INVESTIGALIONS .....ecuieiieiee et ettt e ettt be e neenes 79
4.5 CONCLUSIONS. ...ttt sttt ettt sttt ettt a e st st eb et e s et b e sh e e bt e st eseen et e aesaeenesneene 81
4.6 ACKNOWLEDGMENTS ....cuiiiiiiiiiiitiitiiiieiieie ettt s st st ae e 82

5 CHARACTERISATION OF THE ORGANIC MATTER IN SAMPLES FROM DIFFERENT
LITHOLOGIES OF THE MACKENZIE BAY AND THE KUGMALLIT SEQUENCE AT THE
JAPEX/JNOC/GSC ET AL. MALLIK SL-38 GAS HYDRATE PRODUCTION RESEARCH WELL -

SUPPLEMENT TO CHAPTER 4 83
5.1 MICROSCOPIC STUDIES — A QUANTITATIVE MACERAL ANALYSIS ...c.veuvetiienierinieniereereeeressesesessenseneenes 83
5.2 LIPID ANALYSIS OF THE EXTRACTABLE ORGANIC MATTER FROM THE MALLIK WELL .......c.ccvcveveuanen. 87

5.2.1  Aliphatic hydrocarbon fraCtions ..........ccccvoviiiiiiiiieiee e 87
5.2.2  Neutral polar hydrocarbon fraCtions ..........ccccviiiiiieiicii et 88
I T o 11V Tod (o i - Uod o o SRS SRP 94
53 (07010 1131 (0] USSR 97

6 OCCURRENCE AND PALEOENVIRONMENTAL SIGNIFICANCE OF AROMATIC
HYDROCARBON BIOMARKERS IN OLIGOCENE SEDIMENTS FROM THE MALLIK 5L-38 GAS

HYDRATE RESEARCH WELL (CANADA)* 99
6.1 INTRODUCTION ...ttt sttt ettt sttt st s et a et b e e et e n et b e saeenesneene 99
6.2 STUDY AREA ...ttt ittt ettt sttt s e b et s eb et e s e b sae e b e e st esaeaesaesbesaeen 101

6.2.1  The MACKENZIE DEITA........c..ciitirieiiieiee e 101
6.2.2  Mallik 5L-38 Gas Hydrate Research Well ............cccoooeiiii i 103
6.3 SAMPLE MATERIAL AND METHODS ......ceittetteutteuteeieesteenteeaeetesneesseasseenseenseensesseesseenseesesnsesneesseesseenes 103
6.3.1  SAMPIE MALEFIAL ....coeeeeeeee et nrenrenre s 103
B.3.2  MEENOGS .....ceierceiee e 104



CONTENTS

6.4 RESULTS ..ttt sttt ettt sttt be et e bt et oo n et enbesaenes 105
6.4.1  Types of aromatiC DIOMAIKEIS. .......ccoiiiiiiiieieie et nne s 105
6.4.2  Occurrence of aromatic hydrocarbon biomarkers in the different lithologies.............c.ccocvvvne. 107
6.5 DISCUSSION ..ottt s e sae s s 112
6.5.1  Gymnosperm vs. angioSPEIM OCCUITENCE. ......civeieerreeireeirearesreesreesteessesssesseesseessesssesseessesssesssesnnes 112
6.5.2  Implication on paleovegetation and paleoclimate...........ccccecvvieiieieiiecie i 117
6.5.3  Aromatic hydrocarbons related t0 diagenesiS.........ccceveiiiiiiiiiicieieese e 118
6.6 CONCLUSIONS. ... ettt sttt ettt ettt sttt sttt et et e st e bt sheebe e st ess et et enaesae e bt sueeseeneensennensensenaeen 121
6.7 ACKNOWLEDGEMENT ....cutiititiiintietteitett ettt sttt sttt et sae st s b saeeae et esse s esae s bt saeebeeseensessenaenaesaeenes 124
7 OCCURRENCE AND SIGNIFICANCE OF MONOMETHYLATED ALKANES IN THE MALLIK
SAMPLES 125
7.1 MONOMETHYLALKANES IN THE MALLIK SAMPLES .....c..cortiiteiieieeteneenieenneeteenreeenesinesieesseesneenneennes 125
7.2 POSSIBLE ORIGINS OF MONOMETHYLATED ALKANES .......cccuiiiiiiiiiiiiiiiiiieieiesie e 127
7.2.1  Higher land plant material as source for methylalkanes ............cccoceveieieiiinieccicicce e 127
7.2.2  Insect cuticles as source for methylalkanes...........c.coevereieriniie s 127
7.2.3  Cyanobacteria as source for methylalkanes.............ccoceveieiiiie s 127
7.2.4  Microbial sources for methylalkanes ... 128
7.25  Origin of methylalkanes in OilS ...........coooviiiiiiiiiee e ne s 128
7.3 POSSIBLE ORIGINS OF MONOMETHYLATED ALKANES IN THE MALLIK SAMPLES .......cocvevienieeiennennne. 129
8 CHARACTERISATION OF THE ORGANIC MATTER EMBEDDED IN THE MALLIK
SAMPLES: A SUMMARY 133
9 SEARCH FOR MICROBIAL LIFE INDICATORS IN DEEP SUBSURFACE SEDIMENTS OF
THE MALLIK 5L-38 GAS HYDRATE PRODUCTION RESEARCH WELL, CANADA ........cccceeeueeeee 137
9.1 INTRODUCTION ....coviiieiieititeie sttt ettt ettt sttt st ettt et sa e bt saeebe e st e s et eaesaesa e e bt saeeseeseensennenaensenaees 137
9.2 BIOMARKERS USED TO TRACE MICROBIAL BIOMASS IN THE MALLIK SEDIMENTS........c.c.ceevevereeirnnn. 139
I R o o] o= g o] [l o o] 14 F= Vg (=T PSSP 139
9.2.2  GlyCerol €ther TIPIaS........cuiiiiieece e b e et e e et e s te e teesreereaneas 140
0.2.3  PhOSPNOPIPIAS ...ttt et bbbt e b e 141
9.3 SAMPLES AND METHODS .....uteuttitteuteettentteteenteeneeaseesteenseeseensesneesseenseenseenseenseaseeaseenseesesnsesneesseesseenes 141
T T0 T 11 110 113 o TSP 141
o 0 I 1o I g =11 [ SRS 143
oG T B o1 To o] g o] Lo Lo I Ug = |V SN 144
9.3.4  Glycerol etherlipid @NAIYSIS ........coveieriiriie it e e neenne s 145
9.3.5  Carbon isotopic analysis of individual DIOMArKErS............ccoviieieiineie e 146
9.4 RESULTS <. s s 147
9.4.1 Hopanoic hydrocarbons occurring in the Mallik Samples ..o 147
9.4.2  Intact phospholipids occurring in the Mallik SAmPIES ..........cccovcviieiiie i 154
9.4.3  Glycerol ethers occurring in the Mallik SEBAIMENTS ..........coevviiviiiiecice e 158
9.44  Compound specific analysis of microbial DIOMAarkers ..........cccccoovviveieeieiiiie e 161



CONTENTS

9.5 DISCUSSION ..ottt e e e e et e e e e ee et e et e eeseesaaaaeseeeseesaaaeareeeeseenateaseeesesennraneees 163
9.5.1  Occurrence of microbial biomass in the Mallik SEdIMENTS ........occvveiiciiieeciee e 163

9.5.2  Possible carbon and ENEIgY SOUICES .........cviieiiiieieiesiesiestesteseeseeseeneeseeseeste e sseereensenseseesseseesnens 165

9.6 CONCLUSIONS . .....ttttitteeeeeecitteeeeeeeeeeeeeeeeeeeeeeeetrreeeeeeeeeettaraaeeeeeeeaesaaaaeeeeeesetsssaaeeeeeaessssseseeeeeeesnreeeens 167
9.7 ACKNOWLEDGMENT ....cccceiiiiitititeeeeeeeeiiteeeeeeeeeeetareeeeeeeeesisaeeeeeeeeeetsraeeseseeesisssreeeeeeesisrreseeeeeeesinraeees 168

10 CONCLUSIONS 169
11 REFERENCES 173
12 APPENDIX 193




DANKSAGUNG

Danksagung

Die vorliegende Arbeit entstand in der Sektion 4.3 “Organische Geochemie” am GeoFor-
schungsZentrum Potsdam unter der Leitung von Herrn Prof. Dr. Brian Horsfield, dem ich
herzlich fiir seine Unterstiitzung und viele hilfreiche Denkanstoe wahrend der Entstehung
dieser Arbeit, ihre abschlieBende Begutachtung und nicht zuletzt fiir die Sensibilisierung fiir
alte Literatur danke. Bei Herrn Dr. Heinz Wilkes mochte ich mich fiir seine zahlreichen Hil-
festellungen wéhrend der Ausarbeitung der Arbeit, insbesondere bei der Identifizierung und
Interpretation der aromatischen Kohlenwasserstoffe und fiir seine Bereitschaft die vorliegende
Arbeit zu begutachten herzlich bedanken. Herrn Prof. Dr. Volker Thiel danke ich herzlich
fiir die Ubernahme des Korreferates.

Herrn Dr. Kai Mangelsdorf danke ich ganz besonders herzlich fiir die Betreuung der Arbeit,
seine unersetzliche Hilfe nicht nur bei der Erstellung von Tagungbeitragen und Publikationen,
seine Bereitschaft, die Arbeit auch zum x-ten Male Korrektur zu lesen und nicht zuletzt fiir
seine Geduld.

Bei Herrn Dr. Klaus-G. Zink mochte ich mich fiir viele anregende Diskussionen und Ge-
sprache iiber Biomarker, Phospholipide und “den ganzen Rest” bedanken. Herrn Dr. Volker
Dieckmann danke ich fiir seinen Einsatz bei der Probennahme sowie fiir viele wertvolle In-
fomationen iiber Pyrolyse & CO. Desweiteren gilt mein Dank Herrn Dr. Andreas Fuhrmann
fiir erhellende Einblicke in die wunderbare Welt der Macerale, Herrn Dr. Robert Ondrak fiir
viele Informationen iiber das tertidire Klima und die Geologie des Mackenzie Deltas und
Herrn Dr. Rolando di Primio fiir seine Unterstiitzung in vielfaltiger Art und Weise. Frau Dr.
Birgit Plessen und Frau Dr. Andrea Vieth danke ich fiir ihre Miihen bei den Isotopenmes-
sungen. Ebenso mochte ich mich bei dem internationalen Forschungsteam, das das Mallik 5L-
38 2002 Gas Hydrate Production Research Well Program durchfiihrte, sowie bei der Deut-
schen Forschungsgemeinschaft, die das Teilprojekt MA2470-1-3 finanzierte, bedanken.
Claudia Rohl, danke ich fiir ihre unermiidlichen Rat und tatkréiftige Hilfe. Fiir unbezahlbare
Hilfe, ungezihlte Messungen und viel Spall wihrend der Arbeit im Labor danke ich dem La-
borteam der Section 4.3 Michael Gabriel, Kristin Giinther, Cornelia Karger, Ferdinand
Perssen und Anke Sobotta. Tanja Mohr und Inga Schindelwig sowie Julia Rutkowski
danke ich fiir ihre Mithilfe im Labor sowie bei der Datenauswertung. Gerhard Berger,
Hartmut Liep und Marina Ospald danke ich fiir ihre Hilfe bei der Probenaufbereitung. Auch
bei allen anderen Kolleginnen und Kollegen der Section 4.3 am GeoForschungsZentrum

Potsdam mochte ich mich fiir eine schone Zeit bedanken.



DANKSAGUNG

Mein ganz besonderer Dank gilt natiirlich den beiden besten ,,Zimmergenossen®, die man sich
nur vorstellen kann: Dr. Jochen Naeth und Volkmar Neumann.

Fiir viel unterhaltsame Ablenkung und vorallem fiir unbezahlbare seelisch-moralische und
freundschaftliche Unterstlitzung wihrend der langwierigen Fertigstellung dieser Arbeit danke
ich Anne, Bernd, Julia, Kerstin und Pete.

SchlieBlich mdchte ich meinen Eltern ganz herzlich fiir ihre immerwéahrende Unterstiitzung

danken.



INDEX OF FIGURES

Index of figures

FIGURE 1.1: MAP SHOWING THE LOCATIONS OF KNOWN AND INFERRED GAS HYDRATES IN AQUATIC SEDIMENT AND
IN POLAR CONTINENTAL SEDIMENT AFTER KVENVOLDEN (2002). OPEN CIRCLES = SAMPLES OF NATURAL
GAS HYDRATES RECOVERED. FILLED CIRCLES = INFERRED PRESENCE OF NATURAL GAS HYDRATES. FILLED
SQUARES = REGIONS OF POTENTIAL GAS-HYDRATE OCCURRENCE IN RUSSIA. ......ccccciiiiiiiiieeeiiee e 25
FIGURE 1.2: PHASE DIAGRAM SHOWING THE BOUNDARY BETWEEN FREE METHANE GAS AND METHANE HYDRATE
(GREY SHADED) WITH REGARD TO VARYING TEMPERATURE AND PRESSURE CONDITIONS AFTER
KVENVOLDEN (1993). .. ittt bt e et e e bt e e bt e e baeenateenbaeenseesnsaeenseesnbaeensnenns 26
FIGURE 1.3: PROPOSED PROGRESSION OF HYDRATE FORMATION AFTER KENNICUTT II ET AL. (1993). .................. 27
FIGURE 1.4: BOTH KNOWN NATURAL OCCURRING GAS HYDRATES STRUCTURES I AND II ARE BUILD UP WITH
DIFFERENT NUMBERS OF THE THREE ILLUSTRATED CAGE TYPES......ccovieiiitieitieiteeteeeeeeeeseeeseesseeeseeseessessnens 28
FIGURE 1.5: BACTERIAL POPULATIONS IN DEEP MARINE SEDIMENTS AFTER WELLSBURY ET AL. (2000). SMALL
DOTS = ALL SEDIMENTS ANALYZED, OPEN CIRCELS = POPULATIONS FROM SITES 994,995, AND 997. NOTE
THE LOGARITHMIC SCALE. ....eeetttitteeiteeateeesteesteeeseesseeasseessseessesssessssesssseesssessnsessssessssesessessnseesssessnsessssessns 31
FIGURE 1.6: GENERAL STRUCTURE OF PHOSPHOLIPIDS. ....cuvterteenuieerreenireesreennreesueessseesseessseessesssseesssesssseesssesnnn 32
FIGURE 1.7: DEPTH PROFILE OF THE METHANE CONTENT OF THE CORED MALLIK SEDIMENTS REPRESENTING GAS
HYDRATE BEARING LAYERS (DATA FROM DALLIMORE ET AL., 2005). ..c.eeeoiiiieiieiieneeeeee e 34
FIGURE 2.1: MAP OF THE MACKENZIE DELTA AND THE DRILLING LOCATION OF THE JAPEX/JINOC/GSC ET AL.
MALLIK 5L-38 GAS HYDRATE PRODUCTION RESEARCH WELL (MR = MACKENZIE RIVER, YT = YUKON
TERRITORIES, NWT = NORTHWEST TERRITORIES). .....cccvtietiesreesereesreesreesseesseesseessessssessssessssessssessssessnns 40
FIGURE 2.2: MAIN TECTONIC STRUCTURES IN THE BEAUFORT-MACKENZIE DELTA AREA (CCU = CACHE CREEK
UPLIFT, ELFZ = ESKIMO LAKES FAULT ZONE, OHL = OUTER HINGE LINE, TAFZ = TARSIUT-AMAULIGAK
FAULT ZONE, TH = TUNUNUK HIGH, TFZ = TAGLU FAULT ZONE)......cccteestterteeriieenreenneeenreesnreesneesseensseens 41
FIGURE 2.3: UPPER CRETACEOUS TO HOLOCENE SEQUENCE STRATIGRAPHY OF THE BEAUFORT-MACKENZIE DELTA
AREA AFTER DIXON ET AL. (1992A) AND MEDIOLIL ET AL. (2005).....ccutiitieieeieeieeeenieee et 42
FIGURE 2.4: COURSE OF THE PORCUPINE RIVER DURING THE EARLY TO LATE TERTIARY PROVIDING CLASTIC
SEDIMENTS TO THE KUGMALLIT DELTA AFTER LANE AND DIETRICH (1995)...ccuiiiiiiiiiiiiieecieeeeecee e 43
FIGURE 2.5: DEPOSITIONAL FACIES MAPS OF SEQUENCES AFTER DIXON ET AL. (1992A); A) FISH RIVER SEQUENCE
(EARLY PALEOCENE), B) RICHARDS SEQUENCE (LATE EOCENE), C) KUGMALLIT SEQUENCE (OLIGOCENE),
AND D) IPERK SEQUENCE (PLIOCENE). ......ccittiitiiiieiiiiesitesttesteeteesseessesseessaesseessesssesssesssesssesseessesssesssesssesseens 45
FIGURE 2.6: STRATIGRAPHIC COLUMN OF THE JAPEX/JNOC/GSC ET AL. MALLIK 5L.-38 GAS HYDRATE
PRODUCTION RESEARCH WELL. CORE UNITS AFTER MEDIOLI ET AL. (2005). NON-LIGNITE SAMPLES ARE
INDICATED WITH FILLED CIRCLES. LIGNITES ARE INDICATED WITH DIAMONDS; ORGANIC-CARBON RICH

SHALE SAMPLES ARE INDICATED WITH OPEN CIRCLES. 1 = SILT/CLAY, 2 = SAND, 3 = LIGNITE LAYER,

4 = CONGLOMERATE. ....uttieittieitteestteestteestteesseeasseeaseeasseaasesasseassseasseasesssseessesssssessssessssensssessssenssssssssesseenns 46
FIGURE 3.1: GENERAL SCHEMATIC WORKFLOW OF CONDUCTED ANALYSIS. ..eecuvteeieeriieeieenreenreesseessseesseessseennns 51
FIGURE 3.2: SCHEMATIC WORKFLOW OF LIPID ANALYSIS. ...0eeetteittesieesiteeseeestreensneessseesssessseeessessssssessessssssensessnses 54
FIGURE 3.3: SCHEMATIC WORKFLOW OF THE PHOSPHOLIPID ANALYSIS. ....ceciittiiieiiieeeeitieeeeitreeeesereesesrneeeesreeesnnnes 60

FIGURE 4.1: MAP OF THE MACKENZIE RIVER DELTA (NORTHWEST TERRITORIES, CANADA) AND THE DRILLING

LOCATION OF THE MALLIK 5L-38 GAS HYDRATE PRODUCTION RESEARCH WELL. .......uvvvvvivevveieieeeeeiniannnnns 64

7



INDEX OF FIGURES

FIGURE 4.2: STRATIGRAPHIC COLUMN OF THE MALLIK 5L-38 GAS HYDRATE RESEARCH WELL. THE POSITIONS OF
OUR SELECTED SEDIMENT SAMPLES ARE DISPLAYED RELATIVE TO THE DIFFERENT LITHOLOGIES AND THEIR
TOTAL ORGANIC CARBON (TOC) CONTENT. NON-LIGNITE SAMPLES ARE INDICATED WITH BLACK DOTS.
LIGNITES ARE INDICATED WITH DIAMONDS; ORGANIC-CARBON RICH SHALE SAMPLES ARE INDICATED WITH
CIRCLES. 1 = SILT/CLAY, 2 = SAND, 3 = LIGNITE LAYER, 4 = CONGLOMERATE........cc.cccvrerrrerrreenreerereennneens 66

FIGURE 4.3: A) CROSS PLOT OF HYDROGEN INDEX (HI) VS. OXYGEN INDEX (OI) IN THE PSEUDO VAN KREVELEN
DIAGRAM AFTER ESPITALIE ET AL. (1977). B) CROSS PLOT OF HYDROGEN INDEX (HI) vS. Ty,x AFTER
ESPITALIE ET AL. (1984). LIGNITES ARE INDICATED WITH DIAMONDS; ORGANIC-CARBON RICH SHALE
SAMPLES ARE INDICATED WITH CIRCLES. NON-LIGNITE SAMPLES ARE INDICATED WITH BLACK DOTS.
DASHED LINES IN FIG. 3B SEPARATE DIFFERENT MATURITY ZONES. R, = VITRINITE REFLECTANCE. ............ 71

FIGURE 4.4: PICTURE A) SHOWS A HUMINITE PARTICLE IN REFLECTED WHITE LIGHT (MALLIK SAMPLE CO104310).
PICTURE B) DISPLAYS A SPORANGIUM IN FLUORESCENCE LIGHT (MALLIK SAMPLE CO108138) AND IN
PICTURE C) THE FORM AND THE ARRANGEMENT OF THE STRUCTURES APPEARANCE IN FLUORESCENCE LIGHT
(MALLIK SAMPLE C0O93409) POINTS TO WOODY MATERIAL OF CONIFERS (UHL, PERS. COMM.)......c0eeruveenne 73

FIGURE 4.5: OPEN-SYSTEM-PYROLYSIS GAS CHROMATOGRAM OF A) THE MALLIK SAMPLE C093409 (934.09 M
DEPTH, LIGNITE SAMPLE, TOC VALUE OF 46.60 %) AND B) THE MALLIK SAMPLE CO104310 (1043.10 M
DEPTH, ORGANIC CARBON RICH SHALE, TOC VALUE OF 3.64 %). A = BENZENE, B = TOLUENE, C =N-Cg.|, D=
M-P-XYLENE, E = O-XYLENE, F = PHENOL, G = O-CRESOL, H = M-P-CRESOL, I =N-C;7.; + N-C;7.9, J = PRIST-1-
ENE; BLACK DOTS = ALIPHATIC HYDROCARBONS, NUMBERS INDICATE CARBON NUMBER CHAIN LENGTH OF N-
ALKANES. ..eeutteuiteteeite st stt et et et eatesuseste et e e bt esseessesatesaeesae e st eat e eeteessesuse b e e bt e bt eaaeean e saeesae et e et e eaneeaneeanenieens 74

FIGURE 4.6: A) A TERNARY DIAGRAM OF N-OCTENE, M-P-XYLENE AND PHENOL ESTABLISHED BY LARTER (1984)
ILLUSTRATING DIFFERENT KEROGEN TYPES OF THE ORGANIC MATTER FROM THE KUGMALLIT LIGNITES
(BLACK TRIANGLES). B) A TERNARY DIAGRAM OF N-Cg_14, N-C;5: AND C;_5 AFTER HORSFIELD (1989)
INDICATING DIFFERENT TYPES OF THE ORGANIC MATTER IN COMBINATION WITH THEIR GAS/OIL POTENTIAL. 1
= GAS AND CONDENSATE, 2 = PARAFFINIC-NAPHTHENIC-AROMATIC OIL LOW WAX, 3 = PARAFFINIC-
NAPHTHENIC-AROMATIC OIL HIGH WAX, 4 = PARAFFINIC OIL HIGH WAX, 5 = PARAFFINIC OIL LOW WAX.
CIRCLES INDICATE ORGANIC CARBON RICH SHALES, FILLED CIRCLE = MALLIK SAMPLE CO104310............ 76

FIGURE 4.7: A) GC/MS RIC CHROMATOGRAM (RIC = RECONSTRUCTED ION CURRENT) OF A REPRESENTATIVE
ALIPHATIC HYDROCARBON FRACTION OF THE MALLIK SAMPLE C0O93409 (LIGNITE SAMPLE). NUMBERS
INDICATE CHAIN LENGTH OF N ALKANES. LETTERS CORRESPOND TO COMPOUND NAMES IN TABLE 4.2.
INTERNAL STANDARD (ISTD) = ANDROSTANE, BAME = BEHENIC ACID METHYL ESTER. B) GC/MS RIC
CHROMATOGRAM OF A REPRESENTATIVE FATTY ACID FRACTION OF THE MALLIK SAMPLE CO105353
(LIGNITE SAMPLE). THE FATTY ACIDS ARE INDICATED BY THEIR CARBON NUMBERS. HOPANOIC ACIDS ARE
ASSIGNED BY LETTERS (J = 17A,21B HOPANOIC ACID , K = DIHOMO 17A,21B HOPANOIC ACID). INTERNAL
STANDARD (ISTD) = ERUIC ACID METHYL ESTER. * = UNKNOWN COMPOUNDS C) GC/MS MASS
CHROMATOGRAM M/Z 75 SHOWING THE N ALCOHOL DISTRIBUTION OF THE MALLIK SAMPLE CO94078.
NUMBERS INDICATE CHAIN LENGTH OF N ALCOHOLS. LETTERS INDICATE THE TRITERPENOID ALCOHOLS B
AMYRINE (L = OLEAN 12 ENE 3B OL) AND A AMYRINE (M =URS 12 EN 3B OL). ISTD = 5A ANDROSTAN 17 ONE

IS NOT DETECTED IN THE M/Z 75 TRACE. * = UNKNOWN COMPOUND. .........ceeiereerrerereereereereereesseseeseeseeseenss 78



INDEX OF FIGURES

FIGURE 4.8: HISTOGRAMS SHOWING THE CARBON NUMBER DISTRIBUTIONS OF N ALKANES, NORMALIZED TO TOC,
OF THREE SELECTED MALLIK SAMPLES A) CO93409 (LIGNITE SAMPLE), B) CO104310 (ORGANIC CARBON
RICH SHALE SAMPLE), AND C) CO108169 (LIGNITE SAMPLE). .....cecttetiritiniieniienieenieeieeeesieenieenieenueenneennesenens 81
FIGURE 5.1: PICTURE A) SHOWS SPORINITE PARTICLES (YELLOW) IN FLUORESCENCE LIGHT (CO104310). PICTURE
B) DISPLAYS AN INERTINITE PARTICLE IN REFLECTED WHITE LIGHT (CO104310)......cccccverieiieieeienieieenene 85
FIGURE 5.2: CHEMICAL COMPOSITION OF MAJOR COAL MACERALS AND PLANT TISSUES PLOTTED ON A VAN
KREVELEN DIAGRAM AFTER KILLOPS & KILLOPS (2004) (ANG = ANGIOSPERMS, GYM = GYMNOSPERMS). .. 86
FIGURE 5.3: GC/MS RIC CHROMATOGRAMS (RIC = RECONSTRUCTED ION CURRENT) OF REPRESENTATIVE
ALIPHATIC HYDROCARBON FRACTIONS OF A) SAMPLE CO105353 (LIGNITE) B) SAMPLE MB93589 (CLAY)
AND C) MB107960 (SAND). NUMBERS INDICATE CHAIN LENGTH OF N-ALKANES. LETTERS CORRESPOND TO
COMPOUND NAMES IN TABLE 4.2. INTERNAL STANDARD (ISTD) = ANDROSTANE, INJECTION STANDARD
(INJSTD) = BEHENIC ACID METHYL ESTER (BAME). ..ottt 90
FIGURE 5.4: GC/MS RIC CHROMATOGRAMS (RIC = RECONSTRUCTED ION CURRENT) OF REPRESENTATIVE
NEUTRAL POLAR HYDROCARBON FRACTIONS OF A) SAMPLE CO94078 (LIGNITE) B) SAMPLE MB89899
(CLAY) AND C) MB112790 (SAND). A =1SO-DEHYDROABIETANOL, B = FERRUGINOL, D =
DEHYDROABIETANOL, E = ISO-DEHYDROABIETANOL, G = ISO-HINOKIOL/PISIFEROL, H = 3-AMYRIN, I = [3-
AMYRIN, ] = 0.-AMYRIN, K = LUPANOL; A =22,29,30-TRINOR-HOPAN-21-ON, C = 17B(H),213(H)-DIHOMO-
HOPAN-32-OL. NUMBERS INDICATE CHAIN LENGTH OF N-ALCOHOLS. INTERNAL STANDARD (ISTD) =
5A-ANDROSTAN-17-ONE, INJECTION STANDARD (INJSTD) = BEHENIC ACID METHYL ESTER. ...ccc.cecueruenueenne 92
FIGURE 5.5: GC/MS RIC CHROMATOGRAMS (RIC = RECONSTRUCTED ION CURRENT) OF REPRESENTATIVE FATTY
ACID HYDROCARBON FRACTIONS OF A) SAMPLE CO105353 (LIGNITE) B) SAMPLE MB114535 (CLAY) AND C)
MB112790 (SAND). A = DEHYDROABIETANIC ACID, B = OLEANIC ACID; A = 17a(H),213(H)—HOPANOIC
ACID, B =178(H),21B(H)-HOPANOIC ACID, C = 170((H),21B(H)-(22S)-DIHOMO-HOPANOIC ACID, D =
170(H),21B(H)—(22R)—DIHOMO-HOPANOIC ACID, E = 17B(H),210(H)-DIHOMO-HOPANOIC ACID, F =
17B(H),21B(H)-DIHOMO-HOPANOIC ACID, G = 173(H),21B(H)-TRIHOMO-HOPANOIC ACID. NUMBERS
INDICATE CHAIN LENGTH OF N-FATTY ACIDS, [ =ISO FATTY ACIDS, Al = ANTEISO FATTY ACIDS. INTERNAL
STANDARD (ISTD) = ERUIC ACID METHYL ESTER, INJECTION STANDARD (INJSTD) = SQUALANE................. 95
FIGURE 6.1: A) MAP OF THE MACKENZIE RIVER DELTA (NORTHWEST TERRITORIES, CANADA) SHOWING THE
LOCATION OF THE MALLIK 5L-38 GAS HYDRATE RESEARCH WELL. B) STRATIGRAPHIC COLUMN OF THE
MALLIK 5L-38 GAS HYDRATE RESEARCH WELL. THE POSITIONS OF THE SELECTED SEDIMENT SAMPLES ARE
DISPLAYED RELATIVE TO LITHOLOGY AND TOC CONTENT. NON-LIGNITE SAMPLES ARE INDICATED WITH
BLACK DOTS. LIGNITES ARE INDICATED WITH DIAMONDS. 1, SILT/CLAY; 2, SAND; 3, LIGNITE LAYER; 4,
CONGLOMERATE. ....uttttetteutt et et e ette et e bt et et st e s et esteenteemteea e e abeesb e e bt e bt eabesatesatesb e e bt enteenbeeseeabeenbeenbeemsesnees 102
FIGURE 6.2: GC/MS-RIC-CHROMATOGRAMS OF REPRESENTATIVE AROMATIC HYDROCARBON FRACTIONS OF A) A
LIGNITE SAMPLE (CO94078), B) A CLAY SAMPLE (MB103360) AND C) A SAND SAMPLE (MB98925).
NUMBERS AND LETTERS CORRESPOND TO COMPOUND NAMES IN TABLE 6.2. INTERNAL STANDARD (ISTD) =
ETHYLPYRENE; INJECTION STANDARD (INJSTD) = BEHENIC ACID METHYL ESTER (BAME). ......c.ccccccene. 111
FIGURE 6.3: DEPTH PROFILE OF A) THE SUM OF GYMNOSPERM RELATED BIOMARKERS (CUPARENE, ABIETANES,
TOTARANE; TABLE 2) AND B) OF THE SUM OF ANGIOSPERM RELATED BIOMARKERS (CHRYSENES, PICENES;
TABLE 2). C) RATIO OF DITERPENOID CONCENTRATION TO THE SUM OF DI- AND TRITERPENOID

CONCENTRATIONS AS AN INDICATOR FOR AN ANGIO- OR GYMNOSPERM DOMINATED PALEOVEGETATION



INDEX OF FIGURES

(AGAR (ANGIOSPERM-GYMNOSPERM-AROMATIC RATIO)). SAMPLE MB112790 IS NOT SHOWN BECAUSE IT
CONTAINS NO RELEVANT AROMATIC BIOMARKERS. DEPTH PROFILES OF D) CUPARENE AND E) DIAROMATIC
TOTARANE DISTRIBUTION IN THE MALLIK SEDIMENTS INVESTIGATED. TRIANGLES = SAND SAMPLES, OPEN
CIRCLES = CLAY SAMPLES, FILLED CIRCLES = LIGNITES; MAC. BAY SEQ. = MACKENZIE BAY SEQUENCE. 114
FIGURE 6.4: SCHEMATIC TRANSFORMATION PATHWAYS FOR THE FORMATION OF AROMATIC HYDROCARBONS
(CHRYSENE, PICENE) STARTING FROM 0.-AMYRIN [ADAPTED FROM WAKEHAM (1980) AND TAN & HEIT
(1981)]. A=3,4,7,12A-TETRAMETHYL-1,2,3,4,4A,11,12,12A-OCTAHYDROCHRYSENE, B = 7,12A-DIMETHYL-
1,2,3,4,4A,11,12,12A-OCTAHYDROCHRYSENE, C = 3,4,7-TRIMETHYL-1,2,3,4-
TETRAMETHYLHYDROCHRYSENE, D = 1,2,4A,9-TETRAMETHYL-1,2,3,4,4A,5,6,14B OCTAHYDRO-PICENE, E =
1,2,9-TRIMETHYL-1,2,3,4-TETRAHYDROPICENE, F = 1,2 DIMETHYL-1,2,3,4-TETRAHYDROPICENE.
COMPOUNDS WITH AN ASTERISK (*) WERE DETECTED IN THE MALLIK SAMPLES.......cccceevuteeniieereeereeeveens 114
FIGURE 6.5: TERNARY DIAGRAM ILLUSTRATING DISTRIBUTION OF SESQUITERPENOIDS (NON-SPECIFIC),
DITERPENOIDS (GYMNOSPERMS) AND TRITERPENOIDS (ANGIOSPERMS). TRIANGLES = SAND SAMPLES, OPEN
CIRCLES = CLAY SAMPLES, FILLED CIRCLES = LIGNITES........cc0certtiterteerteeteereeeesseesseesseessesssesssesssesseesseennas 115
FIGURE 6.6: SCHEMATIC PATHWAY FOR TRANSFORMATION OF TRICYCLIC DITERPENOIDS TO PHENANTHRENE VIA
SIMONELLITE AND RETENE (ADOPTED FROM LITERATURE (OTTO AND SIMONEIT, 2001; 2002; OTTO AND
WILDE, 2001; SIMONEIT ET AL., 1986; WAKEHAM ET AL., 1980)). COMPOUNDS WITH AN ASTERISK (*) WERE
DETECTED IN THE MALLTK SAMPLES. ...cutttetteitteetterttenteesttesteesbeesseesaseesseesseesseesseessseesseesseessseessses 120
FIGURE 6.7: A) A TERNARY DIAGRAM OF DEHYDROABIETANE AND 18-/19-NORABIETA-8,11,13-TRIENE,
SIMONELLITE AND 1,2,3,4-TETRAHYDRORETENE, AND METHYLRETENE AND RETENE ILLUSTRATING
DIFFERENT DEGREES OF AROMATIZATION OF THE AROMATIC BIOMARKERS. THE ARROW INDICATES THE
INCREASING MATURATION. B) DEPTH PROFILE OF THE RATIO OF 1-RING AROMATIZED COMPOUNDS
(DEHYDROABIETANE, 18-/19-NORABIETA-8,11,13-TRIENE) TO THE SUM OF 1-, 2- (SIMONELLITE, 1,2,3,4-
TETRAHYDRORETENE), AND 3-RING (METHYLRETENE, RETENE) AROMATIZED. TRIANGLES = SAND SAMPLES,
OPEN CIRCLES = CLAY SAMPLES, FILLED CIRCLES = LIGNITES. SAMPLES MB89899, MB104920, MB106380,
AND MB112790 CONTAIN NO AROMATIC DITERPENOIDS AND ARE NOT CONSIDERED. ...cccceevuveenureenireennnenn 122
FIGURE 7.1: TYPICAL DISTRIBUTION OF MONOMETHYLATED ALKANES IN THE MALLIK SAMPLES (CO94078). ... 126
FIGURE 7.2: DISTRIBUTION OF MONOMETHYLATED ALKANES IN THE DRILL MUD ADDITIVE LECITHIN................. 130
FIGURE 8.1: DEPTH PROFILE OF THE RATIO OF DITERPENOID CONCENTRATION TO THE SUM OF DI- AND
TRITERPENOID CONCENTRATIONS AS AN INDICATOR FOR AN ANGIO- OR GYMNOSPERM DOMINATED
PALEOVEGETATION A) IN THE ALIPHATIC HYDROCARBON FRACTIONS, B) IN THE AROMATIC HYDROCARBON
FRACTIONS (AGAR (ANGIOSPERM-GYMNOSPERM-AROMATIC RATIO)), C) IN THE NEUTRAL POLAR
HYDROCARBON FRACTIONS. BLACK DOTS = LIGNITE, OPEN CIRCLES = CLAY, TRIANGLES = SAND. ............ 134
FIGURE 8.2: SCHEMATIC ILLUSTRATION OF THE PALEOVEGETATIONAL AND PALEOCLIMATIC CONDITIONS AT THE
IMAALLIK SITE. 1eeeutttteeeuteeeesetteeaaereesasseeesnsseeeasssseesssseesssssseessssssessnssesssnsssessssssessssssssesssssessssssessnsssesesssseesssees 135
FIGURE 9.1: MOLECULAR STRUCTURES OF GLYCEROL ETHER LIPIDS DETECTED IN THE MALLIK SEDIMENTS. ..... 140
FIGURE 9.2: MAP OF THE MACKENZIE RIVER DELTA (NORTHWEST TERRITORIES, CANADA) SHOWING THE
DRILLING LOCATION OF THE MALLIK 5L-38 GAS HYDRATE PRODUCTION RESEARCH WELL..................... 142
FIGURE 9.3: A) GC/MS RIC CHROMATOGRAM (RIC = RECONSTRUCTED ION CURRENT) OF A REPRESENTATIVE
ALIPHATIC HYDROCARBON FRACTION (SILTY CLAY SAMPLE MB106380), B) GC/MS-MASS CHROMATOGRAM

M/z 191 SHOWING THE DISTRIBUTION OF HOPANES AND C) GC/MS-MASS CHROMATOGRAM M/Z 245

10



INDEX OF FIGURES

SHOWING THE DISTRIBUTION OF METHYLHOP-17(21)-ENES. NUMBERS CORRESPOND TO COMPOUND NAMES
IN TABLE 9. 1. ettt ettt ettt ettt et st bt e b et eat e eat e st e e bt enbeebeennesaees 149
FIGURE 9.4: DISTRIBUTION AND ABUNDANCE OF HOPANOIDS OCCURRING IN THE MALLIK SAMPLES WITH REGARD
TO DIFFERENT LITHOLOGIES. .....eoutteitiriteiteieeteetenieesueesteenteeeteennesasesueenseesseensesssesueesseesseenseennesssessnenseensecnnes 150
FIGURE 9.5: A) GC/MS MASS CHROMATOGRAM M/Z 191 OF A REPRESENTATIVE FATTY ACID FRACTION (SILTY
CLAY SAMPLE MB106380). HOPANOIC ACIDS ARE ASSIGNED BY LETTERS CORRESPONDING TO COMPOUND
NAMES IN TABLE 2. B) GC/MS MASS CHROMATOGRAM M/Z 191 OF A REPRESENTATIVE NEUTRAL POLAR
FRACTION (SILTY CLAY SAMPLE MB89899). LETTERS CORRESPOND TO COMPOUND NAMES IN TABLE 9.1.152
FIGURE 9.6: DEPTH PROFILE OF THE SUM OF HOPANOIDS DETECTED IN THE MALLIK SAMPLE COMPARED TO THE
METHANE CONTENT OF THE CORED MALLIK SEDIMENTS REPRESENTING GAS HYDRATE BEARING LAYERS

(DATA FROM DALLIMORE ET AL., 2005). BLACK DOTS: LIGNITES, TRIANGLES: SANDS, CIRCLES: SILT/CLAYS.

FIGURE 9.7: A) HPLC-ESI-MS RIC-CHROMATOGRAM (NEGATIVE ION MODE) OF THE PHOSPHATIDYLGLYCEROLS
(PGS) AND PHOSPHATIDYLETHANOLAMINES (PES) DETECTED IN THE SAND SAMPLE MB91856. ISTD =
INTERNAL STANDARD (DEUTERIUM-LABELLED PALMITOYL-D31- LYSOPHOSPHATIDYLCHOLINE) B) AVERAGE
MASS SPECTRUM OF THE PHOSPHATIDYLGLYCEROLS FROM 1.7-2.1 MIN. C) COLLISIONALLY ACTIVATED
DISSOCIATION MASS SPECTRUM ON M/Z 747.4 (PG(16:0/18:1), | HEXADECANYL-2-OCTADECENYL-
PHOSHATIDYLGLYCEROL) DURING THE TIME INTERVAL FROM 1.9-2.0 MIN, (SAND SAMPLE MB98925).
COLLISION ENERGY 30 EV ....iiiiiiiiiiiiieieee ettt ettt ettt ettt ettt et e be e s 155

FIGURE 9.8: A) MASS CHROMATOGRAM OF THE PSEUDOMOLECULAR IONS (NEGATIVE ION MODE) OF THE
LYSOPHOSPHATIDYLGLYCEROL-ETHERS (LPGS) DETECTED IN THE ESI/MS RUN OF THE SAMPLE MB10638.
ISTD = INTERNAL STANDARD (DEUTERIUM-LABELLED LYSOPHOSPHATIDYL-D32-CHOLINE) B) AVERAGE
MASS SPECTRUM OF THE LYSOPHOSPHATIDYLGLYCEROL-ETHERS FROM 1.2-1.6 MIN. C) COLLISIONALLY
ACTIVATED TANDEM MASS SPECTRUM ON M/z 561 (LPG (23:3), 1-HYDROXYL-2-TRICOSATRIENYL-

PHOSHATIDYLGLYCEROLETHER) DURING THE TIME INTERVAL FROM 1.5-1.6 MIN. COLLISION ENERGY 40 EV.

FIGURE 9.9: HPLC/APCI-SIM MASS CHROMATOGRAMS OF THE SELECTED IONS OF DIFFERENT ETHER LIPIDS
DETECTED IN THE SAMPLE MBOO334. ...o..iiiiiiiiiiiie ettt 159

FIGURE 9.10: DEPTH PROFILE OF THE SUM OF DIALKYL GLYCEROL ETHERS (ARCHAEA) AND GLYCEROL DIALKYL
GLYCEROL TETRAETHERS (BACTERIA) DETECTED IN THE MALLIK SAMPLES COMPARED TO THE
METHANECONTENT (GREY SHADED AREA) OF THE CORED MALLIK SEDIMENTS REPRESENTING GAS
HYDRATEBEARING LAYERS (DATA FROM DALLIMORE ET AL. (2005A)). BLACK DOTS: LIGNITES, TRIANGLES:
SANDS,CIRCLES: SILTS/CLAYS....eeieuveeeeeuteeeeeteeeeeeteeeseeseeseeareeseiseeesestaeesenssessasseeesassseeessssessssseesansreessneees 161

FIGURE 9.11: DEPTH PROFILE OF THE CARBON ISOTOPIC SIGNAL OF THE TOTAL ORGANIC MATTER, THE CORE
METHANE (LORENSON ET AL., 2005) AND OF HOP-17(21)-ENE RELATIVE TO THE METHANE CONTENT (GREY
SHADED AREA) OF THE CORED MALLIK SEDIMENTS REPRESENTING GAS HYDRATE BEARING LAYERS (DATA

FROM DALLIMORE ET AL. (2005A)). BLACK DOTS: LIGNITES, TRIANGLES: SANDS, CIRCLES: SILTS/CLAYS. 166

11



12



INDEX OF TABLES

Index of tables

TABLE 3.1: CORE TEMPERATURES AND ANALYTICAL RESULTS FOR INTERSTITIAL WATER SAMPLES FROM THE
JAPEX/INOC/GSCET AL. MALLIK 5L-38 GAS HYDRATE PRODUCTION RESEARCH WELL. DATA FROM
DALLIMORE ET AL. (2005A)" AND TOMARU ET AL. (2005)%. ... 50

TABLE 4.1: SAMPLE NUMBERS, CORE DEPTHS, LITHOLOGICAL DESCRIPTION, TOTAL ORGANIC CARBON CONTENTS
(TOC), CARBONATE CONTENTS, BULK ORGANIC CARBON ISOTOPE VALUES (A”CORG), Tyax-VALUES,

HYDROGEN INDEX (HI), OXYGEN INDEX (OI), EXTRACT YIELDS OF BITUMEN, AND CARBON PREFERENCE

1 C2i+C3+Cos  Cx+Ca+Cor
INDEX (CPl,;»7; CPI = —* ( +
2 Cn2+Cu+Cxs Cn+Cu+Cos

MALLIK 5L-38 GAS HYDRATE RESEARCH WELL. N.D. = NOT DETERMINED (TO DATE). ..c..eevvvveerireeireennnenns 69

)) OF 30 SEDIMENT SAMPLES OF THE

TABLE 4.2: COMPOUNDS IDENTIFIED IN THE ALIPHATIC HYDROCARBON FRACTION (FIGURE 4.7A) OF A SELECTED
MALLIK LIGNITE SAMPLE (CO93409). .....viiiiieiiieeiie ettt ettt e sve e teesteesaeesveesaseessseessseesssaassseessseensseens 77
TABLE 5.1: COMPOSITION AND AMOUNTS OF THE MACERALS COUNTED IN NINE ORGANIC-RICH SAMPLES OF THE
MALLIK 5L-38 GAS HYDRATE PRODUCTION RESEARCH WELL. .....ceeeiiiiiiieeiieeiieeieeeieeeteesenesseesnseeeseeens 84
TABLE 5.2: CONCENTRATIONS OF ALIPHATIC SESQUI-, DI-, AND TRITERPENOIC HYDROCARBON BIOMARKERS AND
RATIO OF DI- TO DI-PLUS TRITERPENOIDS. DARK GREY SHADED = LIGNITES, LIGHT GREY SHADED =
SILT/CLAYS, UNSHADED = SANDS. ....oiiiiittiieiiteeeeeieeeeenseeeeeueeesetsessessseesanseeesestssesssssseesanssssssnsessssssseesssssees 91
TABLE 5.3: CONCENTRATIONS OF NEUTRAL POLAR SESQUI-, DI-, AND TRITERPENOIC HYDROCARBON BIOMARKERS
AND RATIO OF DI- TO DI-PLUS TRITERPENOIDS. DARK GREY SHADED = LIGNITES, LIGHT GREY SHADED =
SILT/CLAYS, UNSHADED = SANDS. ...eiiiiiiiituttieeeeeiiiiteteeeeesseeiiasreeseessesssssssssessssssssssseesssssmmsssssesesssmmssssseeeesss 93
TABLE 5.4: CONCENTRATIONS OF FATTY ACID SESQUI-, DI-, AND TRITERPENOIC HYDROCARBON BIOMARKERS.
DARK GREY SHADED = LIGNITES, LIGHT GREY SHADED = SILT/CLAYS, UNSHADED = SANDS. .........ccc0cevreen.n. 96
TABLE 6.1: SAMPLE NAMES, LITHOLOGICAL DESCRIPTION AND GENERAL ELEMENTAL PARAMETERS FOR SAMPLE
CHARACTERISATION. DARK GREY SHADED = LIGNITES, LIGHT GREY SHADED = SILTS/CLAYS AND UNSHADED
T SANDS. ettt euiteetteetteette et e e tee s beeeatee e b eeaatte s baeeabee e beeaabeeeabeeanbeeeabeeenbeeeabeeenbeeeabeeanbeeeabeeesbeesnbeennbeennbeennteas 108
TABLE 6.2: AROMATIC COMPOUNDS IDENTIFIED IN THE AROMATIC HYDROCARBON FRACTIONS (FIG. 6.4.1) AND
THEIR POTENTIAL AS VEGETATION AND MATURITY INDICATORS. SES, SESQUITERPENES; DI, DITERPENES; TRI,
TRITERPENES. ...eeeutttitteeteeetteeseesseeasseesseeasseesssaeassesssseasssessssseassessssessssessssesssessssessssessseesssessssessssesssseesssees 109
TABLE 6.3: CONCENTRATIONS OF AROMATIC SESQUI-, DI- AND TRITERPENOIC HYDROCARBON BIOMARKERS.
ANGIOSPERM-GYMNOSPERM-AROMATIC RATIO (AGAR): RATIO OF DI- TO DI- PLUS TRITERPENOIDS. DARK
GREY SHADED = LIGNITES, LIGHT GREY SHADED = SILTS/CLAYS AND UNSHADED = SANDS. NUMBERS AND
LETTERS CORRESPOND TO COMPOUND NAMES IN TABLE 6.2. .....coiiiiiiiienieeniiiesieenireesveesieeesreeseteeseveesneees 124
TABLE 7.1: CHARACTERISTIC FRAGMENTS FOR THE MONOMETHYLALKANES DETECTED IN THE SAMPLES. ......... 125
TABLE 8.1: DOMINANCE OF GYMNO- AND ANGIOSPERMS IN THE PALEOVEGETATION AT THE MALLIK SITE WITH
REGARD TO LITHOLOGY ...ecutteetteeeteeereeesteesseesseessessseasssesssssesssesssessssesssssssssessssessssessssessssessssessssessssesssens 133
TABLE 9.1: SAMPLE NUMBERS, CORE DEPTHS, LITHOLOGICAL DESCRIPTION, TOTAL ORGANIC CARBON (TOC)
CONTENTS, AND TOTALS (uG/GTOC) OF THE HOPANOIC HYDROCARBONS IDENTIFIED IN THE ALIPHATIC,
FATTY ACID AND NEUTRAL FRACTIONS OF THE SAMPLES. N.D.L. =NEAR DETECTION LIMIT...........ccecun...... 148
TABLE 9.2: HOPANOIC HYDROCARBON COMPOUNDS IDENTITIED IN THE ALIPHATIC, FATTY ACID AND NEUTRAL

FRACTIONS OF THE IMALLIK SAMPLES. ....ccoiiitttttieeeeiiiiitreeeeeeeeesitreeeeeeeeesissereseseeessisssseseseeesessrsressseeesssnnnees 151

13



INDEX OF TABLES

TABLE 9.3: PHOSPHATIDYLGLYCEROLS AND PHOSPHATIDYLETHANOLAMINES DETECTED IN THE MALLIK 5L-38
SAMPLES, THEIR PSEUDOMOLECULAR IONS AND THEIR PREDOMINANTLY FATTY ACID SIDE CHAIN
COMPOSITION. UNSHADED = SAND, GREY SHADED = SILT/CLAY . ...cuvveeiieieiteeeiteeeeteeeteeeereeeereeeereeeveseevneennens 156

TABLE 9.4: SAMPLE NUMBERS, CORE DEPTHS, TOTALS (NG/GSED) OF ALL ETHER LIPIDS (EL), THE GLYCEROL
ETHERS (ARCHAEA. AR-EL), THE GLYCEROL DIALKYL GLYCEROL TETRAETHERS (BACTERIA, B-EL), AND
ARCHAEOL (AOL). GREY SHADED = SILT/CLAY, DARK GREY SHADED = LIGNITE, UNSHADED = SAND......... 160

TABLE 9.5: COMPOUND SPECIFIC 8'°C DATA OF N-ALKANES, DI- AND TRITERPENOIDS AND HOPANOIDS FROM

SELECTED SAMPLES. GREY SHADED = SILT/CLAY, DARK GREY SHADED = LIGNITE. .......ccccc0eevvureeenrreeennne. 162

14



LIST OF ABBREVIATIONS

List of abbreviations

AGAR: Angiosperm-gymnosperm aromatic ratio
ai: Anteiso

AM: Amount

APCI: Atmospheric pressure chemical ionisation
BAME: Behenic acid methyl ester

CAD: Collisionally activated dissociation

°C: Degree Celsius

CCU: Cache Creek Uplift

CO: Coal (lignite samples)

CPIL: Carbon preference index

e.g.: For example (exempli gratia)

ELFZ: Eskimo Lakes fault zone

ESI: Electrospray ionization

eV: Electron volt

FID: Flame ionisation detector

Fig.: Figure

GC: Gas chromatography

GC-IR-MS: Gas chromatography-isotope ratio-mass spectrometry
GC-MS: Gas chromatography-mass spectrometry
HC: Hydrocarbons

HI: Hydrogen index (mgHC/gTOC)

HPLC: High pressure liquid chromatography

i: Iso

LC-ESI-MS: Liquid chromatography-electrospray ionization-mass spectrometry

LPC: Lysophosphatidylcholine

m/z: Mass/charge

MB: Microbiology (samples taken under specific contamination-controlled
conditions)

mftb: Mineral free basis

mg: Milligram

ng: Microgram

ml: Millilitre

15



LIST OF ABBREVIATIONS

ul: Microlitre

MPLC: Medium pressure liquid chromatography

MSTFA: Trimethylsilyltrifluoroacetamide

NSO: Heterocompounds containig nitrogen, sulphur and/or oxygen
OHL: Outer Hinge Line

Ol Oxygen index (mgCO,/gTOC)

PA: Peak area

PE: Phoyphatidylethanolamine

PG: Phosphatidylglycerol

pH: Negative logarithm of the hydrogen ion (H") concentration

(in moles per 1)

PI: Production index

PL: Phospholipid

RF}": Response factor

Ro: Vitrinite reflectance

rpm: Revolutions per minute

SIM: Selected ion monitoring

Tab.: Table

TAFZ: Tarsiut-Amauligak fault zone
TC: Total carbon

TCD: Thermal conductivity detection
TFZ: Taglu fault zone

TH: Tununuk High

TIC: Total inorganic carbon

TOC: Total organic carbon

u: Atomic mass unit

vol.-%: Percent by volume

V-PDB: Vienna Pee Dee Belemnite standard

16



LIST OF PUBLICATIONS AND PRESENTATIONS

List of publications and presentations

Publications
Mangelsdorf, K., Haberer, R.M., Zink, K.-G., Wilkes, H., Horsfield, B. (2003). Molecular
evidence for a Deep Biosphere at the Mallik Gas Hydrate Research Well, Canada. Beihefte

zum European Journal of Mineralogy 15: 125.

Haberer, R.M., Mangelsdorf, K., Zink, K.G., Wilkes, H., Horsfield, B., (2004) Molecular
characterisation of the organic matter at the Mallik 5L-38 Research Well: Implications for

depositional environment and the Deep Biosphere. Geochimica et Cosmochimica Acta, 68

(11, Supplement 1), 407.

Haberer, R.M., Mangelsdorf, K., Dieckmann, V., Fuhrmann, A., Wilkes, H., Horsfield, B.,
(2005). Characterization of the organic matter in lignites of the Kugmallit Formation (Oligo-
cene) at the Mallik 5L-38 Gas Hydrate Production Research Well. In: S.R. Dallimore, T.S.
Collett (Eds.). Scientifique Results from Mallik 2002 Gas Hydrate Production Research Well
Program, Mackenzie Delta, Northwest Territories, Canada, Bulletin 585. Geological Survey

of Canada, 11p.

Mangelsdorf, K., Haberer, R.M., Zink, K.G., Dieckmann, V., Wilkes, H., Horsfield, B.,
(2005). Molecular indicators for the occurrence of deep microbial communities at the Mallik
5L-38 Gas Hydrate Research Well. In: S.R. Dallimore, T.S. Collett (Eds.). Scientifique Re-
sults from Mallik 2002 Gas Hydrate Production Research Well Program, Mackenzie Delta,
Northwest Territories, Canada, Bulletin 585. Geological Survey of Canada, 11p.

Haberer, R.M., Mangelsdorf, K., Wilkes, H., Horsfield, B., (2006) Occurrence and paleoenvi-

ronmental significance of aromatic hydrocarbon biomarkers in Oligocene sediments from the

Mallik 5L-38 Gas Hydrate Research Well (Canada), Organic Geochemistry, 37, 519-538.

17



LIST OF PUBLICATIONS AND PRESENTATIONS

Oral presentations
Mangelsdorf K., Dieckmann V., Haberer R.M., Zink K.-G., Wilkes H., Horsfield B. and the
Mallik Gas Hydrate Research Team. Investigation of deep microbial activity in gas hydrate
bearing sediments of the Mallik Site using molecular organic geochemical indicators. Mallik
Gas Hydrate Production Research Well Science Meeting, January 22-24, 2003, Whistler,

Canada.

Haberer R.M., Mangelsdorf K., Wilkes H., Horsfield B. and the Mallik working group. Or-
ganic geochemical investigations of deep subsurface sediments at the Mallik 5L-38 Gas Hy-
drate Research Well, Mackenzie River Delta, Canada. ICDP/ODP Colloquium, March 2628,
2003, Mainz, Germany.

Mangelsdorf K., Haberer R.M., Zink K., Wilkes H., Horsfield B. Molecular evidence for a
Deep Biosphere at the Mallik Gas Hydrate Research Well, Canada. Gemeinschaftstagung
DMG, GV und DGG, September 22-25, 2003, Bochum, Germany.

Haberer R.M., Mangelsdorf K., Zink K.-G., Wilkes H., Horsfield B. and the Mallik research
Group. Molecular characterisation of the organic matter at the Mallik 5L.-38 Gas Hydrate Re-
search Well: Implications for depositional environment and the Deep Biosphere. Goldschmidt

Conference 2004, June 5-12, 2004, Copenhagen, Denmark.

Haberer R.M., Mangelsdorf K., Zink K.-G., Wilkes H., Horsfield B. Organic matter in sedi-
ments from Mallik 5L-38 Gas Hydrate Production Research Well as indicator for paleoenvi-
ronment and paleoclimate. HGF Workshop “Climate variability and human habitat”, February

14-15, 2005, Umweltforschungszentrum Leipzig-Halle, Halle (Saale), Germany.

18



LIST OF PUBLICATIONS AND PRESENTATIONS

Poster presentations
Haberer R.M., Mangelsdorf K., Wilkes H., Horsfield B. and the Mallik working group. Bulk
and molecular investigations of deep subsurface sediments at the Mallik 5L-38 Gas Hydrate

Research Well, Mackenzie River Delta, Canada. 21" International Meeting on Organic Geo-

chemistry (IMOG), September 8-12, 2003, Krakow, Poland.

Mangelsdorf K., Haberer R.M., Zink K.-G., Wilkes H., Horsfield B. and the Mallik working
group. Molecular indicators for viable microbial communities of the Deep Biosphere in sedi-
ments of the Mackenzie River Delta, Northwest Territories, Canada. 21% International Meet-

ing on Organic Geochemistry (IMOG), September 8-12, 2003, Krakow, Poland.

Haberer R.M., Mangelsdorf K., Dieckmann V., Fuhrmann A., Wilkes H., Horsfield B. and the
Mallik research group. Characterisation of the organic matter in lignites of the Kugmallit for-
mation at the Mallik 5L.-38 Gas Hydrate Resarch Well, Mackenzie River Delta, Canada. Mal-
lik 2002 Gas Hydrate Production Research Well Program - Mallik-Symposium "From Mallik
to the Future", December 8-10, 2003, Chiba, Japan.

Mangelsdorf K., Haberer R.M., Zink K.-G., Dieckmann V., Wilkes H., Horsfield B. and the
Mallik research group. Molecular evidence for the occurrence of a Deep Biosphere at the
Mallik 5L-38 Gas Hydrate Research Well. Mallik 2002 Gas Hydrate Production Research
Well Program - Mallik-Symposium "From Mallik to the Future", December 8-10, 2003,
Chiba, Japan.

Haberer R.M., Mangelsdorf K., Zink K.-G., Wilkes H., Horsfield B. and the Mallik research

group. Molecular examination of deep subsurface sediments at the Mallik 5L.-38 Gas Hydrate

Production Research Well. ICDP/IODP Colloquium, March 17-19, 2004, Bremen, Germany.

19



20
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Kurzfassung

Im Winter 2001/2002 wurde im Mackenzie Delta (Northwest Territories, Kanada) die Mallik
5L-38 Gas Hydrate Production Research Well Bohrkampagne durchgefiihrt, deren Ziel es
war, die im dortigen Permafrost vorkommenden Gashydrate hinsichtlich ihrer geologischen,
geophysikalischen und geochemischen Eigenschaften zu untersuchen.

Im Rahmen der Mallik 5L-38 Gas Hydrate Production Research Well Bohrung wurden fiir die
vorliegende Arbeit dreiffig Bohrkernproben unterschiedlicher Lithologien (Tone, Sand- und
Siltsteine, sowie Lignite) des oberen Oligozins iiber, aus und unterhalb der Gashydrat-Zone
(810-1100m Teufe) genommen. Das Ziel dieser Studie ist die Charakterisierung des organi-
schen Materials, die Rekonstruktion der Palioumweltbedingungen, sowie die Untersuchung
mikrobieller Gemeinschaften hinsichtlich ihres Vorkommens, ihrer Besonderheiten und der
Beschaffenheit ihres Lebenraumes in tiefen, terrestrischen Sedimentsschichten nahe einer
Gashydrat-Zone mit Hilfe von biogeochemischer Analysenmethoden.

Die Untersuchungen der Zusammensetzung des organischen Materials (Bitumen und Kero-
gen) zeigen seinen terrigenen und unreifen Charakter an. Erste Hinweise auf die Herkunft des
organischen Materials ergeben sich aus den Werten fiir die Wasserstoff- und Sauerstoffindizes
(HI, OI), die bei der Rock-Eval-Pyrolyse bestimmt wurden und darauf hinweisen, da3 das
Kerogen dem terrigenen Typ III zugeordnet werden kann. Reifeparameter (Tmax, Produktions-
index) indizieren die thermische Unreife des organischen Materials. Diese ersten Resultate
wurden durch die Ergebnisse der Maceralanalyse zusétzlich untermauert. Auf molekularer
Ebene wird die Unreife ebenfalls durch eine klare Dominanz der ungeradzahligen n-Alkane
mit einem fiir unreifes Landpflanzenmaterial typischen Maximum im Bereich von n-Cyy bis
n-Cs; bestitigt. Ein zweites Maximum (n-C,3) in der n-Alkanverteilung der Lignite deutet
zusitzlich auf das Vorkommen der Mosspflanze Sphagnum und damit auf ihre Ablagerung in
einem sumpfigen Milieu hin, wiahrend die Ton- und Sandlagen ein Ergebnis des méandrieren-
den FluBlsystems sind und zumindest teilweise ein allochthones Signal wiederspiegeln. Die
Priasenz spezifischer hoherer Landpflanzenmarker (Di- und Triterpenoide) unterstreichen den
terrestrischen Charakter und erlauben einen detaillierteren Einblick in die Pflanzenvergesell-
schaftung zur Zeit der Ablagerung. So ist in den Tonen ein hoherer Anteil an Angiospermbi-
omarker feststellbar, wihrend das organische Material der Lignite und Sandsteine mehr Gym-
nospermbiomarker enthalten. Anhand der feststellbaren Variation der Paldovegetation 143t
sich auch die Entwicklung der klimatischen Bedingungen wéhrend der Sedimentation sowohl

im Mackenzie Delta als auch im oberen FluB3lauf abschéitzen.
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Fiir die Untersuchungen der mikrobielle Biomasse werden spezifische Biomarker, wie Hopa-
noide, Glycerolether und Phospholipide herangezogen. Hopanoide, insbesondere Hopene und
Hopane mit biogener 17B(H),21B(H)—Konfiguration, wurden in fast allen untersuchten Pro-
ben gefunden, was auf eine ausgedehnte mikrobielle Biomasse in den tiefen Sedimenten in
Mallik hindeutet. Da allerdings nicht ausgeschlossen werden kann, daf3 sie Teil des fossilen
Materials sind und iiber die Zeit konserviert wurden, werden Phospholipide (PLs) als soge-
nannte “Life Marker” fiir die Detektierung lebender mikrobieller Gemeinschaften genutzt.
Durch ihren schnellen Abbau nach dem Zelltod sind sie dafiir besonders pradestiniert, so daf3
der Nachweis intakter PLs in Sedimenten des tiefen Untergrundes die Prdzens von lebenden
Mikroorganismen bestétigen.

In den untersuchten Proben sind die Signale von indigenen PL-estern jedoch generell gering
und oft nahe am Detektionslimit. Dennoch kénnen Phosphatidylglycerole und Phosphatidy-
lethanolamine, hauptsdchlich mit C;s und C;g Fettsduren, nachgewiesen werden. Zusétzlich
wurden weitere spezifischer Komponenten in nahezu allen untersuchten Proben festgestellt,
deren MS/MS-Fragmentierungsmuster darauthin deuten, da es sich um Lyso-
Phosphatidylglycerolether handelt. Das Auffinden dieser Biomarker ist von besonderem Inte-
resse, da Glycerolether als Bestandteil von Archeen bekannt sind. Somit deutet der Nachweis
von Lyso-Phosphatidylglycerolen zusammen mit dem Nachweis von Glyceroletherlipiden auf
eine Archeenvergesellschaftung (methanogen oder methanotroph) in den Sedimentschichten

der Gashydrat-Zone in der Mallikbohrung hin.
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Abstract

During the winter 2001/2002 the Mallik 5L-38 Gas Hydrate Production Research Well was
conducted in the Mackenzie Delta (Northwest Territories, Canada) to investigate the gas hy-
drates, which are occurring in the permafrost there, with regard to their geological, geophysi-
cal and geochemical properties.

In the scope of the Mallik 5L-38 Gas Hydrate Production Research Well thirty core samples
were collected for the current thesis from different lithologies (claystones, sandstones, silt-
stones, and lignites; late Oligocene) from above, within and below the gas hydrate bearing
zone (810-1100m depth). The aim of this study is the characterisation of the organic matter,
the reconstruction of the paleoenvironmental conditions, as well as the examination of the
microbial communities with respect to their occurrence, their nature, and their habitat in deep
subsurface sediments in a terrestrial setting near a gas hydrate zone by biogeochemical meth-
ods.

The investigations of the organic matter composition (bitumen and kerogen) indicate a terres-
trial and immature character of the organic. First evidence for the origin of the buried organic
matter is given by the hydrogen (HI) and oxygen (OI) index values obtained by Rock-Eval-
pyrolyses indicating a type III kerogen. Maturity indicators such as the Ty« values and the
production index (PI), point to a thermally immature character of the organic material. These
first results are supported by the maceral evaluation. On a molecular basis this is confirmed
by the strong odd-over-even carbon number predominance of n-alkanes with a maximum in
the range of n-Cyy to N-Cjs; typical for immature land plant material. Additionally a second
n-alkane maximum at n-C,3 in the lignite samples indicates the presence of the moss plant
Sphagnum, which suggests the formation of the organic carbon rich lignites in a swampy mi-
lieu, while the clay and sand layers are the result of a meandering river system. The occur-
rence of specific higher land plant markers like the di- and triterpenoids supports the terres-
trial character of the sample material and provide a more detailed insight into the plant
communities. Therefore, it was recognized that the clay samples reveal the highest amounts of
angiosperm markers. In contrast, lignite and sand samples contain significant amounts of
gymnosperm biomarkers. Considering the documented variations of the paleovegetation, the
changes of the climatic conditions can be estimate during the sedimentation within the
Mackenzie Delta as well as in the upper course of the river.

For the investigation of microbial biomass specific biomarkers like hopanoids, glycerol ethern

and phospholipids were used. Hopanoids were found in significant amounts in almost all
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sediment samples investigated indicating a widely disseminated microbial biomass. The pre-
dominant occurrence of hopenes and hopanes in their biogenic 178(H),21B(H) configuration
indicates the presence of immature microbial organic matter in deep subsurface Mallik sedi-
ments.

However, because it can not absolutely be excluded that the hopanoids are part of the buried
organic material preserved over time, phospholipids (PLs) were used as target molecules for
the detection of viable microbial communities in the deep subsurface strata. Their potential as
“life marker” is their rapid degradation after cell death.

The indigenous PL ester signals are in general low and often near the detection limit. How-
ever, structural elucidation using the MS/MS technique shows the presence of phosphatidyl-
glycerols and phosphatidylethanolamines with mainly C;¢ and C,s fatty. Additionally, a series
of specific compounds is detectable in significant amounts in almost all samples investigated.
Their MS/MS fragmentation patterns suggest that these compounds are lyso-
phosphatidylglycerols ethers. Such biomarkers would be of specific interest, because glycerol
ethers are known to occur in archaeal biomass, thus the finding of lyso-phosphatidylglycerols
supported by the detection of glycerol etherlipids may point to a microbial community of ar-
chaea (e.g. methanogens or methanotrophs) in the gas hydrate bearing sediments of the Mallik

site.
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1 Introduction

1.1 Characteristics of gas hydrates
Naturally occurring gas hydrates are solid clathrates, composed of water molecules forming a
rigid lattice of cages with most of the cages containing a molecule of natural gas
(Kvenvolden, 1993; Kvenvolden, 1998). They have been recognized worldwide in oceanic
sediments along continental margins and in polar continental settings (Figure 1.1), where spe-
cific conditions of pressure and temperature occur and where the supply of methane is suffi-
cient to initiate and stabilize the clathrate structure (Figure 1.2). These factors limit their oc-
currence to aquatic sediments, both oceanic and lakes, where the depths are greater than
~300m, and to polar sediments of both continents and continental shelves (Kvenvolden,
1994;2002). The upper depth limit for methane hydrates is about 150m in continental polar
region where the surface temperatures are below 0°C. In oceanic sediments, the methane hy-
drates occur where the bottom-water temperatures approach 0°C and water depths exceed
about 300 m (Kvenvolden, 1993; Kvenvolden, 1998). The lower limit of methane hydrate
occurrence is determined by the geothermal gradient. Therefore, the maximum lower limit is
about 2000 m below the solid surface, although the lower limit is typically much less depend-

ing on local conditions (Kvenvolden, 1993; Kvenvolden, 1998).
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Figure 1.1: Map showing the locations of known and inferred gas hydrates in aquatic sediment and in polar

continental sediment after Kvenvolden (2002). Open circles = samples of natural gas hydrates recovered. Filled
circles = inferred presence of natural gas hydrates. Filled squares = regions of potential gas-hydrate occurrence

in Russia.
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Figure 1.2: Phase diagram showing the boundary between free methane gas and methane hydrate (grey

shaded) with regard to varying temperature and pressure conditions after Kvenvolden (1993).

In the sediment, gas hydrates occur as finely disseminated crystals, nodules, layers, and mas-
sive accumulations (Figure 1.3). It has been hypothesized that the evolution from smaller to
larger accretions of gas hydrates represents a systematic progression in the formation of hy-
drates in deep-sea sediments (Kennicutt II et al., 1993). They are essential water clathrates of
natural gas in which water forms a cage-like crystal structure through hydrogen bonding and
crystallizes in the isometric crystallographic system rather than the hexagonal system of the
normal ice. Two structures, I and II, of the cubic lattice are recognized in nature with structure
I being the most common (Figure 1.4). Structure I hydrates are a 2 pentagonal dodecahedra
(12 sides) and a 6 tetrakaidecahedra (14 sided) polyhedron with eight void spaces (Kennicutt
IT et al., 1993). In structure I, the cages are arranged in body-centred packing and are large

enough to include CH4, C;Hg and other gas molecules of similar molecules diameters
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(0.4-0.55 nm), such as CO, and H,S (Bishnoi & Natarajan, 1996; Sloan, 2003). Structure II
hydrates are a pentagonal dodecahedra and an 8 hexakaidecahedra (16 sided) polyhedron with
16 small and 8 large void spaces (Kennicutt II et al., 1993). In structure II, diamond packing is
present resulting in some cages being large enough (0.6-0.7 nm) to include not only CH4 and
C,Hg but also gas molecules as large as CsHg and i-C4H;¢ (Bishnoi & Natarajan, 1996; Sloan,
2003).
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Figure 1.3: Proposed progression of hydrate formation after Kennicutt II et al. (1993).

The position of the phase boundary (Figure 1.2) is determined inter alia by the composition of
the gas (presence of other gases than methane). However methane hydrates are the most
abundant ones in nature. Due to their huge amount of methane sequestered within the clath-
rate structures and to the fact, that they occur in the shallow geosphere within 2000m, gas
hydrates are of interest as a potential resource of natural gas. It has been assumed that 1 m? of
gas hydrates contains up to 164 m*® of methane (Kvenvolden, 1993). Although the estimated
energy value of methane hydrates greatly exceeds that reservoired in proved and recoverable
reserves and represents therefore an enormous hydrocarbon resource, many technological
problems still remain to be solved before this potential can be realized (Kennicutt II et al.,

1993).
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Figure 1.4: Both known natural occurring gas hydrates structures I and II are build up with different num-

bers of the three illustrated cage types.

Concerning gas hydrates there are also some problematic aspects. They are known to play a
role as a submarine geohazard due to their potential for the catastrophic release of gases,
which provoke the destabilisation of sediments resulting in mass sediment movements such as
slumps (Bishnoi & Natarajan, 1996; Kennicutt II et al., 1993; Kvenvolden, 1993). Increasing
water temperatures or decreasing of pressure produce the decomposition of gas hydrates, a
major repository of methane, and with that the release of methane. This suggested that subtle
changes in global temperature could induce a redistribution of global methane from sedimen-
tary hydrates to atmospheric gas. Methane has been recognized as an important greenhouse
gas. If the methane reaches the atmosphere its greenhouse gas properties could influence the
global climate. Therefore it is suggested that the discharge of methane from gas hydrates are
responsible for remarkable climate changes in the past. During the late Paleocene thermal
maximum (55 Ma ago) the temperature of the deep ocean water increased by 4 to 6°C within
10,000 years. Coeval with this thermal anomaly is an extraordinary -2.5%o excursion in the
8'"°C of marine carbonates and organic matter deposited during the latest Paleocene (Dickens
et al.,, 1997). They suggested that methane released from oceanic methane hydrate offers a
plausible explanation, because the average carbon isotopic composition of hydrate methane
(-60%o) provides the necessary carbon isotopic composition to lead to the negative carbon
isotopic excursions. Katz et al. (1999) presented a scenario involving thermohaline circulation
and release of CHy from marine gas hydrates to explain the 8"°C excursion during the late
Paleocene thermal maximum. They supposed that similar to present day vast quantities of
CH, greatly enriched in '>C were stored in the upper few hundred meters of sediment on con-
tinental margins. During the late Paleocene a long-term global warming changed the ocean-

atmosphere system, causing warm surface water to sink and intermediate to deep ocean tem-
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peratures to by ~4° to 8°C. This warming converted solid gas hydrates into free gas, resulting
in as increasing of pore pressure at depth and leading to sediment failure and the release of
massive quantities of CHy into the ocean. The CHy react with dissolved O, to produce CO,,
which was enriched in '2C. This adding of carbon disturbed the global carbon cycle and
changed the global climate (Dickens, 2001; Dickens et al., 1997; Katz et al., 1999). Likewise
Nisbet (1990) suggested that the end of the last major glaciation about 13.500 years ago is
connected with the massive release of methane from gas hydrates occurring under ice and in
permafrost. He assumed that may be the release of the CHy4 followed by CO, emission from

the oceans acted together to end the ice age.

1.2 Role of gas hydrates for microbial communities in extreme
environments

Gas hydrates could act as a potential carbon source for microbial ecosystems, which was al-
ready proven for marine environments (Boetius et al., 2000; Wellsbury et al., 2000). The co-
herence of anaerobic oxidation of methane (AOM) and sulphate reduction (SR) in marine gas
hydrates has been shown by Boetius et al. (2000) and Hinrichs et al. (1999). It was indicated
that certain archaea reverse the process of methanogenesis by interaction with sul-
phate-reducing bacteria. In the fossil record of ancient methane vent systems (Marmorito
limestone, Northern Italy, Miocene), the occurrence of such a syntrophic community consist-
ing of archaea, which are able to reverse methanogenesis, and sulphate-reducing bacteria was
already proven by Thiel et al. (1999b) considering the fossil biomarker and isotopes invento-
ries.

As sulphate is the electron acceptor, AOM is limited to zones where sulphate and methane
occur coincidently. Furthermore, the AOM is influenced by many factors such as temperature,
methane and sulphate supply, organic content, porosity and mineralogy of the sediment
(Valentine, 2002). During the AOM, methane is oxidized while sulphate is simultaneously

reduced according to the equation 1:

(1) CH, +SO; — HCO; +HS +H,0

Investigations on gas hydrate bearing sediments in the Cascadian margin demonstrated that
both microbial populations and their activity were increased significantly when associated
with gas hydrates (Cragg et al., 1996). Within the gas hydrate zone deep microbial activity

was even greater than at the sediment surface. Wellsbury et al. (2000) confirmed these obser-
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vations also for deep marine sediments from the Blake Ridge. Additionally, they showed that
the increase of microbial population and activity within the interval of the gas hydrate zone
seems to be associated with the occurrence of free gas rather than with the solid gas hydrate
itself resulting in higher microbial populations in the surrounding sediments than in the solid
hydrate. The investigations of microbial communities associated with gas hydrates in the Gulf
of Mexico (Lanoil et al., 2001) show that the methane dissolved in pore fluids around the hy-
drates drives the AOM, though hydrates themselves not harbor many microbes.

With the finding of widely disseminated microbial populations in deep marine or terrestrial
sediments (Parkes et al., 1994; Parkes et al., 2000; Pedersen, 1993; Pedersen, 1997) in recent
years, the assumption, accepted for a long time, that microbial processes are restricted to the
upper few meters of sediments (Tissot & Welte, 1984) has been disproved. Since the discov-
ery of the so-called “Deep Biosphere”, its occurrence and nature are intriguing and important
topics in the geoscientific research combining different science disciplines like geology, geo-
chemistry and microbiology. The overall aim of these examinations is to decipher the factors
controlling the occurrence of life in the deep subsurface.

Parkes et al. (1994) reported the occurrence of viable bacteria populations in sediments in
more than 500 m depth at five Pacific Ocean sites. They demonstrate that even if the popula-
tion at 518 mbsf (1.1x10 cells/cm’) shows a significant 120-fold decrease from near the sur-
face value, it remains still substantial (Figure 1.5) and they supposed that bacteria are present
to even greater depths. The bacteria population profiles in the five investigated sites are re-
markably similar to each other, and some deviations can be linked to specific environmental
changes. In high productivity zones elevated bacteria populations are present in comparison to
those in low productivity and hydrothermal heated sites (Parkes et al., 1994).

Moreover, Fredrickson and Onstott (1996) showed that the pressure has only a minor effect
on deeply buried microorganisms. As microorganisms are able to live under temperature con-
ditions up to 113°C (Blochl et al., 1997), temperature can not be a limiting factor for microor-
ganisms in the deep subsurface. Thus, the abundance of microbial communities in the deep
subsurface depends not only on temperature or pressure (Blochl et al., 1997; Fredrickson &
Onstott, 1996), but also on the presence of water, pore spaces of sediments and rocks, and the
availability of nutrients and energy (Parkes et al., 2000). A common energy source for micro-
bial organisms is the organic matter incorporated into the sediments during the progressive

burial over geologic timescales.
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Figure 1.5: Bacterial populations in deep marine sediments after Wellsbury et al. (2000). Small dots = all

sediments analyzed, open circels = populations from Sites 994,995, and 997. Note the logarithmic scale.

For the identification of microbial communities with organic geochemical methods specific
biomarkers are used, mainly constituents of microbial cell membranes, such as hopanoic hy-
drocarbons or phospholipids. Pentacyclic triterpenes of the hopanoid family are major con-
stituents of bacteria and it is assumed, that they act as reinforcers of the membrane
(Kannenberg & Poralla, 1999; Ourisson et al., 1987; Rohmer et al., 1992; Rohmer et al.,
1984). Due to the wide range of synthesizing hopanes, they are a very abundant and wide-
spread group of biological marker in sediments and crude oils (e.g. Rohmer et al., 1984;
Rohmer et al., 1980; van Dorsselaer et al., 1977; van Dorsselaer et al., 1974). However, ho-
panoic hydrocarbons are not unrestricted utilisable as indicators for living microorganisms,
because they can also be a part of the immature dead microbial biomass incorporated in the

sediments during deposition.
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Phospholipids (Figure 1.6) could be used as specific molecular markers for living microbial
communities in deep subsurface sediments (Zink et al., 2003), because they are part of the cell
membranes of almost all prokaryotes, only stable in intact cells and rapidly hydrolysed after
cell death during early diagenetic processes (Harvey et al., 1986; White et al., 1979). There-
fore, they are considered to be particularly suitable as indicator for viable microorganisms
(White et al., 1979; White et al., 1997). Thus, their identification in deep sediments serves as
proof of the existence of viable microbial communities in the deep subsurface (Zink et al.,

2003).
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Figure 1.6: General structure of phospholipids.

1.3 Objectives of the Mallik 5L-38 Gas Hydrate production Re-
search Well

The presented study was carried out within the scope of the JAPEX/JINOC/GSC et al. Mallik
5L-38 Gas Hydrate Production Research Well project. The well is located in the Mackenzie
Delta in the northwest of Canada, where since the early Cenozoic a delta system is estab-
lished. Due to the prevalent arctic conditions, permafrost occurs down to several hundreds of
meters, which permits the formation of gas hydrates in the subsurface.

Contrary to marine gas hydrates, very little is known on the biogeochemistry of terrestrial gas
hydrates and their usefulness as a carbon and energy source for microbial communities.

Therefore, the Mallik 5L-38 Gas Hydrate Production Research Well provided an excellent
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and rare opportunity to explore a microbial ecosystem in a deep terrestrial setting near a gas
hydrate deposit. In the context of the Mallik 5L-38 project, the goal of this study is to examine
the existence and nature of a deep microbial ecosystem at the Mallik site using organic geo-
chemical methods.

The Mallik gas hydrate field has been the site of ongoing gas hydrate research for more than
thirty years. Gas hydrate was first identified in the 1970’s, through the interpretation of well
logs and drill-stems test results obtains during the course of exploratory drilling of the Impe-
rial Oil Ltd. Mallik L-38 discovery well. Studies in the 80s and the 90s expanded the known
distribution of natural gas hydrate occurrences to many other wells, both onshore in the
Mackenzie delta and offshore beneath the southern Beaufort Sea. In 1998, Canadian, Japa-
nese, and American researchers undertook a major scientific and engineering research pro-
gram at the Mallik L-38 research site. The JAPEX/JINOC/GSC Mallik 2L-38 research well
tested many engineering technologies and their application to gas hydrate research, collected
modern downhole geophysical data, and recovered the first subpermafrost gas hydrate sam-
ples. The Mallik 2002 Gas Hydrates Production Research Well Program continues the gas
hydrate research at this remote Arctic location. Fieldwork was undertaken during the winter
of 2001-2002. Major goals were to advance research pertaining to gas hydrate production and
to assess the environmental implications of terrestrial gas hydrate deposits, including geohaz-
ard and climate-change considerations. From the outset, a multidisciplinary approach was
taken in the program design. In situ geothermal and geomechanical measurements, borehole
and surface geophysical surveys, and a wide variety of laboratory studies on the recovered
core were designed to complete the production-test program and carefully quantify the in situ
reservoir properties. After the field program, numerical modelling studies were undertaken to
analyze the test data and predict possible reservoir response to long-term production and cli-
mate change. During the fieldwork and subsequent laboratory and modelling studies, nearly
300 scientist and engineers, Canadian, Japanese, Indian, Germans and American participated
in the Mallik program. Insights are also given on the implications of the obtained results for
the future production of natural gas from gas hydrates deposits and the assessment of the envi-
ronmental conditions of terrestrial gas hydrates (Dallimore & Collett, 2005).

In the Mallik 5L-38 well gas-hydrate layers were recognized in the depth interval from 889 to
1108 m (Figure 1.7) (Dallimore et al., 2005a; Uchida et al., 2005). The gas hydrates layers
occur mainly in sand and conglomerates and are absent in clay- and siltstones. The methane

hydrate saturation in the intergranular pores was high, however, there was no massive gas
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hydrate observed (Uchida et al., 2005). Structure I (Figure 1.4) was the only gas hydrate struc-
ture identifiable in the Mallik 5L-38 gas hydrate samples (Ripmeester et al., 2005).
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Figure 1.7: Depth profile of the methane content of the cored Mallik sediments representing gas hydrate

bearing layers (data from Dallimore et al., 2005).

The main goal of this thesis was to elucidate the occurrence and nature of deep microbial eco-
systems in the well and to investigate whether there is any interaction between the gas hy-
drates and a deep biosphere (formation or consumption of methane) as observed in surface
near marine gas hydrate formations and gas seeps. For a comprehensive characterisation of a
possible deep microbial community at the Mallik Site the starting point of this study was the
bulk and molecular characterisation of the organic matter incorporated into the sediments,
because this organic matter is considered to be an important source of carbon and energy for a
possibly existing microbial ecosystem in the deep subsurface. Therefore, the composition of

biomarkers occurring in a free (monomolecular) and bound (macromolecular) form in the
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sediments was investigated to identify their biological origin, the depositional environment
and the burial history. Thus, the geological development of the habitat for the possible exist-
ing deep microbial ecosystem was elucidated. To prove the occurrence of a “Deep Biosphere”
in the Mallik area selected biomarkers were used as special indicators for microbial biomass
such as hopanoids and phospholipids as so called “lifemarkers”. The determination of the
stable carbon isotopic signal of individual biomarkers, as molecular indicators for organisms
(e.g. hopenes) was conducted to elucidate if the methane included in the gas hydrates is used

as a carbon and therefore energy source for these microbial communities.

1.4 Characteristics of terrestrial organic matter

Information on the permanently alteration processes of the earth are enclosed in all types of
rock. Especially sedimentary rocks give information on the palaeoenvironmental conditions
concerning the sedimentary deposition, the palacovegetation and the palaeoclimate. The or-
ganic material embedded in the sediment contains different indicators which can be used for
the reconstruction of past geo-ecosystems. Thus, they contribute to the understanding of the
interaction of climate and geo-biological processes. The production as well as the conserva-
tion of the organic matter are determined by the environmental condition and its changes in
time. Organic-geochemical investigations assist to characterise the organic matter which dif-
fers in its amount, its origin and its composition. Sediments, enriched in organic carbon, act as
archives for palacoenvironmental conditions and are adducted for the reconstruction of pa-
lacoclimatic conditions.

Organic matter is composed of the complex macromolecular kerogen and the bitumen. Kero-
gen, which is insoluble in common organic solvents, comprises typically more than 90% of
the organic matter, and the bitumen or free lipid fraction, soluble in these solvents, represents
usually 1-10% of the organic matter (e.g. Rullkotter, 1992; Summons, 1993). The composi-
tion of the organic material is controlled by physical, chemical and biological processes, act-
ing from the time of sedimentation through to deep burial during subsidence. The non-soluble
organic matter, the kerogen, is distinguished in three types, lacustrine, marine, and terrestrial,
corresponding to different origin of the organic matter (Espitali¢ et al., 1977; Tissot & Welte,
1984). The type I kerogen originate from algae (lacustrine or marine), type II is characteristic
for marine organic matter mainly composed of phytoplankton and bacteria, with less terres-
trial input and type III is representative for terrestrial organic matter (Espitalié et al., 1977).
For the investigation of the soluble organic matter, the bitumen, biomolecules (biomarkers)

are used, which are also called “molecular fossils”. In the organic geochemistry, they act as a
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tool for the characterisation of the origin of the organic material incorporated into the sedi-
ments, the climatic and environmental conditions during the deposition and the diagenetic
transformation of the organic matter in the sediments since sedimentation (Peters & Mol-
dowan, 1993). In the current study biomarkers are used to characterise the organic matter and
with that to interpret the paleoenvironment and paleoclimate, and to examine the microbial
biomass signal in the deep subsurface at the Mallik site.

In terrestrial sediments higher land plants are the main contributors to the organic matter. In
soils almost the entire organic matter is biologically degraded. Therefore, in terrestrial settings
the conservation of higher amounts of organic material is restricted on swamps and peat bogs
(Killops & Killops, 1993). The peat formation on floodplains or deltaic environment is fa-
voured by a river hinterland of low relief and therefore low energy, which reduces the sedi-
mentary load of the river. The mire types vary according to the main plant genera assem-
blages such as reeds, woody species and moss plant likes Sphagnum (Diessel, 1992).

For the organic geochemical characterisation of terrestrial organic matter numerous specific
molecular markers could be used. The bulk material of higher land plants consists of cellulose
and lignin, only some parts, such as pollen, spores and leaves are enriched in lipids (Killops &
Killops, 1993; Tissot & Welte, 1984). Terrestrial organic material corresponds usually to
types III kerogen, which has a high oxygen and low hydrogen content, because of the high
proportion of polyaromatics and oxygenated functional groups and minor amount of aliphatic
chains in higher land plants (Espitali¢ et al., 1977; Tissot & Welte, 1984).

When investigating the bitumen fraction, the first indicator for higher land plant material is
certainly the n-alkane distribution with a preference of odd-numbered long-chain hydrocar-
bons in the range of n-C,; to n-Css (Eglinton & Hamilton, 1967). This odd-numbered
n-alkanes are either directly synthesised by plants or defunctionalization products of the early
diagenesis from even-numbered fatty acids or alcohols. Some plants show a very specific
n-alkane distribution like Sphagnum sp. with a characteristic n-alkane maximum at n-Cp;
(Corrigan et al., 1973; Nott et al., 2000).

In addition, many cyclic hydrocarbons are characteristic biomarkers for continental organic
matter. For example, di- and triterpenoids such as pimaranes, phyllocladanes or oleananes are
known biomarkers for terrestrial plant material (Peters & Moldowan, 1993). A more detailed
organic geochemical characterisation of the fossil higher land plant assemblages are espe-
cially provided by aromatic terpenoids, which are often used as chemotaxonomic markers

(e.g. Killops et al., 1995; Otto & Simoneit, 2001; Simoneit et al., 1986; Stout, 1992). The
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structural similarity of sedimentary biomarkers with biomass constituents of extant plants

allows inferences on the composition of ancient plant communities.

1.5 Sedimentary processes in a delta system
The conservation of the organic matter depends on the sedimentary conditions for instance a
fluvial deltaic setting for the Mallik site. A delta is formed where a jet of sediment-laden wa-
ter intrudes a body of standing water (Selley, 1992). Ancient delta systems host most of the
world’s coal reserves and a significant part of its oil and gas resources. Rapid sedimentation
of organic-rich sediments in a dominantly reducing environment is conducive to the genesis
of coals in peats and subsequently for the generation of oil and gas (Selley, 1992; Tissot &
Welte, 1984).
River deltas are characterise by a supply of mud, silt and sand and are classified into river-
dominated deltas, tide-wave deltas and wave-dominated (e.g. Reading & Collinson, 1996).
River-dominate deltas typically show bird-foot morphology. The river channels branched fin-
ger-shaped into the mouth and the river build out into the basin with its sedimentary loaded
distributary channels overprinting the marine influences like waves or tides. In contrast the
wave or tidal-dominated deltas are strongly influenced by marine influences. Waves-
dominated deltas build barrier beaches; tidal dominated delta linear sand bars (e.g. Reading &
Collinson, 1996).
One of the characteristics of ancient river deltas is a thick predominantly clastic succession
from offshore facies into onshore and finally fluvial facies. Additional characteristics are a
sediment body of restricted lateral extent since the delta forms a depocenter around the river
mouth, repetitive or cyclic successions due to repeated progradation and abandonment of the
entire delta or lobes within the delta (e.g. Reading & Collinson, 1996).
Deltaic successions comprise three principal facies associations: delta plain, delta front, and
prodelta (e.g. Reading & Collinson, 1996; Selley, 1992). Delta plains are widespread lowland
areas comprising active and abandoned distributary channels and their associated levees.
Bays, floodplains, lakes, tidal flats, marshes, and swamps are located between the river chan-
nels. These interdistributary areas of delta plain swamps support woody vegetation, which
passes seaward into marshes, supporting non-woody plants such as grasses, reeds and rushes.
Peat is formed in backswamps on flood plains and on flood basins between rivers channels
(e.g. Diessel, 1992; Stach et al., 1982). The peatlands are separated from the river channels by
levee banks. Upper delta plains are unaffected by marine processes and contain three coal

producing sub-environments: back-levee swamps, abandoned channels, and flood basin
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swamps. Here, swamps, marshes and lakes are widespread and channels may bifurcate down-
stream. Lower delta plains are affected by fluvial processes, but many are also penetrated by
saline water and tidal processes.

The delta front is the zone of the interaction between fluvial and basinal processes. Here, the
fluvial sedimentary input is especially affected by waves and tides. In river dominated delta
systems, where basinal processes are weak, coarser sediments are deposit as distributary
mouth bars. In tidal or wave dominated deltas beach ridges and tidal sandbars are formed.

The prodelta is the zone of quiet sedimentation disturbed only by gravity sliding and mass
flow deposition. Prodelta and/or shelf facies records the depth salinity, physical activity and
oxygenation of the basin and offshore area as well as the mode of sedimentation in the basin
(e.g. Reading & Collinson, 1996; Selley, 1992). It comprises quiet water laminated or biotur-
bated mudstones mass flow deposits including turbitides and many types of deformational

facies.

38



STUDY AREA

2 Study area

2.1 Geographical setting

The Mackenzie Delta (Figure 2.1) is located at the southern Beaufort Sea margin in northern
Canada (Northwest Territories). Geographically, it is framed by the Yukon coastal plain and
the Richardson Mountains in the west and the Anderson Plain and the Tuktoyaktuk Peninsula
in the east (Dixon et al., 1992b). One of the main characteristics in this area is the occurrence
of permafrost. In the Mackenzie delta permafrost extends down to about 600 m depth. The
extreme temperature conditions allow the appearance of gas hydrates, another special feature
of this region. In the Mackenzie delta area gas hydrates, whose formation depends on specific
low temperature and high pressure conditions (see chapter 1.3), occurs in layers between 810
to 1100 m depth (Dallimore & Collett, 1999).

Since the early seventies, many exploration wells were drilled in the Beaufort Sea and the
adjacent on- and offshore areas. In 1998 at the northeastern edge of the Mackenzie Delta on
the Richards Island, the Mallik 2L-38 Gas Hydrate Research Well was drilled at
69°27°40.71°N and 134°39°30.37°’W for scientific objectives such as the geological, geo-
physical, and geochemical properties of the artic gas hydrate occurrence (Dallimore et al.,
1999). About 100 m from the Mallik 2L-38 well of 1998, the Mallik SL-38 Gas Hydrate Pro-
duction Research Well was drilled from January to March 2002 at 69°27°39.5’N and
134°39°38.3”’W (Dallimore et al., 2005b).

2.2 Geological setting
The geological history of the Mackenzie Delta was subject to several studies during the last
decades (Dallimore & Collett, 1999; Dietrich et al., 1985; Dietrich et al., 1989; Dixon, 1986;
Dixon, 1996; Dixon et al., 1992a; Dixon & Dietrich, 1990; Dixon et al., 1992b; Norris, 1985a;
Willumsen & Cote, 1982; Young & McNeil, 1984; Young et al., 1976). Due to different
stratigraphic approaches, the use of lithostratigraphy in older studies and sequence stratigra-
phy in the recent ones, the stratigraphic classifications in this area are partly not unique.
Therefore, in the current study a simplified overview on the geological history of the

Mackenzie Delta is presented considering both stratigraphic approaches.
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Figure 2.1: Map of the Mackenzie Delta and the drilling location of the JAPEX/JNOC/GSC et al. Mallik
5L-38 Gas Hydrate Production Research Well (MR = Mackenzie River, YT = Yukon Territories, NWT =

Northwest Territories).

2.2.1 Tectonic structures at the Beaufort-Mackenzie Basin

The evolution of the Beaufort-Mackenzie basin is closely connected to the origin of the Can-

ada basin in the Arctic Ocean and the Laramide orogenese (Cordillera). During the rising of

the Cordilleran orogen vast amounts of sediments were supplied to the Beaufort-Mackenzie-

basins (Dixon et al., 1992b). As a result the Beaufort-Mackenzie basin is underlain by 12 to

16 km of post-Albian sediments, which have been extensively deformed in the southern Beau-
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fort Sea and the adjacent onshore area by folding and faulting processes during the Tertiary

(Lane & Dietrich, 1995).
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Figure 2.2: Main tectonic structures in the Beaufort-Mackenzie Delta area (CCU = Cache Creek Uplift,
ELFZ = Eskimo Lakes fault zone, OHL = Outer Hinge Line, TAFZ = Tarsiut-Amauligak fault zone, TH =
Tununuk High, TFZ = Taglu fault zone).

In the Beaufort foldbelt these deformation processes have provoked anticlines and thrust
faults. In the Mackenzie Delta area (Figure 2.2) the tectonic processes have produced two
extensional fault zones: the onshore Taglu fault zone (TFZ) and the offshore Tarsiut-
Amauligak fault zone (TAFZ). Tectonically, the Mackenzie Delta is framed by the TAFZ in
the northwest and the TFZ in the southeast. The northeast- to east-trending TAFZ is a zone of
normal faults and faulted anticlines, and causes locally complex structural pattern and its main
development occurred during the Miocene. The eastern end of the TAFZ merged with the
northeast-aligned Outer Hinge Line (OHL). The TFZ consists of northeast — and east-trending
normal faults which were mainly developed during the Eocene. During mid to late Tertiary
the deformation within the TFZ shifted from extensional to contractional (Lane & Dietrich,
1995). The TFZ runs parallel to the Eskimo Lakes fault zone (ELFZ), a zone of northwest
dipping listric normal faults in the western front of the Eskimo Lakes arch. The northern end
of the TFZ fused like the TAFZ with the OHL. Between the TFZ and the ELFZ, the Kugmal-
lit trough, a half-graben principally developed in Jurassic-early Cretaceous, is situated. This
depression influenced the Tertiary deposition through differential subsidence. Below the

Mackenzie Delta the northwest flank of the Kugmallit trough rises up and forms the Tununuk
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High (TH) (Dixon et al., 1992b). The Cache Creek Uplift (CCU) is the elongation of the TH
in southwest. The wide-ranging structural framework is build by the Romanzof uplift, the
Blow River high and the Blow through in the west to southwest and the Anderson basin in the

east.
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Figure 2.3: Upper cretaceous to Holocene sequence stratigraphy of the Beaufort-Mackenzie Delta area af-
ter Dixon et al. (1992a) and Medioli et al. (2005).
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2.2.2 Sedimentary development of the Mackenzie Delta
The sedimentary history from the Upper Cretaceous to Holocene in the Mackenzie delta is
characterized by 12 to 16 km of strata accumulated in a consecutiveness of northward pro-
grading sequences (Figure 2.3), mainly dominated by deltaic processes (Dixon et al., 1992b).
For the Paleocene to the Oligocene the dominance of wave-modified and river-dominated
deltas has been suggested (Dixon et al., 1992b). The position of the delta moved through time.
Analysing the paleo-drainage system of the Mackenzie River from the Eocene to the Pleisto-
cene, Lane and Dietrich (1995) supposed that the northern Cordillera act as the source for the
clastic Mackenzie-Beaufort Basin sediments and that the paleo-drainage of the Porcupine

River (Figure 2.4) was responsible for the depocenter near the present Mackenzie Delta.

\ Beaufort Ramp edge .~

Nt ——————

Mallik 5L-38

British
Mounlains

Figure 2.4: Course of the Porcupine River during the Early to Late Tertiary providing clastic sediments to
the Kugmallit delta after Lane and Dietrich (1995).

In the Mallik area eight sequences are defined since the late Maastrichtian — early Paleocene
(e.g. Dixon, 1986; Dixon et al., 1992b; Willumsen & Cote, 1982) reflecting the deltaic sedi-
mentary conditions. During the late Maastrichtian — early Palaeocene, the Fish River sequence
(Figure 2.5a) was deposited consisting of gravity flow deposits including conglomerates,
sandstones and shales. Subsequently, during the late Paleocene — middle Eocene, widespread
thick shale deposits were formed within the basin, reflecting a transgression throughout the
formation of the Reindeer Sequence. After the deposition of the Aklak sequence, the lower

part of the Reindeer formation (late Palacocene-early Eocene), the deltaic depocenter shifted
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from west to east, which may be related to the collision of the Cordilleran Laramide Orogen
into the south-western part of the basin during the Eocene (Dixon et al., 1992b). Additionally,
the Taglu fault zone (TFZ) was mainly developed during the deposition of the Taglu se-
quence, the upper part of the Reindeer formation, and the Richards sequence (Lane &
Dietrich, 1995).

The predominantly shale-dominated Richards Sequence (late Eocene, Figure 2.5b) represents
a continuation of the Reindeer Sequence. The contact between the Richards sequence and the
Kugmallit sequence (early - late Oligocene, Figure 2.5¢) is characterized by an unconformity
due to erosion. The Kugmallit sequence is overlain by the generally shale-dominated
Mackenzie Bay (late Oligocene - middle Miocene) and Akpak Sequence (late Miocene). In
contrast, the following Iperk Sequence (early Pliocene — early Pleistocene, Figure 2.5d) con-
sists of sandstones and conglomerates. And the subsequent Shallow Bay Sequence (Pleisto-

cene — Holocene) is mostly inseparable from the Iperk Sequence.

2.2.3 Geological characteristics of the Mallik site
The sedimentary succession of the Mallik 5L-38 Gas Hydrate Production Research Well
(Figure 2.6) comprises the Kugmallit, the Mackenzie Bay and the Iperk sequence. The Well
has penetrated both the permafrost (0-600 m depth) and the gas hydrates zone (896-1100 m
depth). From the sand-dominated Kugmallit (Oligocene) sequence only the upper part, the so-
called Arnak member (Young & McNeil, 1984), has been drilled (930-1165 m, late Oligo-
cene), whereas the lower Ivik member has not been penetrated by the Mallik well. The Arnak
member is composed of sand, silt, clay and some lignite layers, which were probably depos-
ited in interdistributary marshes and minor channels (Young et al., 1976). The Arnak member
is a typical example for a non-marine sedimentation in a delta-plain environment (Dixon,
1996; Young & McNeil, 1984). In contrast, the sedimentary composition of the Mackenzie
Bay sequence (350-930 m, late Oligocene — middle Miocene), consisting of sand and weakly
cemented sandstones with conglomerates and only minor shale interbeds (Dixon, 1996), re-
flects a sedimentation at the delta-front. The Akpak sequence (middle- upper Miocene), usu-
ally occurring in the Mackenzie delta, is absent in the Mallik area due to erosion (Dixon,
1996; Dixon et al., 1992b). The sedimentary peculiarity of the Iperk sequence (0-350 m, Plio-
to Pleistocene) is similar to that of the Kugmallit. It consists of unconsolidated sandstones
with local intermediary conglomerates, silt and shale layers, and represents delta-plain or even

fluvial sediments (Dixon, 1996; Dixon et al., 1992b).
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Figure 2.6: Stratigraphic column of the JAPEX/JINOC/GSC et al. Mallik 5L-38 Gas Hydrate production
Research Well. Core units after Medioli et al. (2005). Non-lignite samples are indicated with filled circles. Lig-
nites are indicated with diamonds; organic-carbon rich shale samples are indicated with open circles.
1 =ssilt/clay, 2 = sand, 3 = lignite layer, 4 = conglomerate.

The cored interval (885 -1150 m) of the Mallik well covers only the lower part of the
Mackenzie Bay and the upper part of the Kugmallit sequence. The core consists of six units
defined after their different litholgical composition (Medioli et al., 2005). The alternating suc-
cession of more sand dominated strata with parts dominated by organic-rich clays and lignites
is obvious and reflects the deposition in a meandering river system. In the following, these
units are described and are combined concerning their lithological properties: Unit 1 (885.63-
932.64 m), unit 3 (944.44-1004.65 m) and unit 5 (1087.56- 1142.70 m) are dominated by
sandstones, which are weakly laminated or massive with fining-upward cycles in unit 3. Addi-
tionally, pebble and silt interbeds occur and in unit 5 some isolated organic-rich layers and
amber-bearing horizons are present. Quartz, garnet and pyrite are the most common minerals
within these three units. Traces of bioturbation are visible only in unit 1.

Unit 2 (932.64- 944.44 m), unit 4 (1004.65-1087.56 m) and unit 6 (1142.70-1150.79 m, base

has not been penetrated) are dominated by weakly to well laminated organic-rich silts and
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claystones, with low rank coal or lignites layers, partly amber-bearing. The mineral composi-
tions consist of quartz and clay minerals such as chlorite, kaolinite, smectite and mica. The
transition from unit 1 to unit 2 (932.64 m depth) represents the boundary of the Mackenzie

Bay sequence and the Kugmallit sequence.

2.3 Paleoclimatic conditions during the Tertiary in the
Mackenzie Delta region
The global temperature during the Oligocene was cooler than in the previous Eocene period
as discussed by Zachos et al. (2001) based on a compilation of 8'*0 isotope data of Cenozoic
sediments. Only in the late Oligocene the temperature increased again. These results fit in
with the findings of Habicht (1979) who has reported relatively low temperatures in the
northern hemisphere during the Oligocene. Palynological data of Ridgway et al. (1995) from
the Yukon Territory in northwest Canada indicates a change from angiosperm dominated for-
est types to those dominated by gymnosperms. This points to a decrease of the relatively
warm temperatures during the Eocene to colder conditions during the Oligocene. Tertiary
sediment samples (Eocene-Oligocene) from the Rock River coal basin, also located in Yukon
Territory, were investigated regarding their palynological characteristics (Long & Sweet,
1994). Long and Sweet (1994) have revealed a dominance of Taxodiaceae-Cupressaceae pol-
len, indicating a temperate climate and wet-humid conditions. Norris (1982) has shown dif-
ferences in the distribution of spores between the Ivik member (lower part) and the Arnak
member (upper part) of the Kugmallit sequence for the Mackenzie Delta region (Imperial
Nuktak C-22 well). In the Eocene and early Oligocene thermophilic angiosperm taxa are
common, but they disappear in the lower half of the transition from the early to middle Oligo-
cene. Their absence indicates a cooler interval during the sedimentation of the Ivik member.
However, in the late Oligocene (Arnak member) they reappear. It was suggested that the in-
creased diversity of the angiosperm pollen in the Arnak member is due to an amelioration of

climate and the re-establishment of warmer temperatures (Norris, 1982).
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3 Methods

3.1 Sampling and sample labelling
Drilling with heavy drill equipment in the permafrost area of North Canada is only possible in
winter when the ground is frozen and the ice-covered rivers can be used as ice-roads to trans-
port the drill equipment to the drill site. Due to the restricted time window (December 2001 to
February 2002) and the fact that apart from the Research well (5L-38) two additional observa-
tion wells (3L-38 and 4L-38) were drilled during the Mallik project, only a sediment interval
from 880 to about 1160 m, containing the gas hydrate bearing layers, was cored from the Mal-
lik 5L-38 Research well. For the upper 880 m only drill cuttings were available. Thirty sedi-
ment samples (18 - 170 g) from different lithologies such as clays, siltstones, sandstones and
lignitic carbon-rich layers from above, within and below the gas hydrate zone were collected
predominantly from the Kugmallit Sequence (Figure 2.6). In Table 3.1 analytical results of
the pore water chemistry and the core temperature are compiled.
To avoid or at least to monitor potential microbial contamination of the core material from the
surface stringent microbiological sampling methods were used by the microbiologists at the
drill site for the non-lignitic samples. These methods minimized the contact of the sample
material with non-sterile, foreign materials and a fluorescent quality control tracer was used
during drilling to indicate the penetration depth of the drill fluids into the core material. These
tracers, having the size of half a microbe, are Teflon particles bearing a fluorescent group,
which enables their detection under a fluorescent microscope. A bag, filled with the tracer,
was attached to the top of the core liner and was ripped open immediately during the drilling
process when the core penetrates forward into the core liner. After retrieval of the core mate-
rial the exteriors of core samples were removed and discarded within an anaerobic glovebox
on site in order to avoid contaminated outer core sections.
As the coaly lignite layers within the gas hydrate zone may act as a carbon and energy source
for microbial communities, nine additional lignite samples were collected. All samples were
directly sealed in Teflon receptacles and immediately stored under liquid nitrogen (-196°C) in
a cryomoover (Linde Gas AG, Germany) to avoid any post-drilling degradation or post-
drilling growth of microbial contaminants or other contamination processes. Samples were
stored under these conditions until analysis.
The gathered samples have been labelled using the following nomenclature: The letter combi-
nation assigns a specific sampling method (“MB” (microbiology) = samples taken under spe-

cific contamination-controlled conditions, see above) or a lithological characterization (“CO”
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(coal) = lignite samples). The numbers provide the sample depth in centimetres. Three sam-
ples (CO104310, CO106094 and CO110550) were assigned as coals according to initial core
descriptions, however, their low organic carbon contents of 3.64, 4.71 and 9.44%, respec-
tively, revealed that these samples are organic-rich shales rather than lignites. In this thesis,

these samples are therefore assigned as organic carbon-rich shales.

Table 3.1:
JAPEX/JINOC/GSC et al. Mallik 51.-38 gas hydrate production research well. Data from Dallimore et al.

Core temperatures and analytical results for interstitial water samples from the

(20052)" and Tomaru et al. (2005).

Depth (m) Core temperature °C)! SO,” (mmol/L)? | CI' (mmol/L)* | 5'%0 (%o)* 3D (%o)”
890-900 0,2--2,2 1,3-2,9 105,3-416,9 -14,88 - -15,41 -97,7-114,2
900-910 0,6 --1,6 0,8-17,0 147,6-346,9 -13,10 - -14,50 -104,1 - -116,5
910-920 -2,3--6,3 0,7-14,9 56,4-333,3 -11,49 - -14,09 -89,6 - -111,5
920-930 -2,3--4,7 1,1-4,4 59,3-425,6 -11,62 - -12,64 -98,5 --109,00
930-940 -0,7 --4,5 2,3-6,0 248,6-411,6 -12,44 - -14,89 -102,9 - -120,2
940-950 -0,5--1,6 0,4-4,5 108,8-436,0 -12,44 - -14,42 -103,0 --117,3
950-960 2,8--39 0,5-5,2 54,9-454,7 -9,10 - -13,96 -81,6--112,5
960-970 1,4--39 1,6-4,5 156,7-471,6 -10,86 - -13,84 -91,6 --118,2
970-980 -0,3--2,5 0,6-3,9 161,3-359,9 -13,14 - -15,14 -100,9 - -113,8
980-990 -0,9 --2,1 1,5-7,9 83,5-461,5 -12,14 - -13,19 -101,3 - -107,4
990-1000 1,3--1,7 0,2-32,0 252,6-1053,9 | -10,97 - -11,67 -91,5 - -102
1000-1010 1,5--0,1 2,9-9,4 424,8-580,5 -13,22 - -14,89 -111,7--171,4
1010-1020 | 0,0--1,6 0,7-5,2 244,8-537,8 -11,17 - -13,80 -95,1 - -110,6
1020-1030 1,2--1,5 1,4-3,0 387,7-500,0 -11,84 - -12,56 -87,0 - -113,6
1030-1040 1,6-1,3 1,9-3,9 463,2-504,2 -12,06 - -12,42 -103,3 --112,1
1040-1050 | no data 0,7-2,7 456,6-550,5 -11,81 - -13,56 -101,0 - -103,2
1050-1060 | 0,8-0,5 0,2-5,0 480,0-642,9 -12,32 - -13,26 -98,9--1123
1060-1070 | 2,2--0,8 1,6-2,7 472,0-548,6 -10,83 - -12,57 -91,5--107,1
1070-1080 | 0,2--3,5 0,8-3,6 162,9-489,5 -9,44 - -12,22 -89,4 - -99,1
1080-1090 | -0,4--1,9 0,6-4,5 207,1-679,7 -10,04 - -12,33 -85,6 - - 100,7
1090-1100 1,3--1,7 0,6-2,2 65,3-508,1 -8,56 - -12,03 -78,3 - -85,2
1100-1110 | 0,7--3,9 1,4-7,5 157,6-538,7 -8,51--11,91 -80,2 - -100,9
1110-1120 | 0,3--0,8 7,5-14,2 400,1-629,1 -8,48 - -11,36 -91,0 --107,3
1120-1130 1,6 -0,0 6,6-15,0 469,4-573,3 -9,69 - -11,0 -86,8 - -101,2
1130-1140 | 0,5--0,8 6,2-13,9 449,0-489,1 -9,39--10,91 -86,2 - -104,6
1140-1150 | 2,7--0,1 6,6-11,4 449,1-537,4 -9,00 - -10,13 -80,1 - -93,8
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3.2 Analytical Methods (sample preparation and measurement)

The general workflow of the sample treatment is shown in Figure 3.1.

Organic petrology

Sample Microscopy
Grounding Freeze-drying
Rock-Eval-pyrolysis Grounding
|
open-System- 813C,g-Analysis
pyrolysis-GC
Biomarker Phospholipid
extraction extraction
GC-MS, GC-IR-MS LC-MS

Figure 3.1: General schematic workflow of conducted analysis.

3.2.1 Freeze drying and grounding
Preceding the analyses, the frozen samples have been freeze-dried for 24 to 48 hours accord-
ing to their water content using a lyophilisation instrument (Piatkowski-Forschungsgerite,
Germany). After freeze-drying, the samples have been grounded to fine powder with a disc
mill “Fritsch pulverisette 9” for 30 seconds using a tempered steel grinding set. Alternately,
an adequate amount of high-purity silica sand has been grounded for cleaning the grinding set

between every new sample.

3.2.2 Rock-Eval-Pyrolysis

The analyses were performed using a Rock-Eval Instrument 6 at Aptec (Norway). The applied
procedure is based on the methods established by Espitalié et al. (1977). An external standard
(Jet Rock) was used for calibration. Whole rock samples were heated at 300°C for 3 min, and
the released thermally distilled products were quantified by flame ionisation detector (FID) as
the S1 peak (volatile hydrocarbons). In the following step, the temperature was raised from
300°C to 550°C with a heating rate of 25°C/per min. Generated products resulting from the
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thermal breakdown of the kerogen were quantified as the S2 peak. The temperature at which
the maximum amount of hydrocarbons is liberated from the kerogen is called Tmax. A third
peak (S3) represents the amount of generated carbon dioxide up to a temperature of 390°C.
CO, was collected in a molecular sieve trap during pyrolysis, then released by ballistic heat-
ing and analysed by thermal conductivity detection (TCD). The Hydrogen Index (HI), which
is the S2 signal normalised to total organic carbon (TOC) (mg HC/g TOC), corresponds to the
pyrolytically released hydrocarbons (HC), and is controlled essentially by the availability of
organic hydrogen in the sample. The Oxygen Index (OI) corresponds to the quantity of carbon
dioxide (CO;; S3 signal) normalised to TOC (mg CO,/g TOC).

3.2.3 813Corg—analysis of the bulk organic matter
Carbon isotopic compositions of total organic matter were measured after dissolution of car-
bonates with HCI (10%; at 50°C for 1.5 h), subsequent washing with distilled water and cen-
trifugation for three times. Afterwards the residues were dried at 50°C for 12 hours. For the
8" Crg-analysis sample material of about 0.2 to 20 mg, depending on the TOC-value, was
placed into small tin cups and combusted at 1000°C in a CN-2500 elemental analyser, oxidiz-
ing the organic carbon to carbon dioxide. Prior to the isotopic analyses performed in continu-
ous flow mode on a DELTAplus XL Finnigan mass spectrometer nitrogen oxides were re-
duced and the water was removed from the combustion gases with a water trap. Isotopic ratios
are expressed as 5 Corg values in per mil relative to the Vienna-Pee Dee Belemnite (V-PDB)

standard according to equation 1.

13 12
c/*C R
Equation 1: 8,7 C[%]= (13 = Jsumge -1000=[ﬂ—1)1000
( C/ C) Standard Standard

3.2.4 Open System-pyrolysis
Sample aliquots (3 mg to 17 mg) of lignites were analysed by open-system pyrolysis using a
Quantum MSSV-2 Thermal Analyzer (cf. Horsfield et al., 1989) interfaced with an Agilent
gas chromatograph (GC) 6890A. For analyses, the samples were placed into the central part
of a glass tube (26 mm long; inner sleeve diameter 3 mm). The remaining volume was filled
with quartz wool cleaned at 630°C in air for 30 min. After flushing with helium at 300°C
(5 min) to remove the volatile material, the samples were pyrolysed using a temperature pro-
gram from 300°C (50°C/min) to 600°C (3 min, isothermal). The products were first cryogeni-
cally trapped (liquid nitrogen trap), then analyzed by on-line gas chromatography. A fused
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silica capillary column (HP-Ultra 1; 50 m length, inner diameter = 0.32 mm, film thickness =
0.52 um) connected to a flame ionisation detector (FID) was used with helium as carrier gas.
The temperature of the GC oven was programmed from 30°C to 320°C at a rate of 5°C/min,

followed by an isothermal phase of 35 min.

3.2.5 Organic petrology
For microscopic studies seven lignite samples and two clay samples with high TOC content
were embedded in epoxy resin. The resultant blocks, orientated vertical to the bedding, were
ground flat and polished. Qualitative observations were performed in reflected white and fluo-
rescence light (excitation at 365 nm) using a Zeiss Axiophot microscope and oil immersion
objectives with 20x and 50x magnifying power. Subsequently, the samples were analysed
quantitatively with a point counter, whereas macerals were examined in both reflected white
and fluorescence light. Three maceral groups (ten individual macerals) were counted: (1)
huminites (ulminite, textinite, and humodetrinite), (2) liptinites (sporinite, fluorinite, cutinite,
resinite, and liptodetrinite), and (3) inertinites (inertinite and fusinite). All results are reported
in volume percent (vol.-%), on a mineral free basis (without including minerals into the calcu-
lation of percentage). Minerals were counted as a separate category in white light mode. A
minimum of 200 macerals were measured for each sample. Microscopic investigations have

been carried out according to the maceral definitions given by Taylor et al. (1998).
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3.2.6 Lipid analysis

The workflow of the lipid analysis is shown in Figure 3.2.

Sample
freeze-dried
ground

Extraction
Ultrasonic
CH,CI, (1%CH;OH)
|

Asphaltene precipitation

n-hexane
Separation
MPLC
Saturates Aromatics NSO-
Compounds
Separation
KOH-Column-Chromatography
| I |
Alcohols Fatty acids
Derivatisation
MSTFA, methylation
\ 4
GC-IR-MS GC-MS

Figure 3.2: Schematic workflow of lipid analysis.

Sample extraction

Freeze-dried and grinded sample aliquots of about 2 g of the lignites and about 10 g to 20 g of

the clay and sand samples were extracted ultrasonically using a mixture of dichloromethane
(CH,Cl,) and methanol (CH30H) (99/1, v/v). For the extraction, between 50 and 80 ml of the

solvent mixture were added to the sample aliquots. The samples were extracted ultrasonically
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(Bandelin Sonorex) for 15 min. After removing of the supernatant the procedure was repeated
twice. Subsequently, the volume of the resulting extract was concentrated using a Zymark

TurboVap 500 concentrator and finally evaporated to dryness under a nitrogen gas stream.

Asphaltene precipitation and addition of internal standards

The obtained extract was dissolved in 250 ul CH,Cl, and internal standards (Sa-androstane,
ethylpyrene, Sa-androstan-17-one, eruic acid) were added: 100 pl for the lignite samples and
80 ul of the internal standards (100 pg/ml) for the clay and sand samples. Hence, each sample
contained 10 pg or 8 pg of each standard, respectively. Afterwards a 40-fold excess of n-
hexane was added (10 ml) to precipitate the n-hexane unsoluble asphaltenes from the extract.
This step was necessary for the subsequent medium pressure liquid chromatography (MPLC),
where n-hexane is used as the only eluent. The precipitated asphaltenes were removed from
the soluble fraction (soluble bitumen) by filtration over sodium sulphate (Na;SO4). The n-
hexane soluble bitumen was concentrated and evaporated to dryness. The asphaltenes were

collected by washing the Na,SOy filter with CH3;OH.

Medium pressure liquid chromatography (MPLC) separation

The complex n-hexane-soluble fraction was separated by medium-pressure liquid chromatog-
raphy (MPLC), into three fractions: aliphatic/alicyclic hydrocarbons, aromatic hydrocarbons
and hetero-compounds (NSO; nitrogen, sulphur and oxygen) fraction. This semi automatic
separation procedure of complex hydrocarbon mixtures has been established by Radke et al.
(1980) based on polarity differences of the soluble organic matter. Each extract was dissolved
in 1 ml of n-hexane. 800 ul of each extract were injected for the separation into a sample loop.
The residual 200 pl were withheld as a retain sample. In the initial stage of the MPLC-
separation the sample extract is flushed with n-hexane through a pre-column, filled with 90%
of silica gel 100 (63-200um) and 10% of silica gel 10 (200-500um), retaining the hetero-
compounds. The mobile compounds are eluted to the main chromatographic column. While
the aromatic hydrocarbons are retained at the top of the main column, the aliphatic hydrocar-
bons are flushed through the column to form the aliphatic/alicyclic hydrocarbon fraction. In
order to receive the aromatic hydrocarbon fraction, in a second step the aromatic hydrocar-
bons are eluted by a reversed flow with an increased flow rate and a longer elution time from
the main column. The hetero-compound fraction is eluted separately from the pre-column
using a special apparatus and a solvent mixture of CH,Cl, and CH3OH (95:5). All fractions

were concentrated and evaporated to dryness.
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Chromatographic separation of the free fatty acid fraction

Carboxylic acids were separated from the hetero-compound fraction using a column filled
with KOH-impregnated silica gel prepared by adding 0.5 g KOH in 10 ml isopropanol to 5 g
silica gel 100 (63-200 um). The hetero-compound fractions were dissolved in 1 ml of a mix-
ture of CH,Cl, and CH3OH (99/1, v/v). 800 ul were placed on the KOH column. The residual
200 ul were withheld as a retain sample. The free fatty acids are immobilized on the KOH-
impregnated column by transformation into their potassium salts. The non-acidic compounds
(neutral polar fraction) were eluted with 200 ml CH,Cl,. Subsequently, the precipitated potas-
sium salts are converted back to free fatty acids using 50 ml of a formic acid (2 %, v/v)
CH,Cl, mixture. Subsequently, the fatty acids are obtained with 150 ml CH,Cl,. Both frac-

tions were concentrated and evaporated to dryness.

Derivatisation of the sample material prior to GC analysis

In order to increase the compound mobility on the GC-column fatty acids and other com-
pounds in the neutral polar fraction (e.g. alcohols) have to be converted into less polar com-
pounds prior to GC analysis.

Half of the fatty acid fraction was converted into their corresponding methyl esters using dia-
zomethane as methylation reagent. The other half was withheld as a retain sample. The dia-
zomethane reagent was freshly produced from Diazald® (N-Methyl-N-nitroso-4-
toluolsulfonacidamide (CH3;C¢H4SO,N(CH3)NO), Aldrich) in a so-called Diazald®-apparatus
from Aldrich. Therefore 1 g Diazald® were dissolved in 9 ml ether and subsequently added to
ethanolic potassium hydroxide (1 g KOH (provided in 1.6 ml HyOgest) dissolved in 2 ml etha-
nol). After distillation the obtained diazomethane ether reagent contains approximately 140
mg diazomethane. 500 pl of the diazomethane reagent were added to the fatty acid extract
dissolved in CH,Cl,. The sample vials were kept closed for 1hour before the ether was evapo-
rated at room temperature.

The neutral polar fraction compounds bearing a hydroxy group were converted into their cor-
responding trimethylsilyl ethers using trimethylsilyltrifluoroacetamide (MSTFA). For this
purpose, the samples were dissolved in 60 pl (lignites) or 40 pl (sands and clays) of CH,Cl,
and half of the extract was derivatized with methyl-N-trimethylsilyltrifluoracetamide (F;C-
CO-N(CHs)-Si(CHj3)3, MSTFA) by heating the mixture in a closed vial at 70°C for lhour. The
other half was withheld as a retain sample. Additionally, the same procedures were carried out
for the fatty acids fractions, to ensure, that in case of an incomplete chromatographic separa-

tion on the KOH-column, non-fatty acid hetero-compounds are detected.
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Gas chromatography-mass spectrometry (GC-MS)
Prior to the GC-MS analysis, behenic acid methyl ester (BAME, 100ug/ml) was added as

injection standard to the aliphatic hydrocarbon (lignite samples: 4 ng BAME, other samples:
3.2 ng BAME), aromatic hydrocarbon (lignite samples: 4 pg BAME, other samples: 3.2 ug
BAME) and neutral polar fractions (lignite samples: 1.6 pg BAME, other samples: 1.28 pg
BAME). Squalene was added to the fatty acid fraction (lignite samples: 1.6 pug squalene, other
samples: 1.28 pug squalene). The amount of injection standards correspond to the theoretical
amounts of the internal standards in each sample after dividing of the samples (retain sam-
ples) and conducted to control the quality of sample preparation by comparing the peak area
of the injection standard with that of the internal standard.

The samples were analyzed using a gas chromatographic system coupled with a mass spec-
trometer. Compound separation was performed on a Agilent 6890 Series GC-instrument
equipped with a PTV injection system and a fused silica capillary column (SGE BPXS5; 50 m
length, inner diameter = 0.22 mm, film thickness = 0.25 pum). Helium was used as carrier gas,
and the temperature of the GC oven was programmed from 50°C (1 min) to 310°C at a rate of
3°C/min, followed by an isothermal phase of 10 min. The injector temperature was pro-
grammed from 52°C to 300°C at a rate of 12°C/s. For compound identification, the gas chro-
matographic system was linked to a Finnigan MAT 95 XL mass spectrometer operating in the
electron impact mode (70 eV). Full scan mass spectra were recorded from m/z 50 to 650 at a
scan rate of 1 s per decade and an inter scan delay of 0.2 s, resulting in a scan cycle time of

1.3s.

Qualitative and quantitative analysis of the analytical results

The fractions were analysed with regard to their molecular composition. In this study,
n-alkanes, n-alcohols, n-fatty acids, sesqui-, di-, and triterpenoic hydrocarbons were identified
and quantified. The identification of compounds of known homologous series (n-alkanes, n-
alcohols, n-fatty acids) was carried out by comparing the retention time for these compounds
with those of standard mixtures. Other compounds were identified by comparison of their
mass spectra with known spectra from literature.

Compound quantification was performed by evaluating the compound peak area of the GC-
MS-analysis relative to the peak area of the internal standards. The measured peak areas of
the internal standards were assigned to their initial amount (8 pug or 10 pg). Thus, the sample

partitions must not be taken into account for the compound quantification. Finally, the
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amounts were normalized to the quantity of sediment used for extraction (gSed) or to the con-

tent of organic carbon (gTOC) in the sample.

3.2.7 Compound specific carbon isotope analysis (GC-IR-MS)
The carbon isotope composition of the aliphatic fractions was measured with a GC-IR-MS
(gas chromatography/combustion/isotope-ratio mass spectrometry) system. Aliquots (3 pl) of
the extracts were injected into the GC (Agilent 6890 N, Agilent Technology, USA) in split
mode and separated on a fused silica capillary column (HP Ultra 1; 50 m x 0.32 mm x 0.52
um film thickness, Agilent Technologies, USA). Helium, set to a flow rate of 1.5 ml min”,
was used as carrier gas. The injector temperature was held constant at 250°C. The oven tem-
perature was initially set to 80°C and held for 1 min. The temperature was then increased at a
rate of 3°C min™ to 310°C and held for 20 min. The GC unit was connected to a combustion
interface (GC-III, Thermo Electron, Germany) with a water removal assembly (Nafion®
membrane) coupled to a Finnigan MAT 253 mass spectrometer (Thermo Electron, Germany).
Organic substances in the GC effluent stream were oxidised to CO; and H,O in the combus-
tion furnace held at 940°C on a CuO/Ni/Pt catalyst and were transferred online via open split
to the isotope ratio mass spectrometer to determine *C/'*C ratios of CO,. The instrument was
calibrated using a reference gas (CO;) with known isotopic composition. Additionally, a mix-
ture of three alkanes (C;s, Cy9 and C,s) with known isotopic composition (Chiron, Norway)

was measured after every fifth run to check the system performance.

3.2.8 Phospholipid analysis
The analytical workflow of the phospholipid analysis is shown in Figure 3.3.

Sample extraction

For the analysis of phospholipids a special method was developed modified after Bligh and
Dyer (1959). After sediment samples had been freeze-dried and grinded, sample aliquots of
36 to 75 g (depending on available sample quantity) were extracted using a flow blending
system. Prior to the extraction, 100 ul of deuterated lysophosphatidylcholine (500 pug/ml) as
internal standard were added. Afterwards, the sample material was stirred at a rotation speed
of 16000 min"' using about 100 to 200ml of a solvent mixture of metha-
nol/dichloromethane/ammonium acetate buffer (pH 7.6) in a ratio of 2:1:0.8 (v/v) for 5 min.
The solvent extract was separated from the residual sediment by centrifugation (3500 rpm) for

10 min at a temperature of 15°C. After removal of the supernatant the sediment residue was
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re-extracted ultrasonically for 10 min two additional times using 25 ml of the same solvent
mixture. The combined solvent extracts were collected in a separation funnel and dichloro-
methane and water were added to achieve a ratio of 1:1:0.9 (v/v). After phase separation, the
organic phase was recovered and the water phase was re-extracted two times with 20 ml di-

chloromethane. The combined organic phases were concentrated and evaporated to dryness.

Chromatographic separation

Subsequently, the extract (dissolved in 1 ml chloroform/methanol, 9:1 (v/v)) was separated
into fractions of different polarity (low polar lipids, free fatty acids, glycolipids and phosphol-
ipids) using a pure silica column (1 g silica gel 63-200 um) and a florisil column (1 g magne-
sium silica gel 150-250 um) in sequence(Zink & Mangelsdorf, 2004). The low-polarity lipid
fraction was obtained by elution with 20 ml of chloroform, the free fatty acids fraction with
50 ml of methyl formate containing 0.025% glacial acetic acid, the glycolipid fraction with
25 ml of acetone and the phospholipid fraction with 25 ml of methanol. All fractions were

concentrated and evaporated to dryness.

HPLC-ESI-MS measurement

Preceding the measurements, the samples were dissolved in 1 ml of CH30H and divided in
half. The methanol fractions were analysed for intact phospholipids on an HPLC instrument
(Shimadzu SCL-10a VP) coupled to a Finnigan MAT TSQ 7000 mass spectrometer equipped
with an electrospray interface. Separation of phospholipid classes was achieved with nor-
mal-phase HPLC on a pure silica gel column 125 x 2 mm (Hypersil Si-3um). The HPLC was
equipped with a 5 ul sample loop, the flow rate was set to 150 pl/min with a gradient solvent
system of chloroform (A), methanol (B), and ammonium acetate buffer (10 mM; C) modified
after Aries et al. (2001). The initial mobile phase composition was 30% A, 65% B, 5% C; B
was decreased to 55%, and C increased to 15% after 3 min; after 8 min the mobile phase was
reset to initial conditions and was held isocratically for 7 min, resulting in a total time of
analysis per sample of 15 min. Full scan mass spectra were recorded in the negative ion mode
over a m/z range of 400 to 1800 at a scan rate of 1 scan every 2 s.

Each sample was measured several times and additionally, a mixture of four different phos-
pholipid standards (phosphatidylglycerol, -ethanolamine, and -choline and the internal stan-
dard (lysophosphatidylcholine)) was measured prior to each sample set measured on the same

day to check the performance of the system.
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For each Mallik sample investigated the same methods were simultaneously applied to refer-
ence samples (quartz sand) using the same solvents and chemicals to check for any microbial
contamination during the laboratory processes. All reference samples were tested negative

with regard to a microbial phospholipid signal.

Sample
freeze-dried
ground

Extraction
Flow Blending
CH;OH:CH,CI,:Buffer (2:1:0.8)

Centrifugation

Separation of organic phase
CH3;0OH/CH,CI,/H,0
1 1 . 0.9

\

Column-chromatographic separation
2 columns (Silica, Florisil) in sequence

Triglycerides, nonpolar Lipids Free Fatty Acids || Glycolipids Phospholipids

A

HPLC-ESI-MS

Figure 3.3: Schematic workflow of the phospholipid analysis.

MS-MS experiments

For detailed structural elucidation of individual phospholipids (phospholipid head group, fatty
acyl side-chains) collisionally activated dissociation (CAD) tandem quadrupole MS experi-
ments were performed (argon as collision gas, collision energy 30 eV) over a m/z range of 100

to 800 at a scan rate of 1 scan/s.
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3.2.9 Glycerol etherlipid analysis
For the detection of tetraether lipids the acetone fractions (clay and sand samples) and the
neutral polar fractions (lignites) were analysed using an high-performance liquid chromatog-
raphy/atmospheric pressure chemical ionisation mass spectrometry (HPLC/APCI-MS)
method modified after Hopmans et al. (2004). Chromatographic separation was achieved on a
Sphere Image 3 CN column (150 x 2 mm, 3 um; CS-Chromatography, Diiren, Germany). The
mobile phase consists of n-hexane A and isopropanol B (5 min 99% A, 1% B), followed by a
linear gradient to 1.4% B within 22.5 min, then within 1 min to 10% B, holding 5 min to
clean the column and back to initial conditions in 1 min, held for 6 min for equilibration. The
flow rate was set to 200ul/min and injection was performed via autosampler with a Sul loop.
The conditions for the APCI-MS were as follows: corona current 5 pA giving a voltage of
around 4 kV; vaporiser temperature 350°C; capillary temperature 200 °C and voltage 7.5V;
nitrogen sheath gas at 60 psi (4 bar); without auxiliary gas. Mass spectra were generated by
selected (single) ion monitoring (SIM), in the positive ion mode resulting in protonated
[M+H]", [M+H]™+1, and [M+H]"+2 molecular ions, the multiplier voltage was 1500 V, and
the scan rate was 2s. For full scan analysis m/z range from 900 to 1400 was used. For semi-
quantitative determination of tetraecther compounds an external synthetic archaeol standard
(AvantiPolarLipids Inc., Al, USA) was used. Linearity and reproducibility was tested on 3

concentrations (0.1, 1, 10 pg/ml) analysed in triplicates and parallel to the sample sequence.

61



62



CHARACTERISATION OF THE ORGANIC MATTER IN LIGNITES

4 Characterisation of the organic matter in lignite
layers of the Kugmallit Formation (Oligocene) at
the JAPEX/JNOC/GSC et al. Mallik 5L-38 gas hy-

drate production research well*

*R.M. Haberer, K. Mangelsdorf, V. Dieckmann, A. Fuhrmann, H. Wilkes, B. Horsfield (2005). In: S.R. Dalli-
more, T.S. Collett (Eds.), Scientific results from Mallik 2005 Gas Hydrate production Research Well Program,
Mackenzie Delta, Northwest Territories, Canada, Bulletin 585. Geological Survey of Canada
4.1 Introduction

Organic matter derived from biological precursors is an ubiquitous constituent of sedimentary
rocks. Its concentration and composition are known to be controlled by a variety of physical,
chemical and biological factors, acting from the time of sedimentation through to deep burial
during subsidence. The organic matter, incorporated in the sediments, is composed of two
main fractions: the complex macromolecular kerogen, which is insoluble in common organic
solvents and typically more than 90% of the organic matter, and the free lipid fraction, or bi-
tumen, soluble in these solvents and typically 1-10% of the organic matter (e.g. Rullkétter,
1992; Summons, 1993). Kerogen is divided into three main types according to its hydrogen
content (Type I-III kerogen). Additionally kerogen characterisation gives information on the
hydrocarbon potential, and the thermal maturity of the organic material (e.g. Tissot & Welte,
1984). Contrary to the macromolecular kerogen, the in n-hexane soluble bitumen consists of
lower molecular weight organic compounds. Certain of its constituents, the so-called bio-
markers, can be traced to their precursor biomolecules and with that permit conclusions on the
origin of the organic material, the degree of diagenetic alteration and also the level of maturity
of the organic matter (e.g. Rullkétter, 1992; Summons, 1993).

In this study, we present our preliminary results on the investigation and characterisation of
nine organic carbon-rich sediment samples from the Kugmallit Sequence of the
JAPEX/INOC/GSC et al. Mallik 5L-38 gas hydrate production research well using different
analytical approaches to examine both the kerogen and the bitumen. This organic geochemical
characterisation of subsurface sediments at the Mallik site is the starting point for the authors
examination of the nature and the depth range of deep microbial ecosystems using biogeo-
chemical methods (Mangelsdorf et al., 2005a). In this regard, it has been hypothesised that
organic carbon-rich lithologies may provide a potential carbon and energy source for deep
microbial communities (Krumholz et al., 1997), and the lignite layers of the Kugmallit Se-
quence (Oligocene) may represent such a carbon and energy source for the deep microbial

ecosystems, already detected near the Mallik site (Colwell et al., 1999). Our additional inves-
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tigations on specific biomarkers, characteristic of viable microbial communities are outlined

in a companion paper (Mangelsdorf et al., 2005a).

4.2 Study area
The Mallik 5L-38 Gas Hydrates Research Well (Figure 4.1) is located at the northern edge of
the Mackenzie River Delta (Northwest Territories, Canada). A succession of about 1165 m of
Cenozoic sediments has been penetrated (Figure 4.2). The special feature of the Mallik site is
a massive permafrost zone from 0-650 m and a zone of numerous gas hydrate bearing layers

between 896 m and 1100 m (Dallimore & Collett, 2005).

137° 132°

70°
0 km 25

-~
o Sea <

Bay

%)
'8
-
=
= g Aklavik
|z n
68° 68°
137° 132°

Figure 4.1: Map of the Mackenzie River Delta (Northwest Territories, Canada) and the drilling location of
the Mallik 5L-38 Gas Hydrate Production Research Well.

The succession of sediments in the Mallik area reflects a sedimentation dominated by deltaic-
processes (Dixon, 1996; Dixon et al., 1992a). The Kugmallit Sequence (930-1165 m, Oligo-
cene) is sand-dominated with interbedded silts, clays and some lignite layers. In the Mallik
area, the Kugmallit Sequence represents typically delta-plain deposits (Dixon, 1996). The
clays and lignite layers were probably deposited in interdistributary marshes and minor chan-
nels (Young et al., 1976). The Mackenzie Bay Sequence (350-930 m, Late Oligocene - Mid-
dle Miocene) consists of sand and weakly cemented sandstones with conglomerates. There
are only minor silt or shale interbeds. The Mackenzie Bay Sequence is, contrary to the delta-
plain deposits of the Kugmallit Sequence, related to sedimentation processes at the delta-front
zone (Dixon, 1996). The Akpak Sequence (Middle — Upper Miocene) is absent in the sedi-

mentological succession of the Mallik Well due to erosion (Dixon, 1996; Dixon et al., 1992b).
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The Iperk Sequence (0-350 m, Plio- to Pleistocene) is composed of unconsolidated sandstones
with local intermediary conglomerates, silt and shale layers. Similar to the Kugmallit Se-
quence, the Iperk Sequence represents delta-plain or even fluvial sediments (Dixon, 1996;

Dixon et al., 1992b).

4.3 Samples and methods

4.3.1 Sampling
The drilling strategy during the Mallik project restricted the coring interval from 880 to about
1160 m (Dallimore et al., 1999; Medioli et al., 2005). Thirty sediment samples (18 - 170 g)
from different lithologies such as clays, siltstones, sandstones and lignite carbon-rich layers
from above, within and below the gas hydrate zone were collected predominantly from the
Kugmallit Sequence (Table 4.1, Figure 4.2). All samples labelled with MB (table 4.1) were
gathered, transported and stored, employing specific precautions with a view to avoid any
microbial contamination from surface microorganisms (see chapter 3.1 and Mangelsdorf et al.
(Mangelsdorf et al., 2005a)). As the coaly lignite layers within the gas hydrate zone may act
as a carbon and energy source for microbial communities, we collected nine additional sam-
ples (Figure 4.2). The samples were directly sealed in Teflon® receptacles and immediately
stored under liquid nitrogen (-196°C) to avoid any degradation or contamination processes. In
this study, we present our preliminary results on these nine organic carbon-rich sediments;

bulk parameters are reported for all samples taken.
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Figure 4.2: Stratigraphic column of the Mallik 5L-38 Gas Hydrate Research Well. The positions of our se-
lected sediment samples are displayed relative to the different lithologies and their total organic carbon (TOC)
content. Non-lignite samples are indicated with black dots. Lignites are indicated with diamonds; organic-carbon
rich shale samples are indicated with circles. 1 = silt/clay, 2 = sand, 3 = lignite layer, 4 = conglomerate.

4.3.2 Methods

Bulk parameters

After the sediment samples had been freeze-dried and ground, the TOC and CaCOs (calcu-
lated from TIC-values) contents and also the Rock-Eval parameters (hydrogen index (HI) and
oxygen index (OI), Tnax values) (Espitalié et al., 1977) were determined using a Rock-Eval 6
instrument (Table 4.1).

Carbon isotopic composition of the organic matter

Carbon isotopic compositions of total organic matter were measured after dissolution of car-

bonates with HCI1 (10%; at 50°C for 1.5 h), subsequently washing with distilled water three
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times and drying the residues at 50°C for 12 hours. The isotopic analyses have been per-
formed in continuous flow mode on a DELTAplus XL mass spectrometer in combination
with a CA-1500 elemental analyser. Isotopic ratios are expressed as &' Corg values in per mil

relative to the V-PDB standard.

Microscopy

For microscopic studies the lignite samples were embedded in epoxy resin. The resultant
blocks, orientated vertical to the bedding, were ground flat and polished. Qualitative observa-
tions were performed in reflected white and fluorescence light (excitation at 365 nm) using a
Zeiss Axiophot microscope and oil immersion objectives with 20x and 50x magnifying
power. Qualitative microscopic investigations have been carried out according to the maceral

definitions given by Taylor et al. (1998).

Pyrolysis gas chromatography

Sample aliquots (3 mg to 17 mg) of lignites were analysed by open-system pyrolysis using a
Quantum MSSV-2 Thermal Analyzer (cf. Horsfield et al., 1989) interfaced with an Agilent
GC 6890A. For this purpose the samples were placed into the central part of a glass tube
(26 mm long; inner sleeve diameter 3 mm). The remaining volume was filled with quartz
wool cleaned at 630°C in air for 30 min. After flushing at 300°C (5 min) to remove the vola-
tile material, the samples were pyrolysed using a temperature program from 300°C
(50°C/min) to 600°C (3 min, isothermal). The products were first cryogenically trapped (lig-
uid nitrogen trap), then analyzed by on-line gas chromatography. A dimethylpolysiloxane
capillary column (HP-Ultra 1; 50 m length, inner diameter = 0.32 mm, film thickness =
0.52 pm) connected to a flame ionisation detector (FID) was used with helium as carrier gas.
The temperature of the GC oven was programmed from 30°C to 320°C at a rate of 5°C/min,

followed by an isothermal phase of 35 min.

Lipid analysis

For lipid analysis, sample aliquots of about 2 g of the lignites were extracted ultrasonically
using a mixture of CH,Cl, and methanol (99/1, v/v). Subsequently, the volume of the result-
ing extract was concentrated using a Zymark TurboVap 500 concentrator and finally evapo-
rated to dryness under a nitrogen gas stream. After addition of internal standards (androstane,
ethylpyrene, Sa-androstan-17-one, eruic acid), the extract was dissolved in n-hexane to pre-
cipitate asphaltenes, which were removed from the soluble fraction by filtration over Na,SO,.

The n-hexane-soluble fraction was separated by medium-pressure liquid chromatography
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(Radke et al., 1980) into fractions of aliphatic/alicyclic hydrocarbons (hereafter simply called
aliphatic hydrocarbons), aromatic hydrocarbons and nitrogen, sulphur and oxygen (NSO)
compounds. Carboxylic acids were separated from the NSO compound fraction using a col-
umn filled with KOH-impregnated silica gel prepared by adding 0.5 g KOH in 10 ml isopro-
panol to 5 g silica gel 100 (63-200 pm). The non-acidic compounds (neutral fraction) were
eluted with CH,Cl,. Following this the acidic fraction was eluted with 50 ml of a formic acid
solution (2% in CH,Cl,) and subsequently 100 ml CH,Cl,. Prior to GC analysis the acid frac-
tion was methylated with diazomethane and the neutral fraction was silylated with trimethyl-
silyltrifluoroacetamide (MSTFA). Additionally, behenic acid methyl ester (BAME) was
added as injection standard to the aliphatic hydrocarbon, aromatic hydrocarbon and neutral
hydrocarbon fractions. Squalene was added to the fatty acid fraction. The fractions of interest
were analyzed using a gas chromatographic system coupled with a mass spectrometer. Com-
pound separation was performed on a Agilent 6890 Series GC-instrument equipped with a
PTV injection system and a fused silica capillary column (SGE BPXS5; 50 m length, in-
ner diameter = 0.22 mm, film thickness = 0.25 um). Helium was used as carrier gas, and the
temperature of the GC oven was programmed from 50°C (1 min) to 310°C at a rate of
3°C/min, followed by an isothermal phase of 20 min.

The injector temperature was fixed at 230°C. For compound identification, the gas chroma-
tographic system was linked to a Finnigan MAT 95 XL mass spectrometer operating in the
electron impact mode (70 V). Full scan mass spectra were recorded from m/z 50 to 650 at a

scan rate of 1 s per decade and an inter scan delay of 0.2 s, resulting in a scan cycle time of

1.3s.
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Sample numbers, core depths, lithological description, total organic carbon contents (TOC), carbon-

Table 4.1

ate contents, bulk organic carbon isotope values (613Cmg), Tmax-values, hydrogen index (HI), oxygen index (OI),

(CPlz 1-275

preference index

carbon

and
Ca+ Cas+Cor

bitumen,

of
Co1+ Caz + Cas

yields

extract

CPI

+

)) of 30 sediment samples of the Mallik 5L-38 Gas Hy-

C2+ Cu+Cas

C2+Cu+Cas

drate Research Well. n.d. = not determined (to date).

1
%

)

Py L'96 143 (4 444 pu 08°C £5°0 Kepoplts | SS'SvIT-SE'syll | SESHITAN
pu (a4 65t £e1 - Pu £8°0 L10 pues £8'6E11-08'6EI1 | 0S6EITHN
pu £l Ll L9 Ity 8'ST £8°0 LS'1 pues TO'8TIL-06'LTIT | 06LZITEN
Py 91T 66 101 1y 1'sT 99'11 b6 sy 0§°S011 0$501100
pu 9401 pau 33 - Pu £8°0 600 pues pI'SOIL-¥6'4011 | ¥6vOITEHN
Py S'LL 333 8¢ - pu pau 90°0 pues 6£°6801 - ¥T'6801 | ¥T68018IN
9¢ 61T LS (144 433 1T 99°11 6€°8¢ sy 69'1801 69180100
4 £6T 4 St 90 85T 911 £6'SY Y3y 8€°1801 8€180100
Py 9ty AT 01 - Py pAy 70'0 pues 18'6L01 —09'6L01 | 096L01EIN
pu S'LE €11 701 L1y §'sT 0s'C 68'1 Aepoplts | 00'7901 —08'€901 | 08€90IEIN
Ly VL SL §91 0Ty 09z L9'1 1Ly KepAls | $6°0901 —#6°0901 | 6090100
T 0€9 59 L¥T 88¢ EYT 6661 61°6¢ N3y £6°€501 £5€50100
pu '9¢ 868 €01 8Ty ST 0S'L 10'T Kepoplts | 9€'6¥01 —0T6¥01 | 0T6ROIEAN
£e LYIT 8% (439 o€y £9¢ L9l v9°¢ Kepopis 01°€¥01 01€#010D
pu 9°6¢ 89 SL1 Siy pu £€'€ 60°L Aepoals | 08°€€01-09'€€01 | 09€E0IEAN
Py 079 9¢ vel - pu pau 11°0 pues §$'TT01 —S1'T01 | S1TTOIEAN
Py £66 59 111 9zy Ppu £8°0 9v°0 KepAns | 86'L001-8L°L001 | 8LL00THN
9¢ '8y 9¢ L0T 00¥ 6vT £8'0C 0Ty N3y 0§°5001 0§500100
Py 8'8¢ 01y 4| - pu £8°0 010 pues S¥'686 — ST636 ST6868IN
Py s AT Ly - Pu £8°0 600 pues 08°'LL6—09'LL6 09LL6AN
pu 8'TEl €92 (44 91y Pu 0s°T 0r'0 KepAlls | 05°€96 —¥€°'€96 vEEO6HIN
pu $'001 14 L 90 Py £8°0 $6°0 pues v8'L¥6 —T9'LY6 T9LY6AN
v'C §'6S 96 6 zog 95T 9991 $8'l€ sy 18076 — 8L"0¥6 8L0¥600
Py Ieg L91 LL1 444 Ppu L9l 8L’ KepAls | 60°9€6 —68'5€6 63568
6€ 7'89 £v s61 £9¢ 9T £8°01 09°'9% sy 01'7£6 — 60'7€6 607600
Py 018 001 0¢ - pu pau 50°0 pues 9L'816 —95'816 958164
Py 9891 AT vl - Pu pAy 50°0 pues 61716~ 00'T16 00Z168N
Py §99 0€T LL Y44 pu 0S°C 980 Aepppls | 0¥°006 —0T'006 020069IN
Py 8IS £re €01 9ty pu LIy 56°0 Kepopns | 91'668 — 66'368 668684N
Py r0g 4 08 444 pu £€'€ 260 Kepopts | ¢8'168 — £9'168 £91638IN
(DO.L 8/3w)
3/t Sw 3 Sw 00, w
wiggy | uowmpg | QOLBFODFW | OOLIDHEW | (o) s (%)€00%D | (%) D0L | ASojowry Am ) odwreg
porEnXT 10 H L o Y wdda

sonsLdyIeIeyd djdweg

8¢-71S MHIBIAN

69



CHARACTERISATION OF THE ORGANIC MATTER IN LIGNITES

4.4 Results and discussion

4.4.1 Bulk characteristics
Table 4.1 compiles the bulk data of elemental analysis, Rock-Eval pyrolysis, the extract
yields, and the bulk organic carbon isotopic measurements. Additionally, a brief lithological
characterisation of each sample is given. The TOC values range between 0.04% and 46.6%.
This variation correlates with the lithological difference of the sample material; sand layers
reveal the lowest and lignites the highest TOC contents (Figure 4.2). According to initial core
descriptions, two samples (CO104310 and CO106094; visualized by circles in Figure 4.2,
Figure 4.3 and 4.4.4) were assigned as coal (CO, lignite), however, their obviously low or-
ganic carbon contents of 3.64 and 4.71%, respectively, revealed that these samples are or-
ganic-rich shales rather than lignites. In this report, these samples are therefore assigned as
organic carbon-rich shales. The §'°C,, data of all investigated samples show only minor
variations from -24.3 to -26.3%o. Such values are typical for organic carbon from a terrestrial
source for Cenozoic age sediments (Hoefs, 1997).
The HI values of most studied samples range between 3 mgHC/gTOC and 300 mgHC/gTOC
with the organic carbon-rich samples (diamonds and circles, Figure 4.3) characterized by sys-
tematically higher HI values between 100 and 300 mgHC/gTOC and low OI values
(<100 mgCO,/gTOC) in comparison to the non-lignite samples (Table 4.1, Figure 4.3a). One
sample (CO104310) is characterized by an unusually high HI value (532 mgHC/gTOC) and is
therefore classified as kerogen type II.
Interestingly, the soluble bitumen of this sample shows no or only minor variations of its mo-
lecular composition in comparison to the other studied samples. As discussed later, in the sec-
tion of open-system pyrolysis-GC, the kerogen, despite having a type II bulk composition,
does not have a marine signature, and appears to be non-marine in original. This begins to
help explain the uniformity of biomarker signatures, and further investigations correlating
organic petrology, biomarker and molecular kerogen composition are underway.
The HI values from the coarser-grained lithologies (dots, Figure 4.3) range from 10 to
177 mgHC/gTOC. Their OI values range from 44 to 898 mgCO,/gTOC. Figure 4.4.1a shows
the characteristics of the studied sample set using the pseudo van Krevelen diagram of the
Rock-Eval parameters (Espitali¢ et al., 1977) in which most samples plot in the area of the
terrigenous type Il kerogen. The HI vs. Trnax diagram (fig. 4.4.1b, after Espitalié et al., 1984)
also emphasizes the terrestrial character of the investigated organic matter as previously ob-

served in the Mallik area e.g. by Snowdon (1981; 1999). In addition, this diagram indicates
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the low maturity of the organic matter taken from the Mallik 5L-38 gas hydrate zone (e.g.

Snowdon, 1981;1999).
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Figure 4.3: a) Cross plot of hydrogen index (HI) vs. oxygen index (OI) in the pseudo van Krevelen dia-
gram after Espitali¢ et al. (1977). b) Cross plot of hydrogen index (HI) vs. Ty, after Espitalié et al. (1984). Lig-
nites are indicated with diamonds; organic-carbon rich shale samples are indicated with circles. Non-lignite
samples are indicated with black dots. Dashed lines in fig. 3b separate different maturity zones. R, = vitrinite

reflectance.
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4.4.2 Microscopic studies

The microscopic investigation supports the assessment of immature terrestrially dominated
organic matter in all studied samples as already concluded from the bulk characteristics. The
most common maceral group in the organic carbon-rich sediment samples of the Kugmallit
sequence is huminite (Figure 4.4a). Huminite is the precursor of vitrinite in immature sedi-
ments (Taylor et al., 1998). Although vitrinite reflectance measurements, the most commonly
employed maturity indicator of the organic matter, have not been performed yet, the presence
of mainly open-textured, ungelified or partly gelified tissues (textinite and texto-ulminite)
supports the low maturity level of the studied samples. The immaturity is also corroborated by
the occurrence of strongly fluorescing cellulosic material within the plant cell structures. The
fact that there is no or only very little inertinite, indicates that charring, oxidation, fungal at-
tack and desiccation were not major processes prior to or during deposition of the sediment
(Taylor et al., 1998). A maceral readily recognisable under blue light excitation is fluorinite,
which derives from plant resins, balsams or waxes. Another important liptinite maceral is
sporinite, which originates from outer cell walls of spores and pollen (Taylor et al., 1998).
Figure 4.4b shows an example of a sporangium.

Remnants of the woody material in fluorescence light are shown in Figure 4.4c. The form and
the arrangement of the structures (tracheids and pits) suggest that these parts originated from
conifers (Uhl, pers. comm.). The qualitative microscopic observations also reveal that the
organic-rich sample (CO104310) with a higher HI value is not distinguishable from the lig-

nites investigated.
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R |

Figure 4.4: Picture a) shows a huminite particle in reflected white light (Mallik sample CO104310). Picture
b) displays a sporangium in fluorescence light (Mallik sample CO108138) and in picture c) the form and the
arrangement of the structures appearance in fluorescence light (Mallik sample CO93409) points to woody mate-
rial of conifers (Uhl, pers. comm.).
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4.4.3 Open-system pyrolysis-GC
For a more detailed characterisation, the nine selected organic-carbon rich samples were ana-
lyzed using open-system pyrolysis-GC experiments. Several different compound groups have
been identified in the pyrolysis gas chromatograms (Figure 4.5). The gas chromatograms of
the pyrolysates are dominated by phenols and cresols, which are related to the presence of

higher land plant debris in the organic matter (Larter, 1984).
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Figure 4.5: Open-system-pyrolysis gas chromatogram of a) the Mallik sample C093409 (934.09 m depth,
lignite sample, TOC value of 46.60 %) and b) the Mallik sample CO104310 (1043.10 m depth, organic carbon
rich shale, TOC value of 3.64 %). a = benzene, b = toluene, ¢ = n-Cg.;, d = m-p-xylene, ¢ = 0-xylene, f = phenol,
g = 0-cresol, h = m-p-cresol, i = n-C,7,; + n-C7,, j = prist-1-ene; black dots = aliphatic hydrocarbons, numbers
indicate carbon number chain length of n-alkanes.

In addition to these compounds, monoaromatic alkylbenzols (benzene, toluene, o-m-p-xylene)
are significant components of the gas chromatographic fingerprint. Figure 4.6a illustrates a
ternary plot established by Larter (1984). In this figure, the type of organic matter was defined
by the relative enrichment of n-octene, m-p-xylene and phenol in the pyrolysates. This figure
shows that the organic matter clearly plots within the range of type III kerogen indicating a

mainly terrigenous origin. Phenol as well as its alkylated congeners are enriched as a result of
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both the very low maturity of the samples and its origin from higher land plants (Larter,
1984). Additionally, the pyrolysis gas chromatograms of the lignites and the organic-carbon
rich shales reveal a notable occurrence of aliphatic hydrocarbons characterized by a multi-
modal distribution within the gas chromatogram (peaks marked with a dot in Figure 4.5) indi-
cating a waxy-paraffinic oil potential (Curry & Simpler, 1988; Horsfield, 1989; 1997; Isaksen
et al., 1998; Larter, 1984). There is an obvious maximum in the range of 14 to 23 carbon at-
oms and in most samples a slight even-over-odd carbon number predominance, as shown in
Figure 4.5a, in the 22 to 28 carbon number range.

In Figure 4.6b, a ternary diagram after Horsfield (1989) is shown. Based on the distribution of
Ci.s, N-Ce.14 and n-C,si-alkyl chains in a pyrolysate, different types of depositional environ-
ment of the samples as well as the type of petroleum, which may be formed upon the burial of
the organic matter preserved in the sediments, can be estimated. In general, the organic matter
studied here plots within the “continental” range which is said to have a potential for mainly
gas formation. This assignment of facies agrees with the lithological and se-
quence-stratigraphical analysis of the sedimentary milieu in the Mallik area by Dixon (1996).
However, three samples (two organic-carbon rich shales CO104310, CO106094 and a lignite
sample CO94078) contain kerogen whose composition shows differences as well as similari-
ties to the kerogen of the other lignite samples. As far as the chain length distribution of kero-
gen substituents is concerned, the average chain length in these samples is significantly longer
than seen in the lignites (Figure 4.6b). According to the calibrations set out by Horsfield
(1989), this is equitable with a potential for mixed base high wax oil, and a sedimentary facies
lower in the delta plain. The input of ligno-cellulosic materials (vitrinite) to shales as well as
lignites is recognisable by the high abundance of phenol relative to light aromatic and ali-
phatic hydrocarbons (Figure 4.6a). At the time of its publication, calibrations indicated this
phenolic signature to be a feature of only type III kerogen (Larter, 1984), but the shale sample
CO104310 (filled circle) presented here, classified as type II kerogen by its relative high HI-
content (cf. “Bulk characteristics”), shows this is no longer tenable. Terrigenous organic mat-
ter components which bring high wax oil potential to the shales may also be responsible in
part for raising hydrogen indices to high values. It is important to remember that high hydro-
gen indices, while pointing to a high generative potential for petroleum, are not unequivocally
equitable with marine influence. Additionally, the ternary diagram indicates that the samples
shown here are dominated by organic matter, with a potential to form gas/condensate or in
case of the three samples, as mentioned above, to form paraffinic-naphthenic-aromatic-rich

wax oils.
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Figure 4.6: a) A ternary diagram of n-octene, m-p-xylene and phenol established by Larter (1984) illustrat-
ing different kerogen types of the organic matter from the Kugmallit lignites (black triangles). b) A ternary dia-
gram of N-Cq_14, N-Cs. and C,_s after Horsfield (1989) indicating different types of the organic matter in combi-
nation with their gas/oil potential. 1 = gas and condensate, 2 = paraffinic-naphthenic-aromatic oil low wax, 3 =
paraffinic-naphthenic-aromatic oil high wax, 4 = paraffinic oil high wax, 5 = paraffinic oil low wax. Circles
indicate organic carbon rich shales, filled circle = Mallik sample CO104310.
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In all organic carbon-rich samples (Figure 4.5a), prist-1-ene is the dominating compound in
the carbon number range of N-C;s to n-C,¢ with varying amounts relative to the sum of the n-
Ci7.0 + n-Cy7,; doublet. Interestingly, prist-1-ene is present only in very low amounts in the
pyrolysis gas chromatograms of the two organic carbon-rich shales (Figure 4.5b, CO104310
and CO106094). Curry and Simpler (1988) have reported that decreasing amounts of prist-1-
ene relative to the adjacent n-C;7.0 + N-C7.,; doublet correlate very well with increasing anoxic
conditions during sedimentation which may suggest different environmental sedimentary
conditions for the organic-carbon rich shales in comparison to the lignite samples. The varia-
tion of the organic material between deltaic, terrestrial and lacustrine type of organic matter
may be a result of a meandering river system during the delta evolution in the Beaufort Sea

area (e.g. Dixon et al., 1992b).

Table 4.2: Compounds identified in the aliphatic hydrocarbon fraction (Figure 4.7a) of a
selected Mallik lignite sample (CO93409).

Symbol Compound name
a Norisopimarane
b Fichtelite

c Norpimarane

d Norabietane

e Isopimarane

f Abietane

g a-Phyllocladane
h Olean-12-ene

1 Urs-12-ene

A Hop-17(21)-ene
B 31-homo-17p,21B-hopane
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Figure 4.7: a) GC/MS RIC chromatogram (RIC = Reconstructed Ion Current) of a representative aliphatic
hydrocarbon fraction of the Mallik sample CO93409 (lignite sample). Numbers indicate chain length of n al-
kanes. Letters correspond to compound names in table 4.2. Internal standard (ISTD) = androstane, BAME =
behenic acid methyl ester. b) GC/MS RIC chromatogram of a representative fatty acid fraction of the Mallik
sample CO105353 (lignite sample). The fatty acids are indicated by their carbon numbers. Hopanoic acids are
assigned by letters (j = 170,21 hopanoic acid , k = dihomo 170,21 hopanoic acid). Internal standard (ISTD) =
eruic acid methyl ester. * = unknown compounds ¢) GC/MS mass chromatogram m/z 75 showing the n alcohol
distribution of the Mallik sample CO94078. Numbers indicate chain length of n alcohols. Letters indicate the
triterpenoid alcohols  amyrine (I = olean 12 ene 3f ol) and o amyrine (m = urs 12 en 3f ol). ISTD = 5a andro-
stan 17 one is not detected in the m/z 75 trace. * = unknown compound.
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4.4.4 Molecular investigations

A representative gas chromatogram of an aliphatic hydrocarbon fraction of a Kugmallit lignite
(C0O93409) is shown in Figure 4.7a. The n-alkane distributions of all investigated samples
reveal a dominance in the long-chain carbon number range from n-C;o to n-Cs;, which is typi-
cal for cuticular waxes of higher land plants (Eglinton & Hamilton, 1967). Contrary to the
general observation for n-alkanes from terrestrial origin, with a maximum in the carbon num-
ber range of n-C,7 to N-Cj;, the Mallik lignite samples show an unusual n-alkane maximum at
n-Cy;. Figure 4.8 presents the n-alkane distribution, normalized to TOC, for three selected
samples from different depth (CO93409, CO104310, and CO106094) all showing an n-alkane
maximum at N-Cy;. A N-C,3 carbon number dominance has been reported for organic matter
originating from Sphagnum sp. (Baas et al., 2000; Corrigan et al., 1973; Nott et al., 2000).
The occurrence of Sphagnum sp. has already been detected by White (1999) in the sediment
samples of the Mallik 2L.-38 well. Sphagnum sp. are known to be part of raised bog environ-
ments (e.g. Corrigan et al., 1973). This suggests a swampy milieu during formation of the
lignitic layers. Furthermore, the n-alkane patterns reveal the typical high odd-over-even car-
bon number predominance as known from immature land plant material (Eglinton & Hamil-
ton, 1967) with carbon preference indices (CPI) (Bray & Evans, 1961) between 2.3 and 4.7
(Table 4.1).

The occurrence of tricyclic diterpenoids is evident in the aliphatic hydrocarbon fraction of the
lignites (Figure 4.7a), which was also observed by Snowdon (1981). The dominating com-
pounds are isopimarane and a-phyllocladane, but there is also a distinct diversity of other
compounds like norisopimarane, fichtelite, norpimarane, norabietane and abietane (Figure
4.7a, Table 4.2). They are all typical markers for higher land plants (Barrick & Hedges, 1981;
Peters & Moldowan, 1993). Especially, a-phyllocladane is a specific marker for conifers
(Peters & Moldowan, 1993), whereas isopimarane, norpimarane, norabietane and abietane are
specific markers for resins (Philp, 1985). In addition, the terrestrial character of the organic
matter is supported by the significant occurrence of pentacylic triterpenoids, e.g. olean-12-ene
and urs-12-ene representing a supply of terrigenous organic matter from angiosperms
(Chaffee et al., 1986). These results align with previous observations in the Mackenzie Delta
area (Kurita & Uchida, 1999; White, 1999).

The two organic carbon-rich shales (CO104310 and CO106094) show the same n-alkane dis-
tribution pattern as the lignites (Figure 4.8b), but contrary to the lignites they contain only
small to negligible traces of the above-mentioned tri- and pentacyclic terpenoids, which sug-
gest again distinct differences in the environmental conditions during sedimentation for both

types of samples.
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A series of hopanoids, e.g. hop-17(21)-ene and 31-homo-hopane in their biogenic
17B,21P configuration (Figure 4.7a, Table 4.2) are clear indicators for the existence of micro-
bial biomass in the subsurface at the Mallik site. For a more detailed discussion on this issue
see also chapter 9.

In figure Figure 4.7b a gas chromatogram of a representative fatty acid fraction (CO105353)
is depicted. All fatty acids were analyzed as their methylated derivatives upon treatment with
diazomethane. The samples show a preference for long-chain fatty acids with a distinct domi-
nance of tetracosanoic acid (n-Cp4). This pattern can be related as well with Sphagnum sp.
(Lehtonen & Ketola, 1993). The predominance of long-chain fatty acids with even-carbon
numbers is again typical for an origin from higher land plants (Eglinton & Hamilton, 1967)
and bacterial biomass is indicated by the occurrence of hopanoic acids
(170a.,21B-hopanoic acid (Cso) and dihomo-17a,21B-hopanoic acid (C3»)).

In Figure 4.7¢c a representative n-alcohol distribution (CO100550) is shown by a GC/MS mass
chromatogram m/z 75 (one of the main fragments of trimethylsilylated ethers (TMS)). The
n-alcohols, measured as their TMS ethers, reveal a distribution pattern dominated by long
even-chain alcohols, which is also typical for higher land plants (Eglinton & Hamilton, 1967),
with maxima predominantly at n-C,4. For two different Sphagnum sp., the dominance of the
n-Cy4 and n-Cy alcohols has been reported by Ficken et al. (1998). Hence, this agrees well
with the results of the n-alkane and the n-fatty acid distribution. Additionally the terrigenous
character of the organic carbon-rich sediments is supported by the occurrence of triterpenoid
alcohols such as B-amyrine (olean-12-en-3B-ol) and a-amyrine (urs-12-en-3B-ol) (Chaffee et
al., 1986; Otto et al., 1994; ten Haven et al., 1992) (Figure 4.7¢) indicating again a supply of
terrestrial organic matter from angiosperms (Chaffee et al., 1986). In contrast to the lignitic
samples the two organic carbon-rich shales (CO104310 and CO106094) contain no
- or a-amyrine. Nevertheless they show the same alcohol distribution pattern as the lignite

samples.
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Figure 4.8: Histograms showing the carbon number distributions of n alkanes, normalized to TOC, of three

selected Mallik samples a) CO93409 (lignite sample), b) CO104310 (organic carbon rich shale sample), and c)
CO108169 (lignite sample).

4.5 Conclusions
Organic carbon-rich terrestrial sediment samples (lignites and shales; 891-1145 m) from the
Mallik 5L-38 Gas Hydrate Research Well were investigated with regard to their organic mat-
ter composition (kerogen, bitumen) using different organic geochemical approaches. The
kerogen composition of these samples has been analysed by Rock-Eval pyrolysis, open-
system pyrolysis-GC, and microscopic studies in fluorescence light. All analytical methods
indicate a predominantly the terrestrial origin and the prevailing immature character of the
organic matter as shown before by Snowdon (1981; 1999). Although, the two organic car-
bon-rich shale samples show a terrestrial origin, their kerogen composition suggests a lower

delta plain or lacustrine-influenced sedimentation environment.
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The molecular investigations of the free lipids fraction (bitumen) have revealed a large variety
of compounds from land plants and microbial sources (for details on microbial biomarkers see
also chapter 9). The terrestrial source of the organic matter in the organic carbon-rich samples
at the Mallik site is indicated by the composition of the n-alkanes, n-fatty acids and
n-alcohols. Additionally the distribution patterns of these biomarkers support the immature
character of the organic matter.

For the lignite samples from the Mallik area, the occurrence of tri- and pentacyclic terpenoids
allow conclusions on the plant community during their sedimentation. Gymnosperms (like
conifers), angiosperms and moss plants (Sphagnum sp.) seem to be important constituents. In
recent times Sphagnum sp. occur in raised bog regions. Thus, the presence of their lipid bio-
markers points to a swampy milieu during sedimentation of the lignitic layers. Probably the
lignite layers were deposited in interdistributary marshes and bayous in the Mackenzie Delta
system. Contrary to the lignites the occurrence of tri- and pentacyclic terpenoids in the shale
samples with high organic carbon-values is negligible. This shows that the sedimentation
conditions have been changed probably as a result of a meandering river system during the

delta evolution in the Beaufort Sea area.
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5 Characterisation of the organic matter in samples
from different lithologies of the Mackenzie Bay and
the Kugmallit Sequence at the JAPEX/JNOC/GSC et
al. Mallik 5L-38 Gas Hydrate Production Research
Well - supplement to chapter 4

Due to instrument specific problems during the GC-MS-measurements, the signal intensity of
compounds eluting after the n-Cy4-alkane was discriminated in the GC-MS-chromatograms.
Hence, to ensure the data quality it was necessary to repeat the measurements as well as the
quantifications. Complementary the fatty acid and the neutral polar hydrocarbon fraction were
evaluated in their entirety. Subsequent to the characterisation of the organic matter in the lig-
nites the organic material in the samples of the other lithologies (silt/clay, sand) has been ana-

lysed and interpreted. These additional results are presented in this chapter.

5.1 Microscopic studies — a quantitative maceral analysis
In addition to the qualitative analysis of the maceral composition shown in chapter 4.4.2 here
a quantitative evaluation of the maceral composition of six lignite samples and three organic-
carbon rich clay samples is provided. The maceral composition has been counted twice (see
chapter 3) to confirm the qualitative data shown in chapter 4.4.2. and to extend the examina-
tion on the organic-carbon rich silt/clay samples for comparison. Thereby, the interpretation
based on the data presented in chapter 4 has been supported in general. Nevertheless, more
detailed information on the maceral composition are provided by the quantitative analysis.
In all investigated samples huminites (Figure 4.4a) including ulminite, textinite and humode-
trinite are the most common macerals with amounts varying between 56.1 to 98.3 %mftb
(mineral free base; Table 5.1). However, there are some distinct differences concerning the
composition of the huminites. Within the topmost two lignite samples of the cored section,
C093409 and C0O94078, the proportion of textinite (Figure 4.4c) is higher than that of ul-
minites (70.8 and 59.1 %mtb; Table 5.1). All other samples have higher amounts of ulminite
(11.8 to 90.8 %mib). In two clay samples (MB103360 with 51.5 %mfb and CO104310 with
43.0 %mfb) humodetrinite is the dominant huminite. However, the amount of humodetrinite
is in general low with values ranging from 0.6 to 9.7 %mfb. In most samples the amounts of
liptinites, including liptodetrinite, cutinite, fluorinite, sporinite and resinite, range between 1.7
and 7.7 %mftb. Exceptional are again the clay samples CO103360 and CO104310 (Table 5.1).
Both samples contain a higher amount of sporinite (3.4 and 25.4 %mfb, Table 5.1). In case of
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CO1043110 sporinites even account for the highest proportion in the whole liptinite group

(Figure 5.1a). The inertinites are not important in the sample set (Table 5.1). They occur only
in three samples (MB103360, CO104310, and CO108169; Figure 5.1b) with very low propor-
tions (0.3 to 2.2 %mftb).

Table 5.1: Composition and amounts of the macerals counted in nine organic-rich samples of the Mallik
5L-38 Gas Hydrate Production Research Well.

[
(=3
A 2 £ z 2 g 2 2 | 3 z
w (=5 o - > [s2) < w) -] [} =]
= E N 2 = = = = = = =
= 3 o Q o) ) o) o) ) S S
S © © o = &} &} o O &}
Depth (m) 934.09 940.78 1005.50 | 1033.60 | 1043.10 | 1053.53 | 1081.38 | 1081.69 | 1105.50
Lithology Lignite Lignite | Lignite | Silt/Clay | Silt/Clay | Lignite | Lignite | Lignite | Silt/Clay
TOC (%) 46.60 31.85 42.03 7.09 3.64 39.19 4593 38.39 9.44
Ulminite
24.6 23.5 90.7 322 11.8 67.9 90.2 78.2 75.0
(%omfb)
] S
= Textinite
g 70.8 59.1 6.7 3.9 1.3 25.6 5.2 18.3 13.6
£ (%mib)
= Humodetrinite
0.0 9.7 0.9 51.5 43.0 0.6 0.0 0.0 6.8
(%omfb)
Sum of huminites
95.4 92.3 98.3 87.6 56.1 94.1 95.4 96.5 95.4
(%mfb)
Liptodetrinite
3.8 4.9 1.2 4.7 53 34 3.6 0.3 0.0
(%omfb)
Cutinite
0.0 0.4 0.0 0.9 3.5 0.0 0.0 0.0 0.0
(%omfb)
2 Fluorinite
£ 04 04 0.6 2.1 7.5 0.3 0.3 1.9 3.6
2 (%omfb)
- S
Sporinite
0.4 2.0 0.0 34 25.4 1.4 0.5 0.0 0.9
(%omfb)
Resinite
0.0 0.0 0.0 0.0 0.0 0.8 0.0 1.3 0.0
(%omfb)
Sum of liptinites
4.6 7.7 1.8 11.1 41.7 5.9 4.4 3.5 4.5
(%omfb)
Inertinites
0.0 0.0 0.0 1.3 2.2 0.0 0.3 0.0 0.0
(%mfb)

The differences of the huminite composition could be related to an increased stage of gelifica-

tion, because textinite and ulminite differ in their degree of gelification (Taylor et al., 1998).

Through biochemical and geochemical gelification textinite alters to ulminite. In addition, the

origin of the woody material, from angiosperms or gymnosperms, plays also an important
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role. Cellulose-rich leaves, stems and certain woods from angiosperms decompose largely to a
humic detritus of cell-wall remains. They are partly decomposed and converted to colloidal
humic solutions, which infiltrate the peat and are precipitated on drying as gel particles be-
tween the detritus. In contrast, woods from conifers, whose cell walls are impregnated with
resin, wax, tannins or pigments, are very resistant to material/structural decomposition and are
conserved as textinite (Taylor et al., 1998). The relatively small differences in depth, deposi-
tional age and diagenitic conditions for the samples from the Mallik 5L-38 Well argue against
a more increased gelification due to enhanced alteration of the organic matter in the sample
C093409 and C0O94078. Therefore, the different huminite compositions in the investigated
samples are more likely due to a supply of different plant material during time of sedimenta-
tion. The assumption that enhanced amounts of gymnosperm material causes the larger
amounts of textinite in the samples CO93409 and CO94078 is supported by the interpretation
of the aromatic hydrocarbon compounds (chapter 6, Fig. 6.3c), which indicated a conspicuous

dominance of gymnosperms for both samples.

Figure 5.1: Picture a) shows sporinite particles (yellow) in fluorescence light (CO104310). Picture b) dis-
plays an inertinite particle in reflected white light (CO104310).

The clay sample CO104310 has an unusual high HI-value (532 mgHC/gTOC) pointing to

kerogen type II organic matter (Figure 4.3). However, all other investigations show that the
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organic matter is of terrestrial origin. This contrast can presumably be explained with the ex-

ceptional high liptinite content of 41.7 %mftb of this sample in contrast to the other samples

with liptinite contents of 5.5 %mfb in average. Liptinites especially sporinites are character-

ised by high aliphatic contents (mainly long-chain n-alkanes) resulting in a high hydrogen
index value (Figure 5.2) (Diessel, 1992; Tissot & Welte, 1984). The minor relevance of iner-

tinite in the samples indicates that charring, oxidation, fungal attack and desiccation were not

major processes prior to or during deposition of the sediment (Taylor et al., 1998).
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Figure 5.2: Chemical composition of major coal macerals and plant tissues plotted on a van Krevelen dia-

gram after Killops & Killops (2004) (ang = angiosperms, gym = gymnosperms).
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5.2 Lipid analysis of the extractable organic matter from the
Mallik well

5.2.1 Aliphatic hydrocarbon fractions

Lignite samples

The new results show (Figure 5.3a; CO105353), that the n-alkane distribution pattern has
been changed to some extent in the range of the high molecular weight compounds. Although,
the n-alkane patterns still reveal a strong odd-over-even carbon number predominance in the
range of the long chain hydrocarbons from n-Cj9 to n-Cs;, a second maximum occurs now in
the range of Nn-Cy9 to N-Cs;. However, the first maximum at n-C,3 (Figure 5.3a) is still visible.
Nonetheless, these new results do not affect the former interpretations. In fact, these chroma-
tograms supports better than before the interpretation of the immature organic matter from
terrestrial origin (maximum at N-Cy9 or n-Cs;), with an important input of the moss plant
Sphagnum sp. (maximum at n-C,3). Also the interpretation concerning the terpenoid composi-
tion (Table 5.2, Figure 5.3a) in the lignites has not been changed.

In contrast to the first sample description at the drill site, the sample CO110550, initially as-
signed as a lignite sample, is, equally to the samples CO104310 and CO106094, defined as a

organic-rich shale rather than a lignite due to its low organic carbon content of 9.4%.

Clay samples

A representative gas chromatogram of an aliphatic hydrocarbon fraction of the clay sample
MB93589 is shown in Figure 5.3b. The n-alkane distributions of all investigated clay samples
reveal the dominance in the long-chain carbon number range from n-C,; to n-Cs; with a
maximum at N-Cyy or N-Cs; typically for higher land plant material (Eglinton & Hamilton,
1967). In contrast to the observations in the lignite samples there is no maximum at n-Css.
Therefore, there is no evidence for an enhanced influence of moss plants as for the clay sam-
ples (see chapter 4). Furthermore, the n-alkane patterns of the clays display the typical distinct
odd-over-even carbon number predominance as known form immature terrestrial organic mat-
ter (Eglinton & Hamilton, 1967) with carbon preference indices (CPI, Bray and Evans (1961))
between 2.5 and 7.3.

In most of the clay samples sesquiterpenoid hydrocarbons occur (one undefined sesquiterpene
and 4o(H)-Eudesmane). The abundance of tricyclic diterpenoids originating from gymno-
sperms is lower in the clay samples than in the lignite samples. The dominating compounds in

this group are norabietane and a-phyllocladane. However the diterpenes described above in
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the lignites like norisopimarane, fichtelite, norpimarane, abietane and isopimarane are also
present in the clay samples. Contrary to the lignite samples, the pentacyclic triterpenoids are
more important in the clay samples for example olean-12-ene and olean-18-ene, both repre-

senting a supply of organic matter from angiosperms (Table 5.2, Figure 5.3b).

Sand samples

Figure 5.3c shows a typical gas chromatogram of an aliphatic hydrocarbon fraction of the
Mallik sand sample MB107960. The aliphatic fraction of the sand samples contains very
small amounts of biomarkers. The n-alkane distribution in the sand samples is different to
those of the lignites or clays. The n-alkane maximum is in the range of n-Cj4 to n-C;g and no
odd-over-even carbon number predominance is detectable.

In the sand no sesquiterpenoic hydrocarbons occur. Tricyclic diterpenoic hydrocarbons occur
in the sand samples, but with an in general lower diversity. Norabietane and isopimarane are
present in some sand samples and abietane is completely absent. Only in five sand samples

pentacyclic triterpenoids, mainly olean-12-ene, are detectable (Table 5.2, Figure 5.3).

5.2.2 Neutral polar hydrocarbon fractions

Lignite samples

As briefly described in chapter 4 the lignite samples (Figure 4.7c and Figure 5.4a) reveal an
n-alcohol distribution pattern dominated by long even-chain alcohols, with a maximum pre-
dominantly at tetracosanol (n-C,4), indicating higher land plant material with a dominance of
Sphagnum sp. (Eglinton & Hamilton, 1967; Ficken et al., 1998), because Sphagnum sp. often
show an abundant n-Cy4-alcohol biomarker signal in their lipid distribution. In addition to the
n-alcohols, the neutral fractions of the lignite samples contain also branched, not exactly iden-
tifiable isomers of the alcohols between tetradecanol (n-C;4) and heptadecanol alcohol (n-
Ci7).

The occurrence of diterpenoid alcohols like ferruginol, 6,7-dehydroferruginol, dehydroabi-
etanol, diverse iso-dehydroabietanols and iso-hinokiol/pisiferol supports the terrestrial charac-
ter and the supply of gymnosperm derived organic matter (Otto & Simoneit, 2001). The
triterpenoid alcohols are represented by 8-amyrin, 3-amyrin, o-amyrin and lupanol. Most lig-
nites show a dominance of diterpenoids comparable to the di- to triterpene distribution of the
aromatic hydrocarbons (see chapter 6, Table 5.3and Figure 5.4).

In addition to the land plant related biomarkers also some hopanones and hopanols such as
22,29,30-trinor-hopan-21-one, 17(a),21(B)-dihomo-hopan-32-ol and 17(j),21()-dihomo-
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hopan-32-ol appear in the lignite samples. However, only 17(p),21(B)-dihomo-hopan-32-ol
occurs in all lignites. 17(B),21(B)-Hopanols are also biomarkers for immature bacterial bio-

mass as well as the 17(B),21(p)-hopanes (see chapter 9).

Clay samples

A representative gas chromatogram of a neutral polar compound fraction of the clay sample
MB89899 is shown in Figure 5.4b. The n-alcohol distribution patterns of the clay samples
display the predominance of long even-chain alcohols in the range from tetracosanol (N-Cas)
to triacontanol (n-Csp). Between tetradecanol (n-C;4) and heptadecanol (n-C,7) also branched
alcohols occur.

The diterpenoid alcohols like ferruginol, 6,7-dehydroferruginol, dehydroabietanol, diverse
iso-dehydroabietanols and iso-hinokiol/pisiferol occur also in the clay samples. However con-
trary to the lignites, they are not present in all clays and some samples contain only one or
two of the diterpenoid alcohols. Instead, the triterpenoid alcohols, 6-amyrin, B-amyrin,
o-amyrin and lupanol, are more relevant in the clay samples than in the lignites (Table 5.3,
Figure 5.4).

Concerning the hopanoid alcohols the clay samples show more or less the same pattern as the

lignite samples. However, they do not occur in all clay samples.

Sand samples

A representative gas chromatogram of a neutral polar hydrocarbon fraction of the sand sample
MB112790 is shown in Figure 5.4c. The n-alcohol distribution shows no preference for the
long even-chain alcohols. Only negligible branched alcohols have been detected in the sand
samples in a negligible abundance. The neutral polar fractions of the sand samples contain

neither diterpenoid nor triterpenoid alcohols (Table 5.3, Figure 5.4).
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Figure 5.3: GC/MS RIC chromatograms (RIC = Reconstructed Ion Current) of representative aliphatic hy-
drocarbon fractions of a) sample CO105353 (lignite) b) sample MB93589 (clay) and ¢) MB107960 (sand).
Numbers indicate chain length of n-alkanes. Letters correspond to compound names in Table 4.2. Internal stan-
dard (ISTD) = androstane, Injection standard (InjSTD) = behenic acid methyl ester (BAME).
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Table 5.2: Concentrations of aliphatic sesqui-, di-, and triterpenoic hydrocarbon biomarkers and ratio of di-
to di-plus triterpenoids. Dark grey shaded = lignites, light grey shaded = silt/clays, unshaded = sands.

Sesqui-
Diterpenoids Triterpenoids
terpenoids (1g/gTOC) (1g/gTOC)
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MB89163 0.0 0.0 4.2 1.6 2.1 3.7 2.3 1.1 5.1 26.6 3.8 1.9 4.8 23.9 0.25
MB89899 7.3 16.1 0.6 1.4 1.7 6.8 1.4 0.7 44 42 3.9 2.1 0.6 19.7 0.36
MB90020 7.3 21.5 0.7 1.2 2.0 4.5 2.6 0.9 3.8 10.4 2.7 1.4 2.0 18.1 0.31
MB91200 0.0 0.0 1003 | 17.6 | 29.6 0.0 0.0 0.0 444 | 389 0.0 0.0 0.0 9.0 0.80
MB9I1856 0.0 0.0 100.1 | 36.5 | 35.6 0.0 0.0 0.0 38.8 0.0 0.0 0.0 0.0 0.0 1.00
C093409 34 0.0 2.2 0.0 12.9 3.6 |211.7| 6.8 |[2434] 0.0 0.6 0.8 0.3 7.3 0.98
MB93589 0.0 0.0 4.7 2.7 2.7 14.8 1.2 2.4 5.6 1.1 3.0 2.2 10.6 12.2 0.54
C09%4078 15.1 0.0 1.5 0.0 14.5 5.9 36.6 34 54.2 1.5 3.6 5.0 0.1 27.2 0.76
MB94762 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 -
MB96334 8.5 36.2 1.9 4.2 33 4.5 3.5 0.7 4.4 21.8 5.7 1.4 53 18.4 0.30
MB97760 0.0 0.0 34.1 14.8 12.7 0.0 9.5 0.0 13.4 | 295 0.0 0.0 0.0 0.0 0.74
MB98925 0.0 0.0 38.7 12.5 9.5 4.0 5.1 0.0 7.5 16.0 0.0 0.0 0.0 0.0 0.83
CO100550 | 2.8 1.2 1.9 17.3 3.7 4.5 8.2 5.5 79.5 0.0 0.1 0.2 0.0 0.9 0.99
MB100778 | 0.0 79.3 1.4 0.0 1.6 9.1 0.8 0.0 1.4 0.0 0.0 0.0 0.0 27.1 0.35
MB102215 | 0.0 0.0 68.4 12.3 19.4 0.0 0.0 0.0 109 | 204 0.0 0.0 0.0 0.0 0.84
MB103360 | 0.0 0.6 2.1 1.8 6.8 37.6 0.5 1.0 2.3 2.3 1.5 10.6 4.7 10.6 0.64
CO104310 0.0 0.0 32 2.1 8.2 66.8 11.4 3.8 31.9 0.0 0.3 0.0 0.8 1.5 0.98
MB104920 | 0.0 0.0 2.1 1.8 3.1 53 5.4 1.8 5.0 19.3 5.0 0.0 0.0 9.2 0.42
CO105353 1.3 0.0 7.9 0.0 204 | 21.2 | 58.1 6.8 84.8 0.0 0.1 0.0 0.5 0.2 1.00
CO106094 0.0 0.0 0.6 0.0 1.3 2.5 1.9 0.8 3.7 2.1 0.0 0.1 0.0 0.2 0.82
MB106380 | 0.0 1.6 0.7 2.1 1.0 2.8 1.5 0.6 2.1 2.5 20.9 15.6 6.4 124.2 0.06
MB107960 | 0.0 0.0 |2794 | 84.6 | 1393 | 1938|1962 | 0.0 |2444 2995 | 0.0 0.0 0.0 141.6 0.72
CO108138 | 1.3 0.0 1.3 0.0 139 | 0.6 7.9 04 | 344 | 00 0.0 2.0 0.0 5.9 0.88
CO108169 1.4 0.0 0.7 34 15.1 13.4 1.2 1.3 7.3 0.2 0.0 0.0 0.1 0.1 0.99
MB108924 | 0.0 0.0 39.1 0.5 73 10.9 0.0 0.0 0.5 26.2 0.0 0.0 0.0 0.6 0.69
MB110494 | 0.0 0.0 |279.7 | 104.7 | 55.8 | 87.7 | 54.7 0.0 114.8 | 120.0 | 0.0 0.0 0.0 64.2 0.79
CO110550 0.5 0.0 0.6 0.8 1.2 1.6 4.5 2.5 33 17.1 0.0 0.0 0.0 0.0 0.46
MB112790 | 0.0 32 0.5 1.9 0.5 1.1 1.5 0.3 1.6 4.0 0.7 0.3 0.3 1.4 0.53
MB113980 | 0.0 0.0 469 | 21.6 | 205 14.0 0.0 0.0 7.0 18.9 0.0 0.0 0.0 0.0 0.85
MB114535 | 3.5 13.2 1.4 5.1 3.9 7.9 9.3 24 8.5 25.3 4.7 2.5 8.6 37.8 0.33
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Figure 5.4: GC/MS RIC chromatograms (RIC = Reconstructed lon Current) of representative neutral polar
hydrocarbon fractions of a) sample CO94078 (lignite) b) sample MB89899 (clay) and ¢) MB112790 (sand). a =
iso-dehydroabietanol, b = ferruginol, d = dehydroabietanol, e = iso-dehydroabietanol, g = iso-hinokiol/pisiferol,
h = §-amyrin, i = B-amyrin, j = a-amyrin, k = lupanol; A = 22,29,30-trinor-hopan-21-on, C = 173(H),21B(H)-
dihomo-hopan-32-ol. Numbers indicate chain length of n-alcohols. Internal standard (ISTD) =
Sa-androstan-17-one, Injection standard (InjSTD) = behenic acid methyl ester.
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Table 5.3: Concentrations of neutral polar sesqui-, di-, and triterpenoic hydrocarbon biomarkers and ratio
of di- to di-plus triterpenoids. Dark grey shaded = lignites, light grey shaded = silt/clays, unshaded = sands.

Diterpenoids (ng/gTOC) Triterpenoids (ng/gTOC)
Mallik 5L-38 § 'Eﬂ —2 § § E
° = Z s 2 2 z = = = —
sample -‘E 'En % % § -‘g %- = = £ E di/(di+tri)

AL EEAERE R R RE R R

£ |2 |5 |2 |5 £ E |4 | & |8 |~

2 S 2 R 2
MB89163 5.8 24 4.0 0.9 0.9 0.7 0.0 9.7 69.9 | 58.7 0.0 0.10
MB89899 2.6 1.6 1.5 0.0 0.0 0.0 0.0 57.3 [ 199.2 | 120.9 | 154.0 0.01
MB90020 0.8 0.0 0.0 0.0 0.0 0.0 0.0 29.6 | 999 | 838.8 | 170.8 0.00
MB91200 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.00
MB91856 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.00
C093409 1582 | 1643 | 162 | 12.8 | 14.6 81.0 29.1 | 13.7 | 84.8 | 63.0 0.0 0.75
MB93589 182 | 28.6 | 1946 | 5.0 9.5 12.2 0.0 44.6 | 120.5 | 91.1 | 171.2 0.39
C09%4078 88.0 | 2504 | 1.7 7.3 19.8 39 9.6 302 | 73.0 | 62.6 | 94.6 0.59
MB94762 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.00
MB96334 0.0 0.0 0.0 0.0 0.0 0.0 0.0 11.8 | 574 | 414 | 664 0.00
MB97760 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.00
MB98925 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.00
CO100550 27.0 | 99.9 0.1 0.7 2.9 0.8 6.7 20.5 | 87.7 | 47.0 0.0 0.47
MB100778 0.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 49 0.0 0.0 0.14
MB102215 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.00
MB103360 13.7 | 35.6 0.0 0.3 1.1 1.9 0.6 56.7 | 148.5 | 73.2 | 134.1 0.11
CO104310 | 1934 | 490.7 | 5.4 4.6 26.3 24.9 7.5 |208.0 | 261.1 | 319.3 | 359.0 0.40
MB104920 1.9 0.0 1.6 0.0 0.0 0.0 0.0 10.5 | 362 | 24.1 | 69.6 0.02
CO105353 214 | 922 35 2.1 6.5 5.6 6.3 113 | 53.5 8.5 13.9 0.61
CO106094 6.2 29.3 0.6 0.5 1.0 2.2 0.6 8.2 23.6 4.0 3.2 0.51
MB106380 0.0 2.1 0.0 0.0 0.0 0.0 0.0 212 | 196.5 | 79.2 8.6 0.01
MB107960 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.00
CO108138 14.7 | 29.8 0.1 0.5 0.4 1.4 1.4 5.4 98.7 | 64.2 0.0 0.22
CO108169 15.1 | 544 0.2 0.7 2.4 1.6 3.7 3.5 17.4 7.2 19.7 0.62
MB108924 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.00
MB110494 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.00
CO110550 0.4 3.2 0.0 0.0 0.2 0.0 0.3 2.4 6.4 0.4 11.2 0.17
MB112790 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.00
MB113980 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.00
MB114535 26.5 | 19.1 0.7 0.0 7.1 3.8 0.2 236 | 81.6 | 614 | 20.6 0.23
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5.2.3 Fatty acid fractions

Lignite sample
Figure 5.5a shows the newly measured fatty acid fraction of sample CO105353. As previ-

ously described in chapter 4 the lignite samples show a preference for long-chain fatty acids
with a dominance of the docosanoic acid (n-Cy;) or the tetracosanoic acid (N-Ca4). This pat-
tern can also be related to an origin from higher land plants (Eglinton & Hamilton, 1967) with
Sphagnum sp., because Sphagnum sp. shows a maximum in the long chain fatty acid range
(tetracosanoic acid (nN-Cy4) or hexacosanoic acid (N-Cy)) (Lehtonen & Ketola, 1993). The
occurrence of diterpenoic acids like dehydroabietanoic acid and of the triterpenoic oleanoic
acid supports the terrestrial origin of the organic matter (Table 5.4).

In the range of tetradecanoic acid (n-Cy4) to heptadecanoic acid (n-C;7) the iso (i) - and an-
teiso (ai)-isomers of the acids (i-C;s, ai-Cis, 1-Cyg, ai-Cyg, 1-Cy7, and ai-Cy7) occur. Addition-
aly, 17a,21B-hopanoic acid (Csp), 17B,21a-hopanoic acid, 17f3,21B-hopanoic acid, 17a,21f3-
(22S)-dihomo-hopanoic acid (Cs;), 17a,21B-(22R)-dihomo-hopanoic acid, 17f,21a-dihomo-
hopanoic acid, 17f,21B-dihomo-hopanoic acid, 1783,21B—trihomo-hopanoic acid (Cs3) are
present in nearly all lignite samples. 173,21B-Hopanoic acids are also biomarker for immature

bacterial biomass like the 1703,21B-hopanes or 173,21B-hopanols.

Clay samples
A representative fatty acid distribution in the clay samples (MB 114535) is shown in Figure

5.5b. In contrast to the lignite samples, it is obvious, that in the clay samples the maximum of
the fatty acids is shifted to hexadecanoic acid (n-Ci¢). With exception of the samples
MB103360, CO104310, CO106094 and CO110550, which show the maximum at the n-C,, or
the n-Cy4 fatty acids, this distribution pattern is typical for all clay samples. The terpenoic
dehydroabietanoic acid and oleanoic acid appear only in two clay samples (Table 5.4).

Like in the lignite samples, the iso (1) - and anteiso (ai)-isomers of the acids (i-C;s, ai-Cys, i-
Ci6, 2i-Cys, 1-Cy7, and ai-C;7) occur in the range of tetradecanoic acid (n-C;4) to heptadecanoic
acid (n-C;7). Hopanoic acids are rare in the clay samples and do not occur as an extensive
series like in the lignite samples with the exception of the samples MB90020, CO104310,
C0O106094 and MB106380, which show the same hopanoic acid distribution as the lignites.
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Figure 5.5: GC/MS RIC chromatograms (RIC = Reconstructed lon Current) of representative fatty acid
hydrocarbon fractions of a) sample CO105353 (lignite) b) sample MB114535 (clay) and ¢) MB112790 (sand). a
= dehydroabietanic acid, b = oleanic acid; A = 17a(H),21B(H)—hopanoic acid, B = 17p(H),21B(H)-hopanoic
acid, C = 17a(H),21B(H)-(22S)-dihomo-hopanoic acid, D = 17a(H),21(H)-(22R)-dihomo-hopanoic acid, E =
17B(H),21a(H)—-dihomo-hopanoic acid, F = 17B(H),21B(H)-dihomo-hopanoic acid, G = 17B(H),21B(H)-
trihomo-hopanoic acid. Numbers indicate chain length of n-fatty acids, i = iso fatty acids, ai = anteiso fatty acids.
Internal standard (ISTD) = eruic acid methyl ester, Injection standard (InjSTD) = squalane.

95



CHARACTERISATION OF THE ORGANIC MATTER - SUPPLEMENT

Sand samples

A representative gas chromatogram of a fatty acid fraction of the sand sample MB112790 is
shown in Figure 5.5c. The n-fatty acid distribution shows a preference for the long even-chain
acids with the maximum at n-C¢ fatty acid. Only negligible traces of i- and ai- fatty acids
have been detected in the sand samples. The fatty acid fractions of the sand samples contain

neither diterpenoic nor triterpenoic fatty acids (Table 5.4).

Table 5.4: Concentrations of fatty acid sesqui-, di-, and triterpenoic hydrocarbon biomarkers. Dark grey

shaded = lignites, light grey shaded = silt/clays, unshaded = sands.

dehydro-
Mallik 5L-38 abietanoic | oleanoic
abietanoic
sample acid acid
acid

MBg89163 1.5 = =
MB89899 = = =
MB90020 - - -
MB91200 - - -
MB91856 - - -
C093409 0.6 1.1 5.4
MB93589 - - -
C09%4078 - - -
MB94762 - - -
MB96334 - - -
MB97760 - - -
MB98925 - - -
C0O100550 - - -
MB100778 - = -
MB102215 - - -
MB103360 - - -
C0104310 9.7 5.3 29.2
MB104920 2.5 = =
CO105353 23 6.0 2.7
CO106094 - - -
MB106380 - - 0.4
MB107960 - - -
CO108138 1.2 - -
CO108169 1.9 3.1 1.6
MB108924 - - -
MB11049%4 - - -
CO110550 - - -
MB112790 - - -
MB113980 - - -
MB114535 - - -
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5.3 Conclusions

The results of the analysis of the outstanding aliphatic, neutral polar and fatty acid hydrocar-
bon fractions support the general interpretations on the organic matter (terrestrial origin, im-
maturity) as already explained in chapter 4. In the neutral polar hydrocarbon and particularly
in the fatty acid hydrocarbon fractions rather minor proportions of terpenoic hydrocarbon
biomarkers occur.

However, in contrast to the lignites, the clay samples do not show any significant input of the
moss plant Sphagnum and contain a higher proportion of triterpenoic hydrocarbon biomarkers
than of diterpenoic hydrocarbons. In general, the sand samples have only small amounts of
biomarkers, whereas they contain more diterpenes than triterpenes. For the interpretations of

the occurrence of the hopanoids see chapter 9.
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6 Occurrence and paleoenvironmental significance of
aromatic hydrocarbon biomarkers in Oligocene
sediments from the Mallik 5L-38 Gas Hydrate Re-

search Well (Canada)*

*R.M. Haberer, K. Mangelsdorf, H. Wilkes and B. Horsfield (2006). Organic Geochemistry, 37, 519-538.

6.1 Introduction

Aromatic hydrocarbons represent a significant part of the organic matter in terrestrial sedi-
ments (Tissot & Welte, 1984). Therefore, their origin and formation have been the object of
many studies over the last few decades (Chaffee & Fookes, 1988; Chaffee & Johns, 1983;
Tan & Heit, 1981; Wakeham et al., 1980). The use of aromatic hydrocarbons as chemotax-
onomic markers for higher land plants has been an important topic of discussion (e.g. Killops
et al., 1995; Otto & Simoneit, 2001; Simoneit et al., 1986; Stout, 1992). The structural simi-
larity of sedimentary aromatic biomarkers to the constituents of extant plants allows infer-
ences to be made about the composition of ancient plant communities. Aromatic sesqui-, di-
and triterpenoids are significant markers for characterizing paleovegetations (e.g. Killops et
al., 1995; Otto & Simoneit, 2001; Otto & Simoneit, 2002; Simoneit et al., 1986; Simoneit et
al., 2003). Aromatic biomarkers indicating angiosperms are derivatives of the amyrin triterpe-
noids. Derivatives of the latter, such as chrysene or picene, have been found for example in
Tertiary angiosperm dominated lignites by Stout (1992). However, due to the non-specific
occurrence of the precursors in almost all angiosperms these biomarkers do not provide a de-
tailed insight into the angiospermous plant community. Characteristic biogeochemical mark-
ers for gymnosperms are represented by the diterpenoids, which are very abundant in the
conifer families (Otto & Wilde, 2001). Pimaranes and isopimaranes have been identified in all
conifer families except the Cephalotaxaceae. Abietanes and their related aromatic transforma-
tion products are the largest class of tricyclic diterpenoids (Otto & Wilde, 2001). They have
been described in most conifer families, particularly Cupressaceae s.str., Taxodiaceae, and
Podocarpaceae (Otto & Wilde, 2001). Sesquiterpenoids are present in nearly all higher land
plants. Most do not provide detailed information about their biological origin (Grantham &
Douglas, 1980; Otto & Wilde, 2001). However, there are some specific sesquiterpenes like
cuparene, which is a characteristic biomarker for the conifer family Cupressacea s.str.
(Grantham & Douglas, 1980; Otto & Wilde, 2001) or sativene a specific marker for Pinacea
(Otto & Wilde, 2001).
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Although both gymno- and angiosperms occur in almost all climate zones, their distribution is
influenced by climatic conditions. Even if some angiosperms like Betula grow in cool tem-
perate zones, normally the conifer division of gymnosperms is more common in cooler re-
gions. Nowadays, vast regions of the northern temperate boreal forests are conifer dominated,
particularly by the Pinus, Picea, Abies, Thuja and Juniperus families (Walter & Breckle,
1999). Therefore, changes in the plant community composition within a certain area can be
used as an indicator of varying climatic conditions.

In addition to the palacoenvironmental and palaeoclimatic aspects, aromatic hydrocarbons can
be used to obtain information on the maturity level of the organic matter on a molecular basis.
The extent of aromatization of cyclic hydrocarbons increases with increasing maturity of the
organic matter. In particular, in terrestrial organic matter the amounts of aromatic hydrocar-
bons clearly increase with increasing coalification stage (e.g. Norgate et al., 1999; Radke et
al., 1982a; Wilhelms et al., 1998). Furthermore, the distributions of alkylated naphthalenes
and phenanthrenes are widely used as aromatic hydrocarbon maturity parameters (Alexander
et al., 1995; Alexander et al., 1985; Bastow et al., 2001; Budzinski et al., 1995; Goodarzi et
al., 1994; Piittmann & Villar, 1987; Radke et al., 1990; Radke et al., 1994; Radke et al.,
1982a; Strachan et al., 1988; Wilhelms et al., 1998). However, as a result of their high degree
of aromatization, they occur mainly in relatively mature sediments or crude oils and are not
usable with respect to immature sample material. Nevertheless, some aromatic hydrocarbons,
like the diterpenoid retene or the amyrin derivatives chrysene and picene, are formed during
early diagenesis and can be used as maturity parameters in immature sediments (Tan & Heit,
1981; Wakeham et al., 1980).

Concerning maturation, it has been suggested that hydrogen-rich resin material thermally
breaks down to yield either gas condensates (Snowdon, 1980; Snowdon & Powell, 1982) or
remains as resoluble aromatic residue (Lewan & Williams, 1987), whereas diterpenoid resin-
ite reacts at lower temperatures than triterpenoid resinite (Fowler et al., 1991). Snowdon’s
study area was the Mackenzie delta, and in the present study concerning the aromatic hydro-
carbon content of the sediments, a deeper insight is given into the composition of the plant
communities providing these resins. Specifically, the aromatic hydrocarbon fractions of thirty
sediment sample extracts of different lithologies (6 lignite, 13 clay and 11 sand samples) from
the JAPEX/INOC/GSC et al. Mallik 5L-38 Gas Hydrate Production Research Well have been
investigated in order to explore the palacoenvironmental and palaeoclimatic changes in the
Mackenzie Delta area as well as the level of thermal maturity of the organic matter on a mo-

lecular basis.
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6.2 Study area

6.2.1 The Mackenzie Delta
The Mackenzie Delta (Figure 6.1a) is located at the Beaufort Sea margin in northern Canada
(Northwest Territories). Since the late Cretaceous-Tertiary it appears not to have experienced
any significant tectonic activity (Dixon et al., 1992b) with the result that 12 to 16 km of strata
have accumulated in the Beaufort-Mackenzie area, predominantly in a northward-prograding
delta (Dixon et al., 1992a; Dixon et al., 1992b). It has been suggested that wave-modified and
river-dominated deltas prevailed from the Paleocene to the Oligocene (Dixon et al., 1992b).
However, the position of the delta moved through time. Based on a study of the Oligocene
Kugmallit Delta, located in the south-central part of the Beaufort shelf area, Lane and Dietrich
(1995) proposed that the Tertiary Porcupine River basin provided the clastic sediments drain-
ing the northern Cordillera. In the Mallik area, eight deltaic sequences are recognized above
the Maastrichtian - Paleocene boundary (e.g. Dixon, 1986; Dixon et al., 1992b; Willumsen &
Cote, 1982): The first sequence (Fish River Sequence; late Maastrichtian - early Palacocene)
includes gravity flow deposits composed of conglomerates, sandstones and shales. Subse-
quently, the widespread thick shale deposits built out into the basin during the formation of
the Reindeer Sequence (late Paleocene — middle Eocene), reflecting a transgression. The shale
dominated Richards Sequence (late Eocene) represents the continuation of the Reindeer Se-
quence. The contact between the Richards sequence and the Kugmallit Sequence (early - late
Oligocene) is characterised by an erosional unconformity. The overlying Mackenzie Bay (late
Oligocene - middle Miocene) and Akpak Sequence (late Miocene) are, in general, shale
dominated. In contrast, the Iperk Sequence (early Pliocene — early Pleistocene) consists of
sandstones and conglomerates. The Shallow Bay Sequence (Pleistocene — Holocene) is

mostly inseparable from the Iperk Sequence.
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Figure 6.1: a) Map of the Mackenzie River Delta (Northwest Territories, Canada) showing the location of
the Mallik 5L-38 Gas Hydrate Research Well. b) Stratigraphic column of the Mallik 5L-38 Gas Hydrate Re-
search Well. The positions of the selected sediment samples are displayed relative to lithology and TOC content.
Non-lignite samples are indicated with black dots. Lignites are indicated with diamonds. 1, silt/clay; 2, sand;

3, lignite layer; 4, conglomerate.
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6.2.2 Mallik 5L-38 Gas Hydrate Research Well

The Mallik well drilled in January to March 2002, penetrated a permafrost zone from 0 to
650 m and a zone of numerous gas hydrate-bearing layers between 896 and 1100 m depth.
The sedimentary succession can be divided into three main sequences: the Kugmallit, the
Mackenzie Bay and the Iperk sequence (Figure 6.1b). The sand-dominated Kugmallit Se-
quence (Oligocene) is subdivided into two parts: the lower Ivik and the upper Arnak members
(Young & McNeil, 1984); only sediments from the Arnak member were penetrated by the
Mallik well (930-1165 m, late Oligocene). The upper Arnak member is a non-marine,
delta-plain deposit (Dixon, 1996; Young & McNeil, 1984) and consists of sand, silt, clay and
some lignite layers. The clays and lignite layers were probably deposited in interdistributary
marshes and minor channels (Young et al., 1976). Contrary to the Kugmallit sequence, the
Mackenzie Bay sequence (350-930 m, late Oligocene - middle Miocene) is related to sedi-
mentation processes at the delta-front. In the Mallik area, it consists mainly of sand and
weakly cemented sandstones with conglomerates and only minor silt or shale interbeds
(Dixon, 1996).

The Akpak Sequence (Middle — Upper Miocene), which is usually present, is absent from the
sedimentological succession in the area of the Mallik Well due to erosion (Dixon, 1996;
Dixon et al., 1992b). Similar to the Kugmallit Sequence, the Iperk Sequence (0-350 m, Plio-
to Pleistocene) is composed of unconsolidated sandstones with local intermediary conglomer-
ates, silt and shale layers, representing delta-plain or even fluvial sediments (Dixon, 1996;

Dixon et al., 1992b).

6.3 Sample material and methods

6.3.1 Sample material

Thirty samples (18 - 170 g) from different lithologies such as clays, siltstones, sandstones and
lignitic carbon-rich layers from above, within and below the gas hydrate zone were collected
predominantly from the Kugmallit Sequence (Figure 6.1b). Sample names are composed of
letters and numbers. The letter combination assigns a specific sampling method [“MB” (mi-
crobiology) = samples taken under specific contamination-free conditions (see also chapter 3),
or a lithological characterization “CO” (coal) = lignite samples]. The numbers provide the
sample depth in cm.

First results for the lignites are already published in Haberer et al. (2005) (see also chapter 4).
The major findings are presented in Table 6.1. This table contains a brief lithological descrip-

tion for each sample and bulk elemental data such as the organic carbon content, Rock-Eval
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pyrolysis data, and the bulk organic carbon isotopic value, all for an initial sample characteri-
sation. As expected, the six lignite samples contain the highest total organic carbon (TOC)
content, up to 46.6%. The thirteen clay samples have lower TOC values from 0.4 to 9.4%,
while the portion of organic carbon in the eleven sand samples is very small with an average
of 0.3%. According to initial core descriptions, three samples (CO104310, CO106094 and
CO110550) were assigned as coals (CO, lignite), however, their comparatively low organic
carbon contents of 3.6, 4.7 and 9.4%, respectively, revealed that these samples are or-
ganic-rich shales rather than lignites. The Rock-Eval-pyrolysis data (Haberer et al., 2005) of
the Mallik samples assign a terrestrial character to the sample set. The HI values of the stud-
ied samples range between 3 and 300 mgHC/gTOC with the lignites and organic—rich clays
being characterized by systematically higher HI values between 100 and 300 mgHC/gTOC
and low OI values (<100 mgCO,/gTOC) in comparison to the coarser-grained lithologies with
HI values from 10 to 177 mgHC/gTOC and OI values from 44 to 898 mgCO,/gTOC. In this
regard, sample CO104310 shows some remarkable properties. Ithas an unusually HI value
(532 mgHC/gTOC) even though the organic matter is of terrestrial origin. One possible ex-
planation for this is the exceptionally high liptinite content of 41.7% on a mineral free ba-
sis (mfb) in this sample detected by maceral analysis. In contrast, the liptinite content of the
other samples ranges from 1.8 to 11.2%mfb with an average of 5.5%mfb. Liptinites are char-
acterized by a high proportion of aliphatic moieties (mainly long-chain n-alkanes) resulting in
a high HI value (Diessel, 1992).

Data obtained from the open-system pyrolysis-GC experiments corroborate the origin of the
organic matter as being from higher land plants (Haberer et al., 2005) (see also chapter 4).
The alkyl-chain distribution in the pyrolysates suggests that the organic material has a poten-
tial for mostly gas formation according to the calibrations set out by Horsfield (1989). Three
samples show a potential for liquid hydrocarbon generation, falling in the field of paraffinic-
naphthenic-aromatic-oils (P-N-A-oil) defined by the same author. A further indicator for the
terrestrial origin of the sample material are the 513 Corg data, which show values (~ -25.6%o)
typical for organic carbon from a terrestrial source in sediments of Cenozoic age (e.g. Hoefs,

1997).

6.3.2 Methods
After the sediment samples have been freeze-dried and ground, the TOC contents and the
Rock-Eval parameters (S;, S;, hydrogen index (HI) and oxygen index (OI), Tpuax values;
(Espitalié et al., 1977)) were determined using a Rock-Eval 6 instrument (Table 6.1).
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For lipid analysis, sample aliquots of about 2 - 25 g (depending on TOC-content) of sediment
material were extracted ultrasonically using a mixture of dichlormethane and methanol (99/1,
v/v). Subsequently, the volume of the resulting extract was concentrated using a Zymark Tur-
boVap 500 concentrator and finally evaporated to dryness under a nitrogen gas stream. After
addition of an internal standard (ethylpyrene) for the aromatic hydrocarbon fraction, the ex-
tract was dissolved in n-hexane to precipitate asphaltenes, which were removed by filtration
over Na,SO4. The n-hexane-soluble fraction was separated by medium-pressure liquid chro-
matography (Radke et al., 1980) into fractions of different polarity (aliphatic/alicyclic hydro-
carbons, aromatic hydrocarbons and hetero compounds). Prior to GC analysis, be-
henic acid methyl ester (BAME) was added as injection standard to the aromatic hydrocarbon
fractions.

The aromatic hydrocarbon fraction was analyzed using a gas chromatograph coupled with a
mass spectrometer. Compound separation was performed on a Agilent 6890 Series
GC-instrument equipped with a PTV injection system and a fused silica capillary column
(SGE BPX5; 50 m length, inner diameter = 0.22 mm, film thickness = 0.25 um).

Helium was used as carrier gas, and the temperature of the GC oven was programmed from
50°C (1 min) to 310°C at a rate of 3°C/min, followed by an isothermal phase of 20 min. The
mass spectrometer was a Finnigan MAT 95 XL instrument which was operated in the electron
ionization mode (70 eV). Full scan mass spectra were recorded from m/z 50 to 650 at a scan

rate of 1 s per decade and an inter scan delay of 0.2 s, resulting in a scan cycle time of 1.3 s.

6.4 Results

6.4.1 Types of aromatic biomarkers

The major skeleton types in the Mallik samples are related to cyclic sesqui-, di-, and triterpe-
noids (Table 6.2, Figure 6.2).

Aromatic sesquiterpenoids (Table 6.2, Figure 6.2) are represented by dihydro-ar-curcumene
[1], cuparene [2] and cadalene [5] and its related compounds calamene [3] and cadina-
1(10),6,8-triene [4]. They are in general not very abundant. Sesquiterpenes are used as mark-
ers for higher land plants, because they occur in their resinous material. However, due to their
occurrence in the resins of conifers (gymnosperms) (e.g. Grantham & Douglas, 1980; Otto et
al., 2002; Otto et al., 1997) as well as in dammar resin (van Aarssen et al., 1990), which
originates from Dipterocarpaceae (angiosperms), they are often not useful for an unambigu-
ous determination of the precursor plant community. Nevertheless, in contrast to the majority

of sesquiterpenes, cuparene (Figure 6.3d) is a characteristic marker for Cupressaceae s.str., a
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family of conifers (gymnosperms) including the genera Cupressus, Thuja and Juniperus
(Grantham & Douglas, 1980; Otto & Wilde, 2001).

The most abundant type of diterpenoids are members of the abietane group:
18-norabieta-8,11,13-triene [A], 19-norabieta-8,11,13-triene [B], dehydroabietane [C],
1,2,3,4-tetrahydroretene [D], abieta-6,8,11,13-tetraene [E], simonellite [F], retene [H], me-
thylretene [I] (Table 6.2, Figure 6.2).

Additionally, one diaromatic totarane [G] was identified in lower abundance in a few lignite
and clay samples (Figure 6.2a, b and Figure 6.3e). Diterpenes are the main constituents of
gymnosperm resins and are known to be chemotaxonomic biomarkers, especially for conifers
(Otto & Simoneit, 2001; Otto et al., 2003; Otto et al., 1997; Otto & Wilde, 2001; Simoneit,
1977; Simoneit et al., 1986; Stefanova et al., 2002; Wakeham et al., 1980; White & Lee,
1980). Most abundant diterpenes in gymnosperms posses an abietane or pimarane type struc-
ture and only a few have a phyllocladane type skeleton. The totaranes, similar to cuparene, are
characteristic for the conifer genera Cupressaceae s.str., and additionally for Podocarpaceae
(Otto & Simoneit, 2001; Otto et al., 1997; Simoneit, 1977).

The aromatic triterpenoids are mainly of the chrysene and picene type at different stages of
aromatiziation. Two isomers of tetramethyloctahydro- and trimethyltetrahydrochrysenes [a-d]
(Table 6.2, Figure 6.2), and tetramethyloctahydro- and trimethyltetrahydropicenes [h-k] were
identified in addition to hexamethylhexadecahydropicene [g]. In most samples 24,25-
dinoroleana-1,3,5(10),12-tetraene [e], and 24,25-dinorursa-1,3,5(10),12-tetraene [f] were de-
tected. Triterpenoids such as amyrins, commonly used as markers for angiosperms (Chaffee
& Fookes, 1988; Chaffee et al., 1986; Chaffee & Johns, 1983; Spyckerelle et al., 1977a;b;
Stout, 1992; Tan & Heit, 1981; Wakeham et al., 1980), are the precursors of the most abun-
dant aromatic triterpenoids in the samples (Figure 6.4). Although triterpenoids are markers for
angiosperms, they provide no specific evidence for the family or the genus.

Analysis of the aromatic fractions reveals the occurrence of specific biomarkers for a gymno-
sperm and angiosperm plant community in the Mallik area (Table 6.2, Figure 6.2). This
agrees with the results of White (1999), who showed in a former study on the Mallik 2L.-38
Gas Hydrate Research Well in the same area that gymnosperm and angiosperm pollen and
spores were the dominating components in the palynological assemblage. Picea spp., Pinus
spp., and Taxodiaceae-Cupressaceae-Taxaceae were the most common gymnosperm taxa.
The angiosperms were represented by Dipterocarpaceae such as Alnus spp., Ericales, and
betulaeous pollen (White, 1999). Abundant amounts of pollen of gymnosperms (Picea, Pinus,

and Taxodiaceae/Cupressaceae) were also identified in a more basinward part of the Kugmal-
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lit sequence at the Edlok N-56 well by Dietrich et al. (1989) where angiosperm pollen (e.g.

Tsuga, Alnus, Betula, and Ericaceae) were found only in minor amounts.

6.4.2 Occurrence of aromatic hydrocarbon biomarkers in the different
lithologies

As illustrated in Figure 6.2 and Figure 6.5, the distribution patterns of aromatic hydrocarbon
biomarkers show distinct differences depending on lithology. In the ternary plot of sesqui-,
di-, and triterpenoid abundances (Figure 6.5) it appears that the aromatic hydrocarbon fraction
of most lignite samples is dominated by diterpenoids. The same can be deduced for the sand
samples. In contrast, there is a tendency for clays to be dominated by triterpenoids. The non-
specific sesquiterpenoids play only a minor part, which is supported by the quantitative results
obtained for the individual aromatic biomarkers (Table 6.3).

Sesquiterpenoids occur in all lignite samples (Figure 6.2a, Table 6.3) and the content ranges
from 30 to 80 png/gTOC. Sesquiterpenoids are more frequent in the lignites than in the sam-
ples of other lithologies, although they are not the dominant compound group. The dominat-
ing aromatic biomarkers in the lignites are diterpenes, with amounts varying between
21 and 278 pg/gTOC. The values for triterpenes range from 5 to 69 ng/gTOC. With one ex-
ception (CO108138), the amounts of triterpenes are always lower than those of diterpenes
(Figure 6.3c¢).

In the clay samples (Figure 6.2b and Table 6.3) sesquiterpenes are only present in four sam-
ples (MB89163, MB93589, MB103360, and CO104310), whereas dihydro-ar-curcumene
occurs only in samples MB103360, and CO104310. The amounts of sesquiterpenoids range
between 3 to 5 pg/gTOC with one extreme value of 75 ug/gTOC (CO104310). With excep-
tion of three samples (MB 93589, MB100778, and CO104310), the content of diterpenes in
the clay samples is lower than in the lignite samples (Figure 6.3a). Moreover, four clay sam-
ples (MB89899, MB96334, MB104920, and MB106380) contain diterpenoids near or below
the detection limit (Figure 6.3a). In contrast to the lignite samples, triterpenoids are the domi-

nant compounds in most clay samples, with quantities of 20 to 441 ug/gTOC (Figure 6.3b).
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Aromatic compounds identified in the aromatic hydrocarbon fractions (Fig. 6.4.1) and their po-

Table 6.2
tential as vegetation and maturity indicators. Ses, sesquiterpenes

Di, diterpenes; Tri, triterpenes.
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The clay sample CO104310 with the unusual high HI value of 532 mgHC/gTOC (Table 6.1)
also shows some exceptional differences in its aromatic hydrocarbon content compared to
other clay samples. It contains an unusually high amount of sesquiterpenes (75 pug/gTOC)
and, in contrast to the other clay samples, the diterpenes are the dominant compounds. At
865 ng/gTOC, they are even more abundant than in the lignite samples. Sample CO104310
shows similar amounts of triterpenes to the other clay samples.

The sand samples (Figure 6.2c) contain only low amounts of aromatic hydrocarbons. Ses-
quiterpenes are only present in two samples (MB107960; 15 pg/eTOC and MB110494;
5 ng/gTOC). Diterpenes occur in all sand samples except sample MB112790, which contains
no relevant aromatic hydrocarbons at all. The contents of diterpenes in the sand samples range
from 8 to 51 ug/gTOC, with one extreme value of 110 ng/gTOC (MB107960). The values for
triterpenes in the sand samples range from 1 to 34 ug/gTOC. As for the diterpenes, sample
MB107960 contains also an unusually high amount of triterpenes (225 ng/gTOC). However,
sand samples are mainly dominated by aromatic diterpenoids (Figure 6.3¢). The abundance of
characteristic gymnosperm (cuparene, abietanes and totarane) and angiosperm (chrysenes and
picenes) biomarkers in the Mallik samples in relation to lithology is shown in Figure 6.3a and
Figure 6.3b. Lignite samples, in general, contain significant amounts of gymnosperm bio-
markers (Figure 6.3a).

Many clay samples contain only small amounts of, or even no, gymnosperm biomarkers, al-
though the highest gymnosperm biomarker content was detected in the (in many aspects) re-
markable clay sample CO104310 (see above). In contrast, sand samples show higher relative
abundances of gymnosperm markers. However, the average aromatic biomarker content in the
sand samples is in general fairly low.

Angiosperm markers (Figure 6.3b) are present in all clay and lignite samples in significant
amounts, with maxima at §98.99 m, 1007.78 m, 1033.60 m and 1079.60 m depth. Comparing
biomarker abundance with lithology, it is obvious that clay samples tend to have the highest
amounts of angiosperm markers (Figure 6.3b). In the lignite and especially the sand samples,

angiosperm markers appear to be less important.
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Gymnosperm markers
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Figure 6.2: GC/MS-RIC-chromatograms of representative aromatic hydrocarbon fractions of a) a lignite
sample (CO94078), b) a clay sample (MB103360) and c) a sand sample (MB98925). Numbers and letters corre-
spond to compound names in Table 6.2. Internal standard (ISTD) = ethylpyrene; injection standard (InjSTD) =
behenic acid methyl ester (BAME).
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6.5 Discussion

6.5.1 Gymnosperm vs. angiosperm occurrence
A new ratio, termed angiosperm-gymnosperm aromatic ratio (AGAR), has been developed to
recognise gymnosperm Versus angiosperm dominated paleoenvironments at the Mallik site.
AGAR is defined as the concentration of the aromatic diterpenes divided by the sum of aro-
matic di- plus triterpene concentrations (Figure 6.3c), and is a modification of the aliphatic
hydrocarbon ratio published by Bechtel et al. (2001; 2002).
The ratio reveals a more or less periodical alternation in the dominating plant communities for
the Oligocene sediment section with depth (Figure 6.3c). Three major cycles in vegetation
type separated by rapid minor fluctuations may be discernable despite the low resolution of
the sample set. The top cycle (890-950 m) includes five samples belonging to the Mackenzie
Bay Sequence and four samples of the following Kugmallit Sequence. Subsequently, a second
cycle (950-1030 m) is visible. In this cycle a strong variability is observed in the paleovegeta-
tion signal changing from gymnosperm to angiosperm dominated plant communities. Be-
tween 1070 and 1125 m there is a possibility of a third cycle.
As discussed below this apparent cyclicity reflects floral signals from both the site of deposi-
tion and the area of sediment provenance.
Gymnosperms dominated the plant community in the Mackenzie Delta area during deposition
of the lignite seams. The dominance of gymnosperm biomarkers in the lignites is confirmed
by the occurrence of pimaranes, isopimaranes, and phenolic abietanes like ferruginol (Haberer
et al., 2005 and unpubl. data) in the aliphatic hydrocarbon and hetero compound fractions of
the same sample set (see also chapter 4 and 5). Pimaranes are reported for conifer genera like
Pinaceae, Cupressaceae s.str., and Taxodiaceae, whereas isopimaranes are common in all
conifer families except Cephalotaxaceae. Non-phenolic abietanes like dehydroabietane also
occur in all conifer families except the Phyllocladaceae, whereas the phenolic abietanes like
ferruginol or sugiol are characteristic markers for Cupressaceae s.str., Taxodiaceae and Podo-
carpaceae (Otto & Simoneit, 2001; Otto et al., 2002; Simoneit et al., 2003; Stefanova et al.,
2002). One exception to the gymnosperm dominance in the lignites is sample CO108138
(1081.38 m depth), which appears to represent a change in the paleovegetation of the delta
system to a more angiosperm dominated plant community and concomitantly a climatic

change to presumably warmer conditions in the Mackenzie Delta area during this period.
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Figure 6.3: Depth profile of a) the sum of gymnosperm related biomarkers (cuparene, abietanes, totarane;
Table 2) and b) of the sum of angiosperm related biomarkers (chrysenes, picenes; Table 2). ¢) Ratio of diterpe-
noid concentration to the sum of di- and triterpenoid concentrations as an indicator for an angio- or gymnosperm
dominated paleovegetation (AGAR (angiosperm-gymnosperm-aromatic ratio)). Sample MB112790 is not shown
because it contains no relevant aromatic biomarkers. Depth profiles of d) cuparene and ¢) diaromatic totarane
distribution in the Mallik sediments investigated. Triangles = sand samples, open circles = clay samples, filled
circles = lignites; Mac. Bay Seq. = Mackenzie Bay Sequence.

Pathway | Pathway Il
(microbiological?) l \

Picene

Figure 6.4: Schematic transformation pathways for the formation of aromatic hydrocarbons (chrysene, pi-
cene) starting from a-amyrin [adapted from Wakeham (1980) and Tan & Heit (1981)]. A =3,4,7,12a-
tetramethyl-1,2,3,4,4a,11,12,12a-octahydrochrysene, B = 7,12a-dimethyl-1,2,3,4,4a,11,12,12a-
octahydrochrysene, C = 3,4,7-trimethyl-1,2,3 4-tetramethylhydrochrysene, D = 1,2,4a,9-tetramethyl-
1,2,3,4,4a,5,6,14b octahydro-picene, E = 1,2,9-trimethyl-1,2,3 4-tetrahydropicene, F = 1,2 dimethyl-1,2,3,4-
tetrahydropicene. Compounds with an asterisk (*) were detected in the Mallik samples.
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Triterpenoids Sesquiterpenoids

Figure 6.5: Ternary diagram illustrating distribution of sesquiterpenoids (non-specific), diterpenoids (gym-
nosperms) and triterpenoids (angiosperms). Triangles = sand samples, open circles = clay samples, filled circles
= lignites.

Pollen and specific n-alkane distribution patterns with a maximum at n-C,; (Haberer et al.,
2005; White, 1999) reveal the occurrence of the peat moss plant Sphagnum sp. in the lignite
samples of the Mallik site, indicating the formation of lignites in interdistributary swamps of
the delta plain (see also chapter 4 and 5).

Most of the clay samples are dominated by biomarkers representing an angiosperm pale-
ovegetation. However, there are three exceptions, whose ratios are consistent with a domi-
nance of gymnosperms. One is the above-mentioned clay sample CO104310 that is rich in
liptinites and has a high hydrogen content (Haberer et al., 2005) (see also chapter 5). The
other samples are MB93589, which was sandwiched between two lignite layers suggesting
that the surrounding paleovegetation was stable, and sample CO110550, which is character-
ized by an high organic carbon content. Clay samples might represent both an allochthonous
floral signal transported by the river to the delta region and an authochthonous signal supplied
by the surrounding vegetation to the delta system. The importance of the allochthonous versus
autochthonous floral signal might vary in the clay samples depending on the dynamics of the
river and the position of the site relative to the surrounding vegetation in a meandering delta

system. Although one lignite sample shows a dominance of angiosperm markers, most lignite
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samples indicate that gymnosperms are the dominating vegetation in the Mackenzie Delta
during the time interval investigated. Thus, the three gymnosperm dominated clays might
represent a higher autochthonous floral proportion, while the other clay samples illustrate an
angiosperm dominated allochthonous floral signal transported by the river from the hinterland
(likely the northern Cordillera (Lane & Dietrich, 1995)).

Surprisingly the sand samples, which also should represent fluvial conditions, generally con-
tain only minor amounts of angiosperm markers and are dominated by gymnosperm markers.
However, it has to be noted that the total amount of aromatic di- and triterpenoids is fairly low
in the sand samples. Sample MB112790 does not even contain any di- or triterpenoids and
sample MB113980 contains only one diterpenoic biomarker. Two explanations might be con-
ceivable for the predominance of gymnosperm markers in the sands deposited in channels: (1)
sand samples did not transport much organic material from the hinterland to the delta system,
which is supported by the low TOC contents, and represent, therefore, a more autochthonous
gymnosperm dominated floral signal or (2) sand samples illustrate a gymnosperm dominated
floral signal from the hinterland, which would suggest a varying vegetation in the source hin-
terland between an angiosperm and a gymnosperm dominated paleovegetation during the dif-
ferent times of deposition of clays and sands.

The distribution of cuparene and totarane provides a more detailed insight into the distribution
of several conifer families. In Figure 6.3d, the depth profile of cuparene is presented with re-
spect to the different sample lithologies. As mentioned above, cuparene is a characteristic
marker for Cupressacea s.str. The depth profile reveals that cuparene is abundant in the lignite
samples, indicating that Cupressaceae s.str. were part of the gymnosperm paleovegetation
during lignite formation, especially for CO94078. In the clay samples, cuparene occurs only
in the liptinite-rich sample CO104310. With exception of the high concentration in sample
C094078, the cuparene contribution to the lignite samples appears quite similar.

Figure 6.3¢ shows the totarane depth-profile. Totarane is a characteristic marker for Podocar-
paceae and Cupressacea s.str.. Obviously, in the upper part of the sedimentary section the
cuparene and totarane profiles run parallel, while in the lower part no similarity is observable.
This may indicate that cuparene and totarane have a different origin within the conifer genera,
at least for the sediments of the lower sedimentary section. Comparing the ratio of gymno-
sperms to angiosperms (Figure 6.3¢) and the distribution of cuparene (Figure 6.3d) it is obvi-
ous, that Cupressaceae s.str. were a significant conifer family in the Mallik area during forma-

tion of the lignites.
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6.5.2 Implication on paleovegetation and paleoclimate

The main geographical extension of conifer gymnosperms is concentrated in the temperate
climate zone or the boreal zone. This applies in particular for Pinus, Picea, Abies, and for
Thuja and Juniperus, which are both Cupressaceae. In contrast, most angiosperms prefer
warmer conditions with a few exceptions like birches (Walter & Breckle, 1999). The 8'%0
isotopic ratios of Cenozoic sediments document that the global temperature during the Oligo-
cene was cooler than in the previous Eocene period. Only during the late Oligocene did the
temperature increase again (Zachos et al.,, 2001). This agrees with the results of Habicht
(1979) who reported that the Oligocene was a time of relatively low temperatures in the
northern hemisphere. For the Yukon Territory in northwest Canada, the Eocene-Oligocene
temperature decrease is supported by palynological data (Ridgway et al., 1995) indicating a
change from angiosperm dominated forest types to those dominated by gymnosperms and
therefore a decrease from relatively warm temperatures during the Eocene to colder condi-
tions during the Oligocene. The investigations of Long and Sweet (1994) on Eo-
cene-Oligocene sediment samples from the Rock River coal basin, located further south in
Yukon Territory, revealed a dominance of Taxodiaceae-Cupressaceae pollen, indicating a
temperate climate and wet-humid conditions. For the Mackenzie Delta region (Imperial Nuk-
tak C-22 well), Norris (1982) showed differences in the distribution of spores between the
Ivik member (lower part) and the Arnak member (upper part) of the Kugmallit sequence.
Thermophilic angiosperms, which are common in the Eocene and early Oligocene disap-
peared in the lower half of the transition from the early to middle Oligocene (Ivik member).
The absence of the thermophilic angiosperm taxa indicates a cooler interval. However, in the
late Oligocene (Arnak member) they reappear. Norris (1982) suggests that the increased di-
versity of angiosperm pollen in the Arnak member is due to an amelioration of climate and
the re-establishment of warmer temperatures.

As mentioned before, only sediments of the Arnak member were penetrated by the Mallik
well. The occurrence of angiosperm biomarkers in almost all the Mallik sediments confirms
the reappearance of angiosperms during the late Oligocene. However, based on biomarker
data, angiosperms were not the dominant vegetation in all intervals (Figure 6.3). Especially
during the deposition of most of the lignites (and sands), gymnosperm markers obviously
played a more important role.

In a river delta the interpretation of these floral variations in terms of paleoclimatic changes is
complicated by the fact that the biomarker composition can represent different sources of or-
ganic matter either directly from the river delta (autochthonous organic matter) or from the

hinterland (allochthonous organic matter) transported by the river into the delta area. In addi-
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tion, it is known, that the preservation of plant material in a delta system is related to the dif-
ferent sites of deposition such as channels, levees, floodplains and swamps (Burnham, 1989;
Scheihing & Pfefferkorn, 1984).

The organic matter in the lignite samples, some of it originating from the moss plant Sphag-
num, indicates their formation in swamps (Haberer et al., 2005). Deposition in a swamp sug-
gests that the biomarker composition of the lignites most likely represents an autochthonous
plant and climate signal. The dominance of gymnosperm biomarkers points to lower tempera-
tures in the delta system during deposition of the lignites and other periods if the sandstone
biomarker signal also represents an autochthonous signal, as suggested above. At least one
lignite sample (CO108138), dominated by angiosperms (Figure 6.3c), seems to indicate that a
shift to warmer temperatures occasionally occurred in the Mallik area during the late Oligo-
cene.

In contrast to the lignites and sand samples, most clay samples are dominated by angiosperm
biomarkers. Clays are assumed to contain a higher allochthonous biomarker signal. Thus, the
dominance of angiosperms in many clay samples may point to warmer climatic conditions in
the area of the river watershed in the hinterland during deposition.

Overall the variability in the dominance of angiosperm and gymnosperm markers, and the
observation that both marker groups are present in almost all samples, indicates varying in-
termediate climate conditions in the area, which might be typical for a period of slow climate

amelioration.

6.5.3 Aromatic hydrocarbons related to diagenesis
The degree of aromatization is a thermal maturity parameter and is well established
(Alexander et al., 1987; Alexander et al., 1995; Alexander et al., 1985; Budzinski et al., 1995;
Heppenheimer et al., 1992; Piittmann & Villar, 1987; Radke et al., 1990; Radke et al., 1994;
Radke et al.,, 1982a; Radke et al., 1982b; Strachan et al., 1988; Wakeham et al., 1980;
Wilhelms et al., 1998). Several parameters, based on the occurrence of diverse methylnaph-
thalenes or methylphenanthrenes and usually used to evaluate the maturity level of more ma-
ture samples (Alexander et al., 1995; Alexander et al., 1985; Budzinski et al., 1995; Piittmann
& Villar, 1987; Radke et al., 1990; Radke et al., 1994; Radke et al., 1982a; Strachan et al.,
1988; Wilhelms et al., 1998), are not applicable for the Mallik samples because, due to their
low rank, they do not contain any methylnaphthalenes or methylphenanthrenes. However,
tricyclic diterpenoids are transformed to phenanthrenes in several steps via the formation of
simonellite and retene (Figure 6.6). The formation of retene is a fast process, which starts dur-

ing sedimentation and the early stages of diagenesis (Tan & Heit, 1981; Wakeham et al.,

118



SIGNIFICANCE OF AROMATIC BIOMARKERS

1980). Therefore, retene occurs in relatively immature organic matter. The increasing degree
of aromatization of the abietane derived diterpenoids (Figure 6.6) allows diagenetic changes
to be documented at a high level of resolution.

Figure 6.7a illustrates a simple ternary plot in which these early maturity transformation proc-
esses are defined by the relative increasing aromatization of abietane type diterpenes in the
samples. Different components with the same rank of aromatiziation are combined together to
define different alteration steps.

In dehydroabietane, 18- and 19-norabieta-8,11,13-triene only the C-ring is completely aroma-
tized. Simonellite and 1,2,3,4-tetrahydroretene have two aromatized rings (B+C) and methyl-
retene and retene are completely aromatized. The arrow indicates the increasing alteration
pathway in relation to increasing degree of aromatization.

Almost all samples plot in the range between one and two ring aromatization indicating a low
level of maturity. The MB96334 sample is the only sample plotting between two and three
ring aromatization. It contains neither dehydroabietane nor 18- nor 19-norabieta-8,11,13-
triene. The position of this sample in the triangular plot is puzzling, because other maturity
parameters such as the T,y value of 416°C obtained with Rock-Eval-pyrolysis (Haberer et
al., 2005) do not indicate enhanced maturity. The generally low level of thermal maturity of
the organic matter in the Mallik area, deduced here from the extent of aromatization, has also
been shown by Snowdon (1981; 1999) and Haberer et al. (2005); for example Snowdon
(1999) reported vitrinite reflectance values (VRy) between 0.23% and 0.28% for some sam-
ples from the adjacent Mallik 2L.-38 Gas Hydrate Research Well.

Here, no relationship between increasing diagenetic alteration and increasing depth is detect-
able (Figure 6.7b); this would not be unexpected for a sedimentary section of only 250 m. In
contrast, Figure 6.7b suggests a link between the level of diagenetic alteration and the differ-
ent facies. Although it has to be kept in mind that the sandstones contain only low amounts of
aromatic hydrocarbons, the sand samples tend to show the lowest maturity. In contrast, most
of the lignites and claystones show a more advanced level of diagenetic alteration. To explain
this observation we can only speculate, but a reason for this might be acidic catalysed
diagenetic processes, which have been described for clay minerals by Rubinstein et al. (1975)
and Sieskind et al. (1979). The same might be the case for the lignites, also known to be de-

posited under acidic conditions (Diessel, 1992).
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Figure 6.6: Schematic pathway for transformation of tricyclic diterpenoids to phenanthrene via simonellite
and retene (adopted from literature (Otto and Simoneit, 2001; 2002; Otto and Wilde, 2001; Simoneit et al., 1986;
Wakeham et al., 1980)). Compounds with an asterisk (*) were detected in the Mallik samples.
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6.6 Conclusions
Thirty sediment samples (lignites, clays, sands) from the JAPEX/JINOC/GSC et al. Mallik 5L-
38 Gas Hydrate Research Well, Canada were analysed with regard to their aromatic hydro-
carbon biomarker composition. The samples investigated contain aromatic sesqui-, di-, and
triterpenoids in variable amounts. Diterpenoic compounds generally predominate in the lig-
nite and sand samples indicating a gymnosperm dominated paleovegetation. In clay samples,
triterpenoids are usually the major constituents of the aromatic hydrocarbon fraction, repre-
senting an angiosperm dominated environment. The alternating dominance in the plant com-
munities show varying climatic conditions in the Mallik area (lignites) and in the drainage
area of the river (clays) likely related to changing depositional conditions in the delta. The
simultaneous occurrence of both biomarker groups in almost all samples suggests intermedi-
ate climate condition during the late Oligocene, a phase of slow climate amelioration and re-
establishment of warmer temperature conditions. The aromatic hydrocarbons assign a low
level of maturity to the organic material at the Mallik site, which is in agreement with the
vitrinite reflectance data for comparable samples from the same area (Snowdon, 1999). Addi-
tionally, within this low level of maturity, a coherence between the degree of diagenetic al-

teration and the lithology is suggested.
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Figure 6.7: a) A ternary diagram of dehydroabietane and 18-/19-norabieta-8,11,13-triene, simonellite and
1,2,3,4-tetrahydroretene, and methylretene and retene illustrating different degrees of aromatization of the aro-
matic biomarkers. The arrow indicates the increasing maturation. b) Depth profile of the ratio of 1-ring aroma-
tized compounds (dehydroabietane, 18-/19-norabieta-8,11,13-triene) to the sum of 1-, 2- (simonellite, 1,2,3,4-
tetrahydroretene), and 3-ring (methylretene, retene) aromatized. Triangles = sand samples, open circles = clay
samples, filled circles = lignites. Samples MB89899, MB104920, MB106380, and MB112790 contain no aro-
matic diterpenoids and are not considered.
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Table 6.3: Concentrations of aromatic sesqui-, di- and triterpenoic hydrocarbon biomarkers. Angiosperm-
gymnosperm-aromatic ratio (AGAR): ratio of di- to di- plus triterpenoids. Dark grey shaded = lignites, light grey
shaded = silts/clays and unshaded = sands. Numbers and letters correspond to compound names in Table 6.2.
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Appendix: Structures of aromatic hydrocarbons discussed in this paper

e s A e

diaromatic Calamene Cadalene Cuparene  Dihydro-ar-curcumene Cadina-1(10),6,8-triene
Totarane

24,25-Dinoroleana- 24,25-Dinorursa-

19-Norabietatriene 1,3,5(10),12-tetraene 1,3,5(10),12-tetraene

(]
QOO

3,3,7,12a-Tetramethyl- 3,3,7-Trimethyl-1,2,3,4- 2,2,4ab,9-Tetramethyl- 2,2,9-Tetramethyl-
1,2,3,4,4a,11,12,12a- tetrahydrochrysene 1,2,3,4,4a,5,6,14b- 1,2,3,4 -tetrahydropicene
octahydrochrysene octahydropicene
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7 Occurrence and significance of monomethylated al-

kanes in the Mallik samples

7.1 Monomethylalkanes in the Mallik samples
Monomethylalkanes with 14 to 16 carbon atoms and different methyl branching positions (3-
methyl to 7-methyl) were detected in the range between the n-C4 and n-C,7-alkane in the ali-
phatic fractions of almost all samples investigated. The methyl isomers can be distinguished
due to their different fragmentation pattern caused by the different methyl branching posi-
tions. Figure 7.1 shows the distribution of the monomethylalkanes in different characteristic

mass traces listed in Table 7.1.

Table 7.1: Characteristic fragments for the monomethylalkanes detected in the samples.

characteristic fragments Carbon number of main chain
14 15 16
141 (»-9) 6-methyl 7-methyl -
155 (»-10) 5-methyl 6-methyl 7-methyl
169 (o-11) 4-methyl 5-methyl 6-methyl
183 (w-12) 3-methyl 4-methyl 5-methyl
197 (-13) - 3-methyl 4-methyl
211 (-14) - - 3-methyl

Between n-Cy4 and n-Cis-alkane five different isomers of methyltetradecane occur from the 7-
methyl to the 3-methyl isomer (Figure 7.1), whereas the 6-methyltetradecane coelutes with
the 7-methyltetradecane. In the range of n-C;s to n-Cjs-alkane, five isomers from 7- to 3-
methylpentadecane occur (Figure 7.1). In this range, there is no co-elution of 7- and
6-methylpentadecane. Similar to the methylpentadecanes, five methylhexadecane isomers
occur in the range between n-Ci¢ and n-C;7-alkane (Figure 7.1).

The sum of all methylalkanes varies between 19.7ug/gSed in the clay sample CO106094 and
0.1pg/gSed in the sand sample MB98925. The lignites samples as well as the clay samples
contain all of the different isomers described above. Only in a few lignite and clay samples,
the methyltetradecanes are not represented completely. In these samples the 5-methyl and the
co-eluting 6- and 7-methyl isomers are often missing.

Actually, the sand samples contain even less different monomethylalkane isomers as the clays

and lignites. The methyltetradecanes and many isomers of the methylpentadecane are com-
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pletely lacking in half of the sands and the 7-methylhexadecanes are absent in all sand sam-

ples.
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Figure 7.1: Typical distribution of monomethylated alkanes in the Mallik samples (CO94078).
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7.2 Possible origins of monomethylated alkanes

7.2.1 Higher land plant material as source for methylalkanes
2- and 3-methylalkanes are associated with n-alkenes in plant waxes in the range of n-Cys to
n-Cs; (Kissin, 1987; Kissin & Feulmer, 1986; Tissot & Welte, 1984). Thus, plant waxes, a
complex mixtures of long chain alkanes, alcoholes, aldehydes, acetals esters and acids with
different numbers and positions of functional groups and chain branching (Eglinton & Hamil-

ton, 1967), could act as sources for methyl branched alkanes in sediments.

7.2.2 Insect cuticles as source for methylalkanes
Additionally, it is well known that cuticles of insect consist in major parts branched hydrocar-
bons. For example, mono-, tri-, and tetramethyl branched alkanes with a chain length >30 are
found in the developing pupae of Lepidoptera (Heliothis virescens, Helicoverpa zea), in the
cuticle of the gipsy moth Lymantria dispar and in cuticular hydrocarbon from fruit flies larvae
(A. suspense, C. capitata) (Jurenka & Subchev, 2000; Nelson, 2001; Sutton & Steck, 1994).
The proportions of different methylalkanes in insects, for example face flies or termites, vary
in relation to the climatic conditions during the different seasons or humidity, and they play
probable an important role for the viscosity (Jurenka et al., 1998; Woodrow et al., 2000). Di-
and trimethylalkanes are also the significant compounds in beeswax and in the surface wax of

eggs and adults of colorado potato beetle (Frohlich et al., 2000; Nelson et al., 2003).

7.2.3 Cyanobacteria as source for methylalkanes
In cyanobacteria, mid-chain branched alkanes are characteristic components (e.g. Fowler &
Douglas, 1987; Gelpi et al., 1970) with a clear preferences for 7- or 8-methylheptadecanes
and, in a limited range other isomers depending on the species (e.g. Dachs et al., 1998; Kenig,
2000; Kenig et al., 2001; Kenig et al., 1995; Shiea et al., 1990; Summons et al., 1999). Shiea
et al. (1990; 1991) have found a suite of mid-chain branched mono- and multi-methylalkanes
in the range from n-C;s to N-C,; in recent cyanobacteria mats and lichens, which contain sym-
biotic cyanobacteria. A suite of specific short-chain (n-C;7 to n-C,;) and long-chain (n-Ca4 to
n-Cs1) mono-, di- and trimethylalkanes in recent microbial mats have been reported by Kenig
et al. (1995). In the range of C;-Cy9 Kenig (2000) have examinated a homologous series of
monomethylalkane isomers with methylgroups at different positions in pyrolysis products of a

Holocene microbial mat. In Permian torbanites, four series of monomethylalkanes ranging
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from Cp3-Cs;+ occur and Audino et al. (2001) relate this to a direct input form Botryococcus

braunii, occurring in the samples.

7.2.4 Microbial sources for methylalkanes
Methylalkanes were also been interpreted as products of diagenetic decarboxylation processes
of functionalized lipid precursors such as carboxylic acids (Summons, 1987; Thiel et al.,
1999a). In sponges, symbiotic bacterial with an intriguing variety of methyl fatty acids occur
(Gillan et al., 1988; Thiel et al., 1999a). In addition to this, mid-chain branched carboxylic
acids are reported from non-photothrophic bacteria (Gillan et al., 1988; Thiel et al., 1999a).
Furthermore, it is well known, that iso- and anteiso fatty acids are common lipid constituents
of anoxygenic bacteria (e.g. Kaneda, 1991) and the preponderance of 2- and 3-methyl alkanes
in fossil rock extracts could be related to them as potentials precursors. Kaneda (1991) as-
sumed that branched chain fatty acids in bacteria were synthesized from two different primer
sources. The first, most common, type includes branched chain a-keto acids, which are re-
lated to valine, leucine and isoleucin. The second type includes short-chain carboxylic acids
which are used only by a small proportion of bacteria. Cranwell (1973) assumed also a bacte-
rial origin of mid-chain methyl-branched acids from the gram-positive, aerobic bacteria Ac-
tinomycetales as biosynthetic precursor for mid-chain methyl branched fatty acids in recent
lacustrine sediment from the English Lake District. Investigating the deep biosphere in fluid
reservoirs within mid-ocean ridges flanks, Cowen et al. (2003) demonstrated the presence of
aliphatic compounds such as long-chain alkanes, iso- and anteiso-alkanes and trace amounts
of 9-methylalkanes in escaping fluids, containing nitrate and sulfate reducing bacteria and

archaea.

7.2.5 Origin of methylalkanes in oils
In a geological context, monomethyl branched alkanes are found mostly in crude oils from the
Palaeozoic or even the late Precambrian (Fowler & Douglas, 1987; Grantham et al., 1988;
Hold et al., 1999; Jackson et al., 1986; Kissin, 1987; Kissin & Feulmer, 1986; Klomp, 1986).
Several main origins have been stated to explain the presence of these compounds in sedi-
ments and crude oils. These are a direct supply of methyl branched alkanes from different
sources like cyanobacterial mats and insect cuticles or the defunctionalization of precursor
molecules such as branched fatty acids or ketones from bacterial and plant material. Hold et
al. (1999) reported the occurrence of mid-chain methyl alkanes with usually two methyl iso-

mers in the range of 16 to 33 carbon numbers in oils from the Infracambrian Huqf Formation
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(Oman), whereas the predominant branching position changes with the carbon number. They
proposed that compounds with polar head group and a hydrocarbon tail could be precursors
for these mid-chain methyl alkanes. In a number of crude oils, suites of branched alkanes with
a methyl group from 2-monomethyl- to 6-monomethylalkanes has been described by Kissin
(1987). Kissin (1987) interprets their formation as thermal cracking processes of o-olefines
transformed in the presences of catalytical acidic clay minerals. Warton et al. (1998), con-
ducting laboratory heating experiments, have studied the distribution of monoethylalkanes in
late cretaceous sediments and crude oils depending on maturity. Supporting the results of
Kissin (1987), the authors propose a reaction mechanism explaining the formation of T-

branched alkanes (methyl- up to pentyl) from n-alkenes by hydride and alkyl shifts.

7.3 Possible origins of monomethylated alkanes in the Mallik
samples

For the samples material from the Mallik Site investigated in this study the origin of the
monomethylalkanes are not obvious. There was no correlation with other analyzed parame-
ters; neither with the amount of TOC nor with the Rock-Eval-parameters or the composition
of the macerals. Furthermore, there is no link apparent between the abundance of mono-
methylalkanes and the biomarker composition, in the bitumen fraction indicating enhanced
maturity. Also, an important contribution from cyanobacteria is not likely if the results of all
other investigations done concerning the biomarker distribution were considered.

Referring to the findings of Hold et al. (1999) it could also be assumed, that phospholipids
with branched fatty acid side chains serve as precursors for branched alkanes. However, there
was neither a link between the occurrence of monomethylalkanes and the phospholipids nor
did the free fatty acid fraction reveal any important supply of methyl branched fatty acids.
Therefore, branched fatty acids could not be a source for the monomethylalkanes in the Mal-
lik samples.

The fact, that there is no correlation with other analytical parameters and that there is a com-
plete series of monomethylalkanes and not just some specific isomers, as usually found in
cyanobacterial lipids (Kenig et al., 1995) could imply, that the monomethylalkanes found in
the sediments from the Mallik 5L-38 Well are part of allochthonous material. The occurrence
of monomethylalkanes is usually assigned to crude oils. Thus, migrated crude oil is another
possible source for the provenance of the branched alkanes. Recent studies on the geochemis-
try of the Mackenzie River and its sediments show that the river carries allochthonous organic

material from the hinterland into the delta and it has been supposed that this material partly
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arise from the Athabaska tar sands or the Norman Wells oils (Yunker et al., 1993). Yunker et
al. (2002) have demonstrated that the erosion of the Devonian Canol Formation in the lower
Mackenzie River valley, which act as the source rock for the Norman wells oils (Feinstein et
al., 1988; Snowdon et al., 1987), supplies material to the Mackenzie River and shelf. Consid-
ering this, it appears not unlikely, that there was also a supply of source rock material during
the sedimentation of the Kugmallit Formation in the Mallik area and that the methylalkanes
derived from this material.

During the Paleogene, the courses of rivers in this region were different from the present-day
course. Formerly, the Porcupine River basin has provided the clastic sediments from the
northern Cordillera including Ogilvie and Richardson mountains to the Kugmallit delta (Lane
& Dietrich, 1995). For the northern Cordillera, the occurrence of crude oils and gas has been
described (Link & Bustin, 1989; Norris, 1985a; Norris, 1985b). Hence, the northern Cordil-
lera could have been also a potential source for mature allochthonous organic material depos-
ited in the Mackenzie Delta. Nevertheless, if there was really a supply of crude oil to the Mal-
lik sample material, more indicators for mature organic matter like a broad range of of3-
hopanes and C,7-Cy9 steranes, should be detectable in the Mallik sediments. Thus, an embed-

ding of mature oil derived material in the Mallik sediments seems to be unlikely.
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Figure 7.2: Distribution of monomethylated alkanes in the drill mud additive lecithin.

To clarify, whether the monomethylalkanes are an indigenous signal and not a contamination

for instance by the drill mud and its additives, samples of the drill mud and the drill mud addi-
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tive lecithin were studied. Lecithin was added to the drill fluid to prevent the formation of gas
hydrates during the drilling process.

The investigated drill mud and lecithin samples contain also monomethylalkanes and show
exactly the same pattern (Figure 7.2), as found in the sediment samples. Unfortunately, the
most perspicuous origin of these suites of methylated alkanes in the investigated samples is
the contamination of the samples with the drill mud additive lecithine during the drilling

process.
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8 Characterisation of the organic matter embedded In

the Mallik samples: a summary

The characterisation of the organic matter in the sediments from the Mallik 5L-38 Gas Hy-
drate Production Research well was conducted using different organic geochemical methods
to elucidate the origin and the thermal maturity.

A first hint for the terrestrial origin and the immaturity of the organic matter is given by the
Rock-Eval pyrolysis data. These results are supported by the maceral analysis and the open-
system pyrolysis gas-chromatography of the organic carbon-rich samples. In addition to this,
the distributions of the n-alkanes, n-fatty acids and n-alcohols with the maxima in the long-
chain carbon number range point clearly to higher land plants as one of the main contributors
to the organic matter in the investigated samples. In the lignite samples, the specific feature of
the n-alkane distributions is the second maximum at n-C,3 indicating an important input of the
moss plant Sphagnum.

A deeper insight into the terrestrial organic matter is provided by the occurrence of di- and
triterpenoic biomarkers. The angiosperm/gymnosperm-aromatic-ratio (AGAR, chapter 6,
Figure 6.3c, Figure 8.1b) and the distribution of terpenoic biomarkers in the aliphatic (Figure
8.1a) as well as in the neutral polar hydrocarbon fractions (Figure 8.1c) reveal distinct differ-
ences of the dominating plant communities with respect to lithology.

Almost all lignite seams are dominated by gymnosperms (Table 8.1, Figure 8.1) like the coni-
fer genera Pinaceae, Cupressaceae s.str., Taxodiaceae, and Podocarpaceae. In contrast to the
lignites most of the clay samples are dominated by an angiosperm paleovegetation (Table 8.1,
Figure 8.1). The sand samples contain in general minor amounts of angiosperm markers and
are dominated by gymnosperm markers. However, it has to be noted that the total amount of
di- and triterpenoids is fairly low in the sand samples. In the neutral polar hydrocarbon frac-

tions of the sand samples even no di- and triterpenoids occur.

Table 8.1: Dominance of gymno- and angiosperms in the paleovegetation at the Mallik site with regard to
lithology.

] aliphatic hydrocarbons aromatic hydrocarbons neutral polar hydrocarbons
Lithology
angiosperms gymnosperms angiosperms gymnosperms angiosperms gymnosperms
lignites 0 6 1 5 2 4
clays 9 4 10 3 12 1
sands 0 10 2 8 - -
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The compositional differences of the organic matter in the studied Mallik sediments reflect
the depositional changes in the meandering river system at the Mackenzie delta. Delta plain
sediments were the dominating deposits in the Mallik area. Certainly, the sedimentation took
place at the upper delta plain, because there is no marine influence detectable in the samples
investigated. The widespread delta plains comprise active and abandoned distributary chan-

nels separated by shallow-water environments and by emergent areas.

900 R a) . ©)| Mac.
~~~~~~ A Tl Bay
\? Tl Seq.
"""" -+ <i---"9
=124 O%tre
o u
e -
\A \\
1000 S
’é‘ C=gf--=""7="~° ‘o 'O' """ ® g
£ i -' B
§ O b\'“o o
O:::::::::;g O—'—‘—-—- ----- _’,. E
S e e e S D <
________ < :
h‘-ﬁ__ ~ R S ‘D
~0~9 L 3 ¥
K
1100 . Pros
G----- o
\j \
\
N !
LN \
O--d- o)
) ) L} ) L) ) ) )

| | | | | | | | |
0 02 04 06 08 1 0 02 04 06 038 1 0 02 04 06 08 1

(diterpenoids/ ) (dit_erpen_oidsl ) (diterpenoids/
(diterpenoids+triterpenoids)) (diterpenoids+triterpenoids)) (diterpenoids+triterpenoids))
of the of the
aliphatic hydrocarbon fractions AGAR neutral polar hydrocarbon fractions

Figure 8.1: Depth profile of the ratio of diterpenoid concentration to the sum of di- and triterpenoid con-
centrations as an indicator for an angio- or gymnosperm dominated paleovegetation a) in the aliphatic hydrocar-
bon fractions, b) in the aromatic hydrocarbon fractions (AGAR (angiosperm-gymnosperm-aromatic ratio)), c) in
the neutral polar hydrocarbon fractions. Black dots = lignite, open circles = clay, triangles = sand.

The sandstones certainly reflect a very fast sedimentation in such active channels. Due to the
rapidity of the sedimentation and the availability of organic material, there is no or only little
organic matter embedded. If the sands represent a more autochthonous floral signal or if they
demonstrate a vegetational signal from the hinterland, and with that suggesting varying flora
(angiosperm and gymnosperm) in the source hinterland remains unclear.

The silts and clays were deposited on floodplains or avulsion belts by a still and slow sedi-
mentation with the possibility to trap more organic matter. They might represent a mixture of

both the allochthonous floral signal transported by the river and the authochthonous signal
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supplied by the surrounding vegetation into the delta system. The significance of the alloch-
thonous versus autochthonous vegetation signal might vary depending on the dynamic of the
river and the position of the site relative to the surrounding flora in the meandering river sys-
tem (Figure 8.2). The lignite layers are residues of former bogs, which were built up in aban-
doned channels or in shallow pools. They result from interdistributary swamps or peat bogs,
which mainly are constituted from Sphagnum and Cupressaceae, and also from other peat
forming plants. Based on the identified plant markers, it is conceivable that the peats were

either raised bogs or in the intermediary state between mires and raised bogs (Figure 8.2).
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Figure 8.2: Schematic illustration of the paleovegetational and paleoclimatic conditions at the Mallik site.

In addition, obviously, there is an alternation with depth in the dominating plant communities
(gymnosperms and angiosperms). The three major cycles in vegetation type separated by
rapid minor fluctuations (see chapter 6) is also detectable in the aliphatic and the neutral polar
hydrocarbon fraction, with some slight variations (Figure 8.1). These observable alternating
sections mirror floral signals from both the site of deposition and the area of sediment prove-
nance.

The changes in the plant communities provide an insight into the climate conditions in the
Mallik area during the time of sedimentary deposition. Whereas the gymnosperms prefer

cooler temperature, most angiosperms favour warmer conditions. The possible climate
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changes indicated by the varieties in the biomarker composition, fit in the results of various
studies about the climatic conditions during the Oligocene and Miocene in the northern hemi-
sphere, which reported relatively low temperatures and wet-humid conditions for the Oligo-
cene with an climatic amelioration during the late Oligocene (Habicht, 1979; Long & Sweet,

1994; Norris, 1982; Ridgway et al., 1995; Zachos et al., 2001).
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9 Search for microbial life indicators in deep subsur-
face sediments of the Mallik 5L-38 Gas Hydrate

Production Research Well, Canada

" This chapter is in process to be published. R.M. Haberer, K. Mangelsdorf, K.-G. Zink. H. Wilkes, and B. Hors-
field (in prep.). The short descriptions of the study area, sample material and methods were adapted for this pub-
lication.

9.1 Introduction

During the last decades many microbiological and organic geochemical studies have been
performed to prove the occurrence of life in the deep subsurface strata and to examine the
characteristics of the deep biosphere (Boivin-Jahns et al., 1996; Fredrickson & Onstott, 1996;
Head et al., 2003; Krumholz, 2000; Parkes et al., 1994; Pedersen, 1993; Pedersen, 1997;
Ringelberg et al., 1997; Wellsbury et al., 2000; Zink et al., 2003).

The abundance of life in the deep subsurface depends on temperature, the presence of water,
pore spaces of sediments and rocks, and the availability of nutrients and energy (Fredrickson
& Onstott, 1996; Parkes et al., 1994; Pedersen, 1993). Pedersen (1993) suggests that the depth
limit is set by temperature if energy is available. Organic matter, embedded into sediments,
could act as such an energy source (Krumholz et al., 1997). Krumholz et al. (1997) demon-
strate that the main energy source used by microbial communities is organic material trapped
within shales. In the shales themselves the microbial activity appears to be reduced, while in
the adjacent sandstone layers it was much more abundant. This observation leads the authors
to the assumption that microorganisms ferment the organic matter, diffusing from the shales
into the more permeable sandstones, and carry out sulphate reduction and acetogenesis. Even
if organisms with other metabolic capabilities such as methanogens could be important in
such a system, only the occurrence of acetogens was proved in the study of Krumholz et al.
(1997).

As an alternative energy source to the organic carbon incorporated into the sediments, gases
(e.g. methane and higher hydrocarbon gases) within gas hydrate deposits could be used by
microbial ecosystems in depths where energy sources are usually limited. For instance,
Wellsbury et al. (2000) could show in deep subsurface sediments from the Blake Ridge that
free-gas associated with gas hydrates appears to stimulate both the number and activity rates
of microorganisms. In near-surface gas-hydrate bearing sediments at the southern Hydrate

Ridge, symbiotic consortia of archaea and sulphate-reducing bacteria have been indicated
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(Boetius et al., 2000). These aggregates were abundant in sediments with high rates of meth-
ane-based sulphate reduction and evidently mediate anaerobic oxidation of methane. Previ-
ously, it has been shown, that certain archaea could reverse the process of methanogenesis by
interaction with sulphate-reducing bacteria (Iversen & Joergensen, 1985; Zehnder & Brock,
1979;1980).

Although many information are gathered already on the special feature of microbial commu-
nities in deep marine sediments (e.g. Boetius et al., 2000; Parkes et al., 1994; Parkes et al.,
2000; Zink et al., 2003), comparatively little is known about the terrestrial deep biosphere
(Pedersen, 1993; Pedersen, 1997). In the JAPEX/JNOC/GSC et al. Mallik 5L-38 Gas Hydrate
Production Research Well both organic rich lignite layers and gas hydrates occur, therefore it
provides the opportunity to investigate the interaction of deep microbial populations with dif-
ferent substrate provided by terrestrial successions. In the previous JAPEX/JINOC/GSC Mal-
lik 2L-38 gas hydrate research well, Colwell et al. (1999) show that methanogenic microor-
ganisms are present in the deep sediments of the Mallik area, and that they are more numerous
in the sand than in the silt or clay strata.

From a biogeochemical perspective the commonly used approach to detect microbial commu-
nities is the identification of characteristic microbial biomarkers (hopanoids, ether- and phos-
pholipids) and the determination of their carbon isotopic signature (Abraham et al., 1998;
Boschker et al., 1998; Cvejic et al., 2000; De Rosa et al., 1971; Fang et al., 2000; Green &
Scow, 2000; Hinrichs & Boetius, 2002; Hinrichs et al., 2000; Ourisson & Rohmer, 1992; Rat-
ledge & Wilkinson, 1988; Rohmer et al., 1980; Thiel et al., 2003; Zink et al., 2003). In this
paper, the results from the investigations to proof the existence of microbial communities in
the deep subsurface sediments of the Mallik Site using molecular organic geochemical ap-

proaches are presented.
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9.2 Biomarkers used to trace microbial biomass in the Mallik

sediments

9.2.1 Hopanoic biomarkers

Pentacyclic triterpenes of the hopanoic family are a very abundant and widespread group of
biological marker in sediments and crude oils (e.g. Rohmer et al., 1984; Rohmer et al., 1980;
van Dorsselaer et al., 1977; van Dorsselaer et al., 1974). Hopanoids are significant constitu-
ents of bacteria. The occurrences of several hopanoic hydrocarbons (diploptene, diploterol
and bacteriohopanepolyols) have been proven in almost all cyanobacteria, purple non-sulphur
and methylotrophic bacteria, and some Gram-negative or Gram-positive bacteria (De Rosa et
al., 1971; Rohmer et al., 1984; Rohmer & Ourisson, 1976a;b). In contrast to this, they appear
to be absent in archaea (Rohmer et al., 1984). It is assumed, that they act as reinforcers of the
membrane and take on the function of sterols in eukaryotic cells (Kannenberg & Poralla,
1999; Ourisson et al., 1987; Rohmer et al., 1992; Rohmer et al., 1984). But, even if the ho-
panoids mainly derived from bacteria, it should not be unmentioned that they occur also in
cryptogams (algae, mosses, ferns and fungi) and higher land plants (Ourisson et al. 1987;
Quirk et al., 1984).

It was thought for long that hopanoids occur only in aerobic bacteria, but recent findings dis-
proved this predication. Thiel et al. (2003) proved the presence of dihomo-hopanoic acids
(Cs2) in living anaerobic microbial mats at methane seeps in the Black Sea, Hértner et al.
(2005) the occurrence of hop-22(29)-ene (diploptene), hop-21-ene and dihomo-hopan-32-ol in
two well characterized Geobacter species, which are strictly anaerobic bacteria and Sinninghe
Damsté et al. (2004) detected hopanoids (bacteriohopantetrol, diploterol diploptene and a C,;
hopanoid ketone) in the strictly anaerobic anammox bacteria (planctomycetes). Thus, these
studies show that the occurrence of hopanoic hydrocarbons is not longer obligatory related to
aerobic microorganisms and that hopanoids can also derive from microorganisms living in

strictly anoxic environments.
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9.2.2 Glycerol ether lipids

Glycerol ether lipids are main membrane constituents of archaea and bacteria. The basic
structure of glycerol dialkyl glycerol tetracthers (GDGT’s) is composed of two glycerol moie-
ties linked by two carbon chains. Dialkyl glycerol ethers like archaeol or GDGT’s such as
caldarchaeol or crenarchaeol with an isoprenoid ether chain are used as specific indicators for
archaea. GDGT’s with non-isoprenoid but branched ether chains are indicators for bacteria
(e.g. Weijers et al., 2006). The structures of these different groups of glycerol ether lipids are
displayed in Figure 9.1.

Tetraether lipids are known to occur in the membranes of thermophilic and methanogenic
archaea and non-thermophilic Crenarchaeota (Hopmans et al., 2000). Schouten et al. (2000)
have shown that isoprenoid and branched glycerol dialkyl glycerol tetraethers are widespread
in low-temperature environments (< 20°C). As glycerol ether lipids are, like the hopanoic
biomarkers, relatively stable against diagenetic degradation, they are not unambiguously bio-

markers for living microbial biomass.

Dialkyl glycerol ether
0\)\/\/'\/\)\/\)\

E ] ] ] ] Archaeol
0]
OH

Archaea
Glycerol dialkyl glycerol tetraethers

HO
-I:g | | I I ] 1 ] ] Caldarchaeol
OH
Bacteria

N
HO ]
EWNVWW‘ on

Figure 9.1: Molecular structures of glycerol ether lipids detected in the Mallik sediments.
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9.2.3 Phosphoplipids

Phospholipids (PLs) consist of a glycerol unit linked to a phosphatidyl head group and two
fatty acyl side chains (or sometimes ether side chains), which can differ concerning their
length, alkyl-branches and number of double bonds. The classification of phospholipids is
based on the chemical structure of the polar head groups. The head groups form the hydro-
philic and the fatty acid side chain the hydrophobic part of the phospholipid molecule. In cel-
lular membranes phospholipids arrange in the form of bilayers with a hydrophobic inner part
and a hydrophilic surface. Therefore, phospholipids are the major cell membrane lipids in
nearly all organisms.

However, in deeper sedimentary succession only micoorganisms can survive being the source
of intact phospholipids, because phospholipids appear to be stable only in living cells for
longer periods of time. It was shown that they are rapidly hydrolysed after cell death due to
early diagenetic alteration processes (Harvey et al., 1986; White et al., 1979). This makes in-
tact phospholipids to be appropriate indicators for living microbial communities in deep
sedimentary systems (White et al., 1979). Therefore, intact phospholipids are used as molecu-

lar “life” markers (Zink et al., 2003).

9.3 Samples and methods

9.3.1 Sampling

The Mallik 5L-38 Gas Hydrate Production Research Well drilling campaign was performed in
winter 2001/2002 in the Mackenzie Delta (Northwest Territories) in northern Canada (Figure
9.2). Sedimentation in the Beaufort-Mackenzie area was dominated by a predominantly
northward-prograding delta systems since the late Cretaceous (Dixon et al., 1992a; Dixon et
al., 1992b). Therefore, the sedimentary succession in the Mallik well is composed of sedi-
ments typical for deltaic processes such as sand-, silt-, and claystones and some lignite layers.
Nowadays, the outstanding feature of the Mallik well is a permafrost zone occurring from 0 to
about 600 m and a zone of numerous gas hydrate bearing layers between approximately 896
and 1100 m depth.

Thirty sediment samples (18 - 170 g) have been taken from above, within and below the gas
hydrate zone including different lithologies (11 sand, 13 silt/clay and 6 lignite samples). The
samples are mainly from the sand-dominated Kugmallit sequence (early - late Oligocene),
which reflects delta-plain deposits (Dixon, 1996; Young & McNeil, 1984). From the overly-
ing Mackenzie Bay (350-930 m, late Oligocene - middle Miocene), in general shale domi-
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nated, only three samples were collected. In contrast to the Kugmallit sequence, the
Mackenzie Bay sequence is related to sedimentation processes at the delta-front (Dixon,
1996). In the Mallik 5L-38 well both, the Kugmallit and the Mackenzie Bay sequence are
represented by sands and silts with pebble, clay and lignite interbeds (Medioli et al., 2005).
From the uppermost Iperk Sequence (early Pliocene — early Pleistocene) and the Shallow Bay
Sequence (Pleistocene — Holocene) both comprised of sandstones and conglomerates no sam-

ples were gathered.
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Figure 9.2: Map of the Mackenzie River Delta (Northwest Territories, Canada) showing the drilling loca-
tion of the Mallik 5L-38 Gas Hydrate Production Research Well.

To avoid microbial contamination of the core material from the surface stringent microbi-
ological sampling methods were used at the drill site for the non lignitic samples. These
methods minimized the contact of the sample material with non-sterile, foreign materials and
a fluorescent quality control tracer and a compound tracer (lecithin) were used during drilling
to indicate the penetration depth of the drill fluids into the core material (Colwell et al., 2005;
Dallimore et al., 2005b). After retrieval of the core material the exteriors of core samples were
removed and discarded within an anaerobic glovebox on site in order to avoid contaminated
outer core sections. All samples were directly sealed in Teflon receptacles and immediately
stored under liquid nitrogen (-196°C) to avoid any post-drilling degradation or contamination
processes. Samples were stored under these conditions until analysis.

The sample names, given in this paper, are composed of letters and numbers. The letter com-

bination assigns a specific sampling method (“MB” (microbiology) = samples taken under
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specific contamination-controlled conditions, see Mangelsdorf et al. (2005b), or a lithological
characterization “CO” (coal) = lignite samples). The numbers provide the sample depth in
centimeters. According to initial core descriptions, three samples (CO104310, CO106094 and
CO110550) were assigned as coals (CO, lignite), however, their comparatively low organic
carbon contents of 3.6, 4.7 and 9.4%, respectively, revealed that these samples are or-
ganic-rich shales rather than lignites.

As expected, the six lignite samples contain with up to 46.6% the highest contents of organic
carbon. The thirteen silty clay samples have lower TOC values from 0.4 to 9.4%, while the
portion of organic carbon in the eleven sand samples is very small with an average of 0.3%
(Haberer et al., 2005). In former studies the low level of thermal maturity and the terrestrial
origin of the organic matter in the sediments of the Mallik area were demonstrated (Haberer et

al., 2005; Haberer et al., in press; Snowdon, 1981).

9.3.2 Lipid analysis
For lipid analysis, the sediment samples had been freeze-dried and ground. Sample aliquots of
about 2g of the lignites and about 10g to 20g of the clay and sand samples were extracted ul-
trasonically using a mixture of CH,Cl, and methanol (99/1, v/v). Subsequently, the volume of
the resulting extract was concentrated using a Zymark TurboVap 500 concentrator and finally
evaporated to dryness under a nitrogen gas stream. After addition of internal standards (an-
drostane, ethylpyrene, Sa-androstan-17-one, eruic acid), the extract was dissolved in n-hexane
to precipitate asphaltenes, which were removed from the soluble fraction by filtration over
Na,S04. The n-hexane-soluble fraction was separated by medium-pressure liquid chromatog-
raphy (Radke et al., 1980) into fractions of aliphatic/alicyclic hydrocarbons, aromatic hydro-
carbons and nitrogen, sulphur and oxygen (NSO) compounds. Carboxylic acids were sepa-
rated from the NSO compound fraction using a column filled with KOH-impregnated silica
gel prepared by adding 0.5 g KOH in 10 ml isopropanol to 5 g silica gel 100 (63-200 pm).
The non-acidic compounds (neutral fraction) were eluted with CH,Cl,. Following this the
acidic fraction was eluted with 50 ml of a formic acid solution (2% in CH,Cl,) and subse-
quently 100 ml CH,Cl,. Prior to GC analysis the acid fraction was methylated with diazome-
thane and the neutral fraction was silylated with trimethylsilyltrifluoroacetamide (MSTFA).
Additionally, behenic acid methyl ester (BAME) was added as injection standard to the ali-
phatic hydrocarbon, aromatic hydrocarbon and neutral hydrocarbon fractions. Squalene was

added to the fatty acid fraction.
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The fractions of interest were analyzed using a gas chromatographic system coupled with a
mass spectrometer. Compound separation was performed on a Agilent 6890 Series
GC-instrument equipped with a PTV injection system and a fused silica capillary column
(SGE BPX35; 50 m length, inner diameter = 0.22 mm, film thickness = 0.25 pum). Helium was
used as carrier gas, and the temperature of the GC oven was programmed from 50 °C (1 min)
to 310 °C at a rate of 3 °C/min, followed by an isothermal phase of 10 min. The injector tem-
perature was programmed from 52 °C to 300 °C at a rate of 12 °C/sec. For compound identi-
fication, the gas chromatographic system was linked to a Finnigan MAT 95 XL mass spec-
trometer operating in the electron impact ionisation mode (70 eV). Full scan mass spectra
were recorded from m/z 50 to 650 at a scan rate of 1 s per decade and an inter scan delay of

0.2 s, resulting in a scan cycle time of 1.3 s.

9.3.3 Phopholipid analysis

For the analysis of phospholipids a special method was developed (Zink & Mangelsdorf,
2004) modified after Bligh and Dyer (1959). From the freeze-dried and grounded sediment
samples aliquots of 36 to 75 g (depending on available sample quantity) were extracted using
a flow blending system with a mixture of methanol/dichloromethane/ammonium acetate
buffer (pH 7.6), 2:1:0.8 (v/v) for 5 min. Prior to the extraction, 100 ul of deuterium-labelled
lysophosphatidylcholine (500 png/ml) were added as an internal standard. The solvent extract
was separated from the residual sediment by centrifugation (3500 rpm) for 10 min at a tem-
perature of 15°C. After removal of the supernatant, additionally the sediment residue was
re-extracted ultrasonically twice using the same solvent mixture. The combined solvent ex-
tracts were collected in a separation funnel and dichloromethane and water were added to
achieve a ratio of 1:1:0.9 (v/v). After phase separation the organic phase was recovered and
the water phase was re-extracted twice with 20 ml dichloromethane. The combined organic
phases were concentrated and evaporated to dryness.

Subsequently, the extract was redissolved in 1 ml chloroform/methanol, 9:1 (v/v) and sepa-
rated into four fractions of different polarity (low polar lipids, free fatty acids, glycolipids and
phospholipids) using a pure silica column (1 g silica gel 63-200 pm) and a florisil column (1 g
magnesium silica gel 150-250 um) in sequence. The low polar lipid fraction was obtained by
elution with 20 ml of chloroform, the free fatty acids fraction with 50 ml of methyl formiate
containing 0.025% glacial acetic acid, the glycolipids fraction with 25 ml of acetone and the

phospholipid fraction with 25 ml of methanol.
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The methanol fractions were analysed for intact phospholipids on an HPLC instrument (Shi-
madzu SCL-10a VP) coupled to a Finnigan MAT TSQ 7000 mass spectrometer equipped with
an electrospray interface (ESI). Separation of phospholipid classes was achieved with normal
phase HPLC on a pure silica gel column 125 x 2 mm (Hypersil Si-3um). The HPLC was
equipped with a 5 pl sample loop, the flow rate was set to 150 pl/min with a gradient solvent
system of chloroform (A), methanol (B), and ammonium acetate buffer (10 mM; C) modified
after Aries et al. (2001). The initial mobile phase composition was 30% A, 65% B, 5% C; B
was decreased to 55%, and C increased to 15% after 3 min; after 8§ min the mobile phase was
reset to initial conditions and was held isocratically for 7 min, resulting in a total time of
analysis per sample of 15 min. Full scan mass spectra were recorded in the negative ion mode
over a m/z range of 400 to 1800 at a scan rate of 1 scan every 2s. For detailed structural eluci-
dation of individual phospholipids (phospholipid head group, fatty acyl side chains) collision-
ally activated dissociation (CAD) tandem quadrupole MS experiments were performed (argon
as collision gas, collision energy 30 eV) over a m/z range of 100 to 800 at a scan rate of 1
scan/s.

For each Mallik sample investigated simultaneously the same methods were applied to quarz
sand as reference samples using the same solvents and chemicals to check for any microbial
contamination during the laboratory processes. All reference samples were negative with re-

gard to a phospholipid signal.

9.3.4 Glycerol etherlipid analysis
For the detection of tetraether lipids the acetone fractions (clay and sand samples) and the
neutral polar fractions (lignites) were analysed using an high-performance liquid chromatog-
raphy/atmospheric pressure chemical ionisation mass spectrometry (HPLC/APCI-MS)
method modified after Hopmans et al. (2004). Chromatographic separation was achieved on a
Sphere Image 3 CN column (150 x 2 mm, 3 pm; CS-Chromatography, Diiren, Germany). The
mobile phase consists of n-hexane A and isopropanol B (5 min 99% A, 1% B), followed by a
linear gradient to 1.4% B within 22.5 min, then within 1 min to 10% B, holding 5 min to
clean the column and back to initial conditions in 1 min, held for 6 min for equilibration. The
flow rate was set to 200ul/min and injection was performed via autosampler with a Sul loop.
The conditions for the APCI-MS were as follows: corona current 5 uA giving a voltage of
around 4 kV; vaporiser temperature 350°C; capillary temperature 200 °C and voltage 7.5V;
nitrogen sheath gas at 60 psi (4 bar); without auxiliary gas. Mass spectra were generated by

selected (single) ion monitoring (SIM), in the positive ion mode resulting in protonated

145



INDICATORS OF MICROBIAL COMMUNITIES IN THE DEEP SUBSURFACE

[M+H]", [M+H]"+1, and [M+H]"+2 molecular ions, the multiplier voltage was 1500 V, and
the scan rate was 2s. For full scan analysis m/z range from 900 to 1400 was used. For semi-
quantitative determination of tetraether compounds an external synthetic archaeol standard
(AvantiPolarLipids Inc., Al, USA) was used. Linearity and reproducibility was tested on 3

concentrations (0.1, 1, 10 pg/ml) analysed in triplicates and parallel to the sample sequence.

9.3.5 Carbon isotopic analysis of individual biomarkers
The carbon isotope composition of the aliphatic fractions was measured with a gas-
chromatograph coupled via a combustion interface to an isotope ratio mass spectrometer (GC-
C-IRMS system). Double measurements were performed. Aliquots (3 ul) of the extracts were
injected into the GC (Agilent 6890 N, Agilent Technology, USA) in split mode and separated
on a capillary column (HP Ultra 1; 50 m x 0.32 mm x 0.52 pm film thickness, Agilent Tech-
nologies, USA). Helium, set to a flow rate of 1.5 ml min™', was used as carrier gas. The injec-
tor temperature was held constant at 250 °C. The oven temperature was initially set to 80 °C
and held for 1 min. The temperature was then increased at a rate of 3 °C min™ to 310 °C and
held for 20 min. The GC unit was connected to a combustion device (GC-III, Thermo Elec-
tron, Germany) coupled to a MAT 253 mass spectrometer (Thermo Electron, Germany). Or-
ganic substances in the GC effluent stream were oxidised to CO, and H,O in the combustion
furnace held at 940 °C on a CuO/Ni/Pt catalyst and were transferred online via open split to
the isotope ratio mass spectrometer to determine *C/">C ratios of CO,. The instrument was
calibrated using a reference gas (CO;) with known isotopic composition. Additionally, a mix-
ture of three n-alkanes (C;s, C9 and C,s) with known isotopic composition (Chiron, Norway)
was measured every 5 runs to check the performance of the whole system. The carbon isotope
composition is reported in the d-notation (per mill) relative to Vienna Pee Dee Belemnite

standard (V-PDB).
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9.4 Results
9.4.1 Hopanoic hydrocarbons occurring in the Mallik samples

The investigated samples of the Mallik 5L-38 well contain a wide variety of hopanes,
hopenes, methylhopenes, hopanols and hopanoic acids (Table 9.1). The hopanoid composition
varies from sample to sample but only one sample (MB91856) contains no hopanoic hydro-
carbons at all (MB91856, Table 9.2). Figure 9.3 displays a typical distribution of hopanes and
hopenes in the aliphatic hydrocarbon fraction from the Mallik Site (clay sample MB106380).
The representative m/z 191 mass chromatogram (Figure 9.3b) shows the predominance of
hopanoids with the 17B(H) (Cy7) and 17B(H),21B(H)-configuration (C,9-Cs;) and of hopenes
(compounds listed in Table 9.1). Additionally, hopanes with the 170(H) (C;) and
170(H),21B(H)-configuration (Ca9-Cs;) occur in the Mallik samples, although with a lower
variability and abundance (Figure 9.4). Only one hopanoid with a 17B(H),21a(H)-
configuration (moretanes, Cy9) is present. Another interesting hopanoic hydrocarbon group
found in the investigated samples are the methylhop-17(21)-enes. Four different isomers are
detected: two congeners of 2-methylhop-17(21)-enes, one 3-methylhop-17(21)-ene and one
hop-17(21)-ene methylated probably at the C-ring. Their typical distribution in the Mallik
samples is illustrated in the characteristic m/z 245 trace (sample MB106380; Figure 9.3c).

The distribution and abundance of hopanoids differ with the lithological differences of the
sample material investigated (Figure 9.4). In the lignites and clays the 17B(H),21B(H)-
hopanes and the hopenes are the dominating hopanoic hydrocarbons. In contrast, in the sand
samples the 170(H),21pB(H)-hopanes are the most common hopanoids with highest abundance
relative to the total organic carbon (TOC) in samples MB107960 and MB110494. Other ho-
panoids occur only in four sand samples (MB91200, MB107960, MB110494, and
MB112790, Tablel). While methylhop-17(21)-enes are present in significant amounts in the
lignites and clay samples, methylhopenes are completely absent in the sand samples (Figure

9.4, Table 9.2).
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Table 9.1: Sample numbers, core depths, lithological description, total organic carbon (TOC) contents, and
totals (ug/gTOC) of the hopanoic hydrocarbons identified in the aliphatic, fatty acid and neutral fractions of the

samples. n.d.l. = near detection limit.

l;/lz_l;l: sample characteristics aliphatic hopanoids hopanoic acids /alcohols
@) ) ) =2
Sy g | |2 F |% _|% |z _|E¢
5 E Bl |28 |18z glE8lzgleg|s8EglEt
: £ f S|z i ERESESis|E5E 5z
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ERTRTR AR 2T IR T AT
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MB89163 891.63 —891.82 silt/clay | 0.92 | 56.4 0.0 0.0 0.0 0.4 0.0 4.4 0.0 15.3 76.5
MB89899 898.99 — 899.16 silt/clay | 0.95 | 103.6 81.6 16.5 7.1 0.5 2.5 4.8 1.6 51.0 269.2
MB90020 900.20 — 900.40 silt/clay | 0.86 | 73.0 60.2 13.9 7.0 0.3 1.3 3.7 0.8 42 164.4
MB91200 912.00 —912.19 sand 0.05 8.0 0.0 17.3 0.0 0.0 0.0 0.0 0.0 0.0 253
MB91856 918.56 —918.76 sand 0.05 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0
C093409 934.09 - 934.10 lignite | 46.60 | 89.1 72.2 73.4 22 14 | 1374 | 312.1 83.7 n.d.l 771.5
MB93589 935.89 —936.09 silt/clay | 1.78 | 110.5 0.0 0.0 0.0 0.1 14.2 21.0 0.0 0.8 146.6
C09%4078 940.78 — 940.81 lignite | 31.85 | 85.1 159.3 | 100.0 | 10.8 1.0 2.6 28.0 0.5 n.d.l 387.3
MB94762 947.62 — 947.84 sand 0.95 0.0 0.0 29.8 0.0 0.0 0.0 0.0 0.0 0.0 29.8
MB96334 963.34 — 963.50 silt/clay | 0.40 | 65.1 64.9 243 8.9 0.4 0.0 1.0 0.0 3.4 168
MB97760 977.60 —977.80 sand 0.09 0.0 0.0 332 0.0 0.0 0.0 0.0 0.0 0.0 33.2
MB98925 989.25 -989.45 sand 0.10 0.0 0.0 7.8 0.0 0.0 0.0 0.0 0.0 0.0 7.8
CO100550 1005.50 lignite | 42.03 | 44.0 31.7 324 4.4 1.1 | 3109 | 685.0 101.7 ndl | 1211.2
MB100778 | 1007.78 - 1007.98 | silt/clay | 0.46 | 153.2 99.1 414 6.2 0.4 0.0 0.0 0.0 1.1 301.4
MB102215 | 1022.15—-1022.55 sand 0.11 0.0 0.0 13.8 0.0 0.0 0.0 0.0 0.0 0.0 13.8
MB103360 | 1033.60-1033.80 | silt/clay | 7.09 | 92.8 0.0 0.0 0.0 2.0 0.0 1.7 0.3 2.5 99.3
CO104310 1043.10 silt/clay | 3.64 | 546.8 | 592.5 | 141.7 | 743 2.9 61.9 | 1088.9 136.8 83.9 | 2729.7
MB104920 | 1049.20—1049.36 | silt/clay | 1.01 [ 36.0 48.2 50.6 4.0 0.2 0.0 0.0 0.0 0.0 139
CO105353 1053.53 lignite | 39.19 | 158.6 | 283.8 50.8 6.3 27 | 137.1 | 427.1 116.4 ndl | 1182.8
CO106094 | 1060.94 —1060.95 | silt/clay | 4.71 | 93.1 94.0 13.9 44 0.3 13.9 87.7 17.5 0.2 325
MB106380 | 1063.80 —1064.00 | silt/clay | 1.89 | 89.1 118.6 273 9.0 0.2 4.1 14.0 4.6 0.0 266.9
MB107960 | 1079.60 —1079.81 sand 0.04 | 994 213.6 | 656.1 | 42.1 0.0 0.0 0.0 0.0 0.0 1011.2
CO108138 1081.38 lignite | 45.93 | 75.2 23.7 6.2 1.6 1.0 | 4238 232.7 21.0 n.d.l 404.2
CO108169 1081.69 lignite | 38.39 | 25.0 17.6 39.7 1.0 0.4 27.4 121.7 6.7 n.d.l 239.5
MB108924 | 1089.24 - 1089.39 sand 0.06 0.0 0.0 6.0 0.0 0.0 0.0 0.0 0.0 0.0 6
MB110494 | 1104.94-1105.14 sand 0.09 | 288 188.1 1592 | 0.0 0.0 0.0 0.0 0.0 0.0 376.1
CO110550 1105.50 silt/clay | 9.44 6.9 7.5 7.1 1.5 0.1 0.0 2.5 0.0 1.5 27.1
MB112790 | 1127.90 - 1128.02 sand 1.57 1.8 33 0.1 0.6 0.0 0.0 0.0 0.0 0.0 5.8
MB113980 | 1139.80-1139.83 sand 0.17 0.0 0.0 16.0 0.0 0.0 0.0 0.0 0.0 0.0 16
MB114535 | 1145.35-1145.55 | silt/clay | 0.53 | 56.8 102.8 359 9.0 0.0 8.8 9.9 2.6 0.0 225.8

148




INDICATORS OF MICROBIAL COMMUNITIES IN THE DEEP SUBSURFACE

100

50
0 -
~ 1001
S b) 7 15
8 7 m/z=191
C -
3
S so04 3 18
3 4 16 17
g -
: P\J 3
& 0 A A A 2 L ~ A
100 9 7
7] m/z=245
50 11
0 L} L} L} L] 1 ) L] L] ) 1 L] ) L] L} U ‘i‘ .l A_T ] ]
80 85 90 95 100

Time (min)

Figure 9.3: a) GC/MS RIC chromatogram (RIC = Reconstructed Ion Current) of a representative aliphatic
hydrocarbon fraction (silty clay sample MB106380), b) GC/MS-mass chromatogram m/z 191 showing the distri-
bution of hopanes and ¢) GC/MS-mass chromatogram m/z 245 showing the distribution of methylhop-17(21)-
enes. Numbers correspond to compound names in Table 9.1.

The chromatogram in Figure 9.5a shows the distribution of the hopanoic fatty acids in the
sample MB106380. The major compounds are the three isomers of the dihomo-hopanoic acids
with the (22R)-17a(H),21B(H), 17p(H),21a(H), and 17p(H),21B(H) (compounds 24, 25 and
26). With exception of all sand samples and two clay samples (MB100778 and MB104920),
which do not contain any hopanoic fatty acids at all (Table 9.1), dihomo-hopanoic acids can
be observed in all studied samples from the Mallik well in high proportions. Furthermore, the
(22R)-170(H),21B(H)-hopanoic  acid, the 17B(H),21B(H)-hopanoic acid and the
17B(H),21B(H)-trihomo-hopanoic acid occur in all lignite and some clay samples (Table 9.2).
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Figure 9.4: Distribution and abundance of hopanoids occurring in the Mallik samples with regard to differ-

ent lithologies.
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In the neutral polar lipid fraction of the studied lignite and clay samples, also hopanoic hydro-
carbons occur (Figure 9.5b, Table 9.1, Table 9.2). However, in most samples only the
17B(H),21B(H)-dihomo-hopan-32-ol is present, although in the lignites they are only near the

detection limit. Therefore, they are not noted in Table 9.1.

Table 9.2: Hopanoic hydrocarbon compounds identitied in the aliphatic, fatty acid and neutral fractions of
the Mallik samples.

No. Compound names
1 22,29,30-trinor-hop-13(18)-en
2 170(H)—22,29,30—trinor-hopane
3 17B(H)—22,29,30-trinor-hopane
4 | 28,30—dinor-17a(H),18a(H),21B(H)—hopane
5 30-nor-hop-17(21)-en
6 170(H),21B(H)-nor-hopane
7 Hop-17(21)-ene
8 17B(H),21o0(H)-30—-nor-hopane
9 170(H),21B(H)—hopane
10 Neo-hop-13(18)-ene
11 17(H)B,21B(H)—nor-hopane
12 (22R)—17a(H),21B(H)—homo-hopane
13 17(H)B,21B(H)-hopane
14 17B(H),21B(H)-homo-hopane
15 (22R)-17a(H),21B(H)-trihomo-hopane
16 17(H)B,21B(H)-dihomo-hopane
17 2-Methyl-hop-17(21)-ene
18 2-Methyl-hop-17(21)-ene
19 Methyl-hop-17(21)-ene
20 3-Methyl-hop-17(21)-ene
21 (22R)—17a(H),21B(H)—hopanoic acid
22 17B(H),21B(H)-hopanoic acid
23 | (22S)-170(H),21B(H)-dihomo-hopanoic acid
24 | (22R)-170u(H),21B(H)—dihomo-hopanoic acid
25 17B(H),210(H)—dihomo-hopanoic acid
26 17B(H),21B(H)-dihomo-hopanoic acid
27 17B(H),21B(H)-trihomo-hopanoic acid
28 22,29,30-trinor-hopan-21-on
29 170(H),21B(H)-dihomo-hopan-32-ol
30 17B(H),21B(H)-dihomo-hopan-32-ol
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Figure 9.5: a) GC/MS mass chromatogram m/z 191 of a representative fatty acid fraction (silty clay sample
MB106380). Hopanoic acids are assigned by letters corresponding to compound names in Table 2. b) GC/MS
mass chromatogram m/z 191 of a representative neutral polar fraction (silty clay sample MB89899). Letters
correspond to compound names in Table 9.1.

Figure 9.6 shows the depth profile of the sum of hopanoids occurring in the Mallik samples
normalized to their TOC contents and relative to the methane contents of the Mallik sedi-
ments obtained from mud log data (Dallimore et al., 2005a). High methane contents indicate
the presence of gas hydrates as indicated by the gas hydrate saturation record (Collett & Lee,
2005). It can be assumed that free-gas associated to this gas hydrates most likely occur at the
transition to the surrounding sediments as shown for other gas hydrate formations (Valentine,
2002; Wellsbury et al., 2000). The investigated lignites and silty clays plot mainly within the
sedimentary sections, where no gas hydrates occur or where the gas contents are low. In con-
trast the sand samples often fall into the range of the gas hydrate sections. The larger pore
space of the sands and in some cases of the silty clays availing the formation of gas hydrates
might be the reason for this observation. Comparing the hopanoid signal with the methane

profile it can be observed that in many cases the hopanoid contents are highest in sediments
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with no gas hydrates or at transition zones. This indicates that a comparable higher proportion
of the organic matter in the non gas hydrate bearing layers is from microbial origin, compared
to samples within the gas hydrate formations. Thus, in most cases lignites and silty clay sam-
ples show high hopanoid contents. In most sand samples plotting mainly within the gas hy-
drates the hopanoid contents are relatively low. However, two sand samples contain very high
hopanoid concentrations. Interestingly, these samples are at the transition zone of gas hydrate

layers, where the occurrence of free-gas associated to the gas hydrates is very likely.
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Figure 9.6: Depth profile of the sum of hopanoids detected in the Mallik sample compared to the methane
content of the cored Mallik sediments representing gas hydrate bearing layers (data from Dallimore et al., 2005).
Black dots: lignites, triangles: sands, circles: silt/clays.
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9.4.2 Intact phospholipids occurring in the Mallik samples

With exception of the lignite samples, which were not taken under specific contamination-
controlled conditions, all samples were analysed for their phospholipid contents. To prevent
the formation of gas hydrates during the drilling process lecithin was added to the drill mud.
Lecithin consists of mainly phospholipids with a phosphatidylcholine head group (PCs). Due
to the characteristic structure and composition of the lecithin phospholipids drill mud con-
taminated samples could be easily distinguished from non-contaminated samples using our
applied sample preparation method. Although the drill mud lecithin signal could be observed
in some samples, this does not necessarily mean that the sample material is contaminated with
surface microorganisms in a number detectable with our method, because the drill mud did
not contain any other phospholipids than those from the lecithin. A post grow of surface mi-
croorganisms on the sample material after contamination with the drill mud can be excluded,
because the samples were immediately frozen down to -196°C with liquid nitrogen and stored
under these conditions until analysis. Anyway, to be on the safe side samples containing any
lecithin phospholipids were not taken into account for further phospholipids analysis. Addi-
tionally, the varying biomarker signal of the hopanoids, which is completely different from
those of the drill mud containing the typical hopanoic distribution of mature oil-derived hy-
drocarbons (C;7, Cy9.C3s hopanoids in the 17a(H),21B(H)-configuration and with the Cso-
hopane as maximum compound in the m/z 191 trace) indicates that the hopanoid signal is an
indigenous biomarker signal of the Mallik samples. Even if there is a small contamination by
the drill mud hopanoids these contaminants did not significantly influence the indigenous
hopanoid signal.

Although the phospholipid signal in the Mallik samples is in general small, at least in four of
the non-contaminated samples (MB91858, MB98925, MB104920, and MB107960) phos-
phatidylglycerols (PGs), phosphatidylethanolamines (PEs) with different acyl side chains
(with 16 and 18 carbon atoms) were detected. Three of these samples containing detectable
amounts of PLs are sand samples, whereas the fourth is a silty clay sample.

As an example for the PL distribution in the Mallik samples the PL results of sample
MB91856 are presented in Figure 9.7. This sand sample from 918.56 m depth contains phos-
phatidylglycerols (PGs) and phosphatidylethanolamines (PEs). The reconstructed ion current
(RIC) chromatogram of the deprotonated molecular ions of the PGs (1.6 - 2.1 min) and the
PEs (2.8 - 3.6 min) is shown in Figure 9.7a. In sample MB91856, the PE signal is very small

and near the detection limit.
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Figure 9.7: a) HPLC-ESI-MS RIC-chromatogram (negative ion mode) of the phosphatidylglycerols (PGs)
and phosphatidylethanolamines (PEs) detected in the sand sample MB91856. ISTD = Internal standard (deute-
rium-labelled palmitoyl-D31- lysophosphatidylcholine) b) Average mass spectrum of the phosphatidylglycerols
from 1.7-2.1 min. ¢) Collisionally activated dissociation mass spectrum on m/z 747.4 (PG(16:0/18:1), 1 hexa-
decanyl-2-octadecenyl-phoshatidylglycerol) during the time interval from 1.9-2.0 min, (sand sample MB98925).
Collision energy 30 eV.
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Table 9.3: Phosphatidylglycerols and phosphatidylethanolamines detected in the Mallik 5L-38 samples,
their pseudomolecular ions and their predominantly fatty acid side chain composition. unshaded = sand, grey
shaded = silt/clay.

PG PE

— — o — — o — — — o — —

Malik = 2o S| Sjo SEvw S S 2l S S Sl 2o 2

—. T = T X en D D Y s Do X DI = D= X

~ s @ @ @ s TN T T Q0 2D T2

5L-38 2 2 2 = s o s 2 2 b 2 2

samples

MB91858 X X X X X X X X X X X
MB98925 X X X X X X X X X X
MB104920 X X X X X X
MB107960 X X X X X X X X X X

However, an example for the composition and structure of PEs in the Mallik sediments has
already been shown by Mangelsdorf et al. (2005b). Figure 9.7b presents a more detailed in-
sight into the PG distribution in sample MB91856 demonstrating that the PG signal consists at
least of six deprotonated molecular ions (m/z 717.7, 719.5, 733.0, 745.6, 747.8 and 773.6)
being significantly above the detection limit. The different masses suggest variable composi-
tion in the ester linked fatty acids side chain composition in terms of different chain length
and number of double bonds (Table 9.3).

More detailed structural information on the linked fatty acids was gained by collisionally acti-
vated dissociation (CAD) tandem MS experiments carried out on the PG and PE deprotonated
molecular ions. Both, the PGs and the PEs show a wide diversity, with C¢, C7 and C;s fatty
acid side chains with no or one double bond per acyl side chain (Table 9.3). For instance,
Figure 9.7c illustrates the results of the tandem MS experiment on the deprotonated molecular
PG ion m/z 747 over the elution time range of 1.9-2.1 min for sample MB98925 (collision
energy 30eV). In addition to the deprotonated molecular ion [M-H] m/z 747 the mass spec-
trum shows two supplementary fragments (m/z 255 and 281) which represent the formerly
linked saturated C;¢ and monounsaturated C;g fatty acid side chains. The dominance of the
m/z 255 fragment implies that the saturated C;¢ fatty acid was linked predominantly to the
sn2-position in the glycerol backbone, because the fatty acids in the sn2-position are preferen-
tially removed resulting in higher fragment ion intensity (Cole & Enke, 1991; Fang & Barce-
lona, 1998).

Additionally to the PGs and the PEs, in ten samples compound signals can be detected, which
MS/MS fragmentation spectra can be interpreted as lyso-phosphatidylglycerol ethers (LPGs).
Figure 9.8a shows the mass chromatogram of the clay sample MB106380 (1063 m depth).

The compound signal consists of six deprotonated molecular ions (Figure 9.8b) with masses
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Figure 9.8: a) Mass chromatogram of the pseudomolecular ions (negative ion mode) of the lysophosphatidyl-

glycerol-ethers (LPGs) detected in the ESI/MS run of the sample MB10638. ISTD = Internal standard (deute-

rium-labelled lysophosphatidyl-d32-choline) b) Average mass spectrum of the lysophosphatidylglycerol-ethers

from 1.2-1.6 min. c¢) Collisionally activated tandem mass spectrum on m/z 561 (LPG (23:3), 1-hydroxyl-2-

tricosatrienyl-phoshatidylglycerolether) during the time interval from 1.5-1.6 min. Collision energy 40 eV.
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suggesting different carbon chain lengths. In contrast to the PGs (Figure 9.7) and PEs
(Mangelsdorf et al., 2005a) it is very conspicuous for these compounds, that the individual ion
masses always differ by m/z 14 corresponding to the mass of a CH,-group.

Furthermore these compounds show a different behaviour during the MS/MS experiment
compared to the PL esters. Even with enhanced collision energy (40eV and 60eV), the frag-
mentation mass spectrum of the MS/MS experiments (Figure 9.8¢) performed on the deproto-
nated molecular ion m/z 561 over the time range of 1.5-1.6 min reveal only one small frag-
ment (M/z 333) in addition to the [M-H] m/z 561. The difference of m/z 228 between the
deprotonated molecular ion m/z 561 and the m/z 333 fragment corresponds to a headgroup of
a lyso-phosphatidylglycerol (LPG). In contrast to the cleavage of the PL ester, where only a
relatively small amount of energy is required to produce distinct fatty acid fragments (Figure
9.7) more energy (40 to 60 eV) was needed to fragment these compounds and despite this
higher energy supply only a small fragment was produced. All this point to an ether bound,
which is more stable than an ester bound. Thus, the m/z 333 fragment would indicate an ether

side chain with 23 carbon atoms and 3 double bonds (C33.3).

9.4.3 Glycerol ethers occurring in the Mallik sediments
Dialkyl glycerol ethers like archaeol or glycerol dialkyl glycerol tetraethers such as caldar-
chaeol could be detected in nearly all samples investigated. Figure 9.9 shows the
HPLC/APCI-SIM mass chromatograms of selected ions of the clay sample MB96334
(963 m depth).
Although the bacterial ether lipids are more abundant than the archaeal ones both compound
groups vary in the same way with regard to the different sample lithologies (
Figure 9.10, Table 9.4). High abundance of these biomarkers is observed in the non gas hy-
drate bearing sediments (silt/clay and lignite samples). In general the amounts of archaeal
etherlipids are higher in the lignite samples than in the clay samples. The distribution of bac-
terial etherlipids shows no differences between the clays and the lignites. Only clay sample
CO110550 does not contain any ether lipids. In contrast to the lignites and clays the sand
samples from the gas hydrate bearing strata contain only low amounts of ether lipids.
If the ether lipids at least partly represent a viable microbial population, this observation
agrees with the suggestion of Valentine (2002) that microorganisms might preferentially
colonise the non gas hydrate bearing sediments using the free-gas as a carbon and energy

source.
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Figure 9.9: HPLC/APCI-SIM mass chromatograms of the selected ions of different ether lipids detected in the
sample MB96334.
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Table 9.4: Sample numbers, core depths, totals (ng/gSed) of all ether lipids (EL), the glycerol ethers (archaea.

Ar-EL), the glycerol dialkyl glycerol tetraethers (bacteria, B-EL), and archaeol (Aol). grey shaded = silt/clay,
dark grey shaded = lignite, unshaded = sand.

Mallik SL-38
Depth (m) EL (ng/gSed) Ar-EL (ng/gSed) B-EL (ng/gSed) Aol (ng/gSed)

Samples

MBg89163 891.63 161.3 78.1 83.2 52.5
MB89899 898.99 200.5 843 116.2 61.3
MB90020 900.2 258.0 129.4 128.7 101.9
MB91200 912 15.7 11.1 4.6 2.6
MB91856 918.56 9.2 8.0 1.2 2.3

MB9%4762 947.62 15.6 10.9 4.7 7.8
MB96334 963.34 194.9 101.2 93.8 76.0
MB97760 9717.6 11.5 9.2 24 5.7
MB98925 989.25 7.8 5.7 22 3.7
MB100778 1007.78 4.2 1.6 2.5 1.1
MB102215 1022.15 16.3 9.6 6.6 39
MB103360 1033.6 1002.0 340.4 661.6 197.2
CO0104310 1043.1 1118.1 285.4 832.8 167.3
MB104920 1049.2 223.0 50.2 172.8 30.1
C0106094 1060.94 1410.1 338.5 1071.7 96.8
MB106380 1063.8 337.1 92.3 244.8 48.4
MB107960 1079.6 7.5 6.5 1.0 1.4
MB108924 1089.24 4.6 3.7 0.9 1.1
MB110494 1104.94 11.9 6.6 52 35
CO110550 1105.5 - - - -
MB112790 1127.9 16.4 9.1 7.4 6.5
MB113980 1139.8 9.1 6.6 2.5 42
MB114535 1145.35 158.7 68.8 89.9 48.4
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Figure 9.10: Depth profile of the sum of dialkyl glycerol ethers (archaea) and glycerol dialkyl glycerol tetra-

ethers (bacteria) detected in the Mallik samples compared to the methanecontent (grey shaded area) of the cored
Mallik sediments representing gas hydratebearing layers (data from Dallimore et al. (2005a)). Black dots: lig-

nites, triangles: sands,circles: silts/clays.

9.4.4 Compound specific §*3C analysis of microbial biomarkers

The aliphatic fractions of seventeen samples from different lithologies have been analysed to
determine their compound-specific 8'°C-isotopic composition. The most abundant microbial
lipids detected in the aliphatic fractions were the hopanoids. However, compared to other
compounds within the aliphatic hydrocarbon fractions the hopanoid biomarker signal is rela-
tively small, which makes the evaluation of the isotopic carbon composition of single ho-
panoids difficult. The most abundant hopanoid in all Mallik samples is the hop-17(21)-ene, an
indicator for relative immature microbial biomass. Therefore, its isotopic carbon values could
be determined in all samples investigated.

The 8"°C-values obtained for the hop-17(21)-enes range from -26.7 to -49.6%o with an aver-
age value of -36.7%o (Table 9.5). In comparison, the 8'"*C-ratio for other compounds such as
diterpenoic, and non-hopanoic triterpenoic hydrocarbons occurring in the aliphatic fraction,
representing terrestrial organic material, reveal values from -21.3 to -30.5%o with an average
value of -26.5%o, the n-alkanes show an average value of -30.4%0 (Table 9.5). Thus, the

hop-17(21)-enes are in average depleted in Be by more than 8%o in comparison to the
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Table 9.5: Compound specific 5"°C data of n-alkanes, di- and triterpenoids and hopanoids from selected
samples. grey shaded = silt/clay, dark grey shaded = lignite.
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terrestrial biomarker signal. Other microbial lipids like the isoprenoids crocetane (2,6,11,15-
tetramethylhexadecane) and PMI (2,6,10,15,19-pentamethylicosane) (Thiel et al., 1999b;
Zhang et al., 2003) and often observed in the lipid inventory of surface near gas hydrate for-
mations (Zhang et al., 2003) and at submarine gas seeps (Hinrichs et al., 2000; Thiel et al.,
2001; Thiel et al., 1999b) were not detected in the very deep gas hydrate bearing sediments of
the Mallik Site.

The phospholipid contents within the Mallik samples were abundant enough to be detected by
HPLC-ESI-MS; however, they were too small to obtain sufficient fatty acid material after
alkaline hydrolytic cleavage of the PLs to determine the isotopic carbon values of the liber-
ated phospholipid fatty acids (PLFA). Concerning the PL analysis it would have been desir-

able to get more sample material for the lipid extraction.

9.5 Discussion

9.5.1 Occurrence of microbial biomass in the Mallik sediments

Four main groups of hopanoids were detected in the Mallik samples: hopenes, hopanes, ho-
panoic acids and hopanoic alcohols. The saturated hopanoids occurred in two main configura-
tions at the C-17 and C-21 position: the 17B(H),21(H) und the 17a(H),21B(H)-
configuration. The 17B(H),21B(H)-configuration can be found in living microorganisms and
consequently was thought to be the biogenic form (van Dorsselaer et al., 1974). Therefore,
together with unsaturated hopanes (hopenes), the presence of hopanes in their biogenic
17B(H),21B(H)-form points to a high proportion of immature microbial biomass in the studied
samples from the deep subsurface of the Mallik site.

Hopanoids in the 17a(H),21B(H)-configuration were considered to be characteristic for an
enhanced maturity and are usually found in oil samples. However, it has been proven that
such hopanoids with the “geological” configuration occur already during the first stages of
diagenesis. For example, in recent peat samples, Quirk et al. (1984) found high proportion of
(22R)-17a(H),21B(H)-homo-hopane which they explain with bacterial decay of plant matter
in a very early stage of diagenesis and they assumed that dihomo-hopanoic acids occurring in
peat samples, are originated from oxidative cleavage (microbial or abiotic) of bacteriohopane
precursor polyols with 35 carbon atoms. Thiel et al. (2003) demonstrate clearly that the
170u(H),21B(H)-hopanoids can also be generated biologically. They proved the occurrence of
(22R)-dihomo-hopanoic acids (Cs;) in their “geological” 17a(H),21B(H)-configuration in
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living anaerobic microbial mats at methane seeps in the Black Sea. Therefore, if not the typi-
cal oil-type hopanoid distribution (17a(H),21B(H)-C,7, C9-C35s with S and R epimers from
Cs; to C3s) can be observed, it can be suggested that a3 configured hopanoids (mainly with
31 carbon atoms) also represent immature microbial biomass.

Furthermore, Thiel et al. (2003) showed that the 17a(H),21B(H)-hopanoids can not only be
generated biologically but also in a strictly anaerobic environment. These results are approved
by the finding of hopanoids in other strictly anaerobic microorganisms (Hértner et al., 2005;
Sinninghe Damsté et al., 2004). In addition to the Mallik Site, we were able to detect the
170(H),21B(H)-C5;-hopanes together with 178(H),21pB(H)-hopanes and hopenes in several
deeper sedimentary systems in marine sediments e.g. offshore Ireland (IODP-Integrated
Ocean Drilling Program Leg 307) and terrestrial sediments e.g. on the North Island of New
Zealand (DEBITS-Deep Biosphere in Terrestrial Systems-Project) indicating that this bio-
markers are widely spread in deeper sedimentary successions on Earth. All these results give
indication that the hopanoic signal in deeper sediments can also be the biomarker signal of
living deep microbial populations and not only the remnants of surface microorganisms pre-
served and subsided to deeper depth during sedimentation or at least it could be a mixture of
both sources.

An indication for the existence of viable deep microbial populations in the Mallik sediments
is provided by the finding of intact phospholipids acting as “life” markers in several samples.
The composition of phospholipids observed in the studied samples corresponds to the pattern
known to occur in microorganisms (e.g. Ratledge & Wilkinson, 1988). In the Mallik samples,
PGs and PEs were detected with the PGs being the major phospholipids group. Recently,
Mangelsdorf et al. (2005b) analysed the phospholipids composition of piezosensitive bacteria
isolated from deep subsurface marine sediments and cultivated under different pressure condi-
tions. They could demonstrate that in the culture grown under higher pressure the percentage
of PGs increases relative to the PEs. This observation in the phospholipids composition was
interpreted as a restructuring of the cell membrane to withstand higher pressure conditions
and to maintain the cell membrane fluidity. The higher proportion of PGs in the Mallik sam-
ples might, therefore, be an expression for the higher pressure conditions in the deep sedi-
ments of the Mallik Site (890-1150m).

The finding of the LPGs and glycerol ethers is interesting, because it is known that glycero-
lether occur in archaeal biomass (Chappe & Albrecht, 1982; Chappe et al., 1979; Nichols et
al., 1993; Tornabene & Langworthy, 1979; Tornabene et al., 1978). In particular the detection

of ethers in methanotrophic archaea (Kates, 1997) is of interest for the investigation of the
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deep biosphere in the Mallik area. If the LPGs and GDGTs detected in the samples are con-
stituents of methanotrophic archaea, their detection supports the results of Colwell et al.
(2005) and Jain et al. (2005), which shown already the existence of archaea and methane con-
suming microorganisms in sediments of the Mallik 5L-38 well. In addition it could be as-
sumed that the methane trapped in the gas hydrates is used as energy source from these ar-

chaea.

9.5.2 Possible carbon and energy sources

An intriguing question investigating deep microbial ecosystems is which feedstock microor-
ganisms can use as a carbon and energy source in their, from a surface perspective, inhospita-
ble life habitat. In the Mallik Site the gas hydrate formation represents a natural collector or
concentrator of biochemicals in a depth where, with exception of several distinct lignite lay-
ers, other potential substrates are relatively low. Free hydrocarbon gases especially methane
associated to gas hydrates and gas seeps are recognized to be important carbon and energy
sources for microorganisms in marine settings via methanotrophic processes (e.g. Hinrichs et
al., 1999; Wellsbury et al., 2000). In marine environments it is thought that anaerobic oxida-
tion of methane was mediated by aggregates consisting of archaea, which were able to reverse
the process of methanogenesis (Iversen & Joergensen, 1985; Zehnder & Brock, 1979;1980),
and sulphate-reducing bacteria (Boetius et al., 2000). Thus, the specific attraction for studying
microbial life in the Mallik sediments was whether gas hydrates, obviously stimulating mi-
crobial life in surface near marine sediments (Boetius et al., 2000; Boetius & Suess, 2004;
Cragg et al., 1996; Elvert et al., 2000; Hinrichs et al., 1999; Hinrichs et al., 2000; Wellsbury et
al., 2000; Zhang & Lanoil, 2004; Zhang et al., 2003) could also stimulate an enhanced micro-
bial life in deep terrestrial sediments.

It is obvious from Figure 9.6 that the contents of methane and with that the occurrence of gas
hydrates proceeds in an opposite trend to the record of the sum of the hopanoids related to the
total organic carbon content. Also the distribution of the glycerol ether lipids shows an oppo-
site trend to the methane contents (Figure 9.10). Wellsbury et al. (2000) and Lanoil et al.
(2001) showed that methane hydrates themselves not harbour many microorganisms. Hence,
the observation that in strata containing less methane, a higher proportion of the organic mat-
ter is of microbial origin corresponds to these results. Additionally, Wellsbury et al. (2000)
and Valentine (2002) show that microbial life is stimulated in the vicinity or transition from
the gas hydrate to the surrounding sediments where most likely free gas occurs. Interestingly,

the only two sand samples gathered from a transition (MB110494, MB107960) contain, com-
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pared to the other samples, unusual high proportions of microbial biomass, maybe indicating a
stimulation of microbial life at this horizon. In samples MB107960 also phospholipids were
detected. However, this is not to say that the hopanoids are part of the biomass of a methano-
trophic consortium using the transitional free gas as a substrate source, but they might be part
of microbial communities living on the waste products or biomass of microorganisms con-
suming the methane. The carbon isotopic investigation of the hop-17(21)-ene might give an
indication for this assumption. The isotopic data vary from -26.7 to -49.6%o and might resem-
ble a mixture between a heavier and a lighter carbon source. Data around -30%o might repre-
sent a higher proportion of the heavier terrestrial organic matter while data around -40%o or
ligther could indicate a higher proportion from biomass of microorganisms involved in

methanotrophic process.
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Figure 9.11: Depth profile of the carbon isotopic signal of the total organic matter, the core methane

(Lorenson et al., 2005) and of hop-17(21)-ene relative to the methane content (grey shaded area) of the cored
Mallik sediments representing gas hydrate bearing layers (data from Dallimore et al. (2005a)). Black dots: lig-

nites, triangles: sands, circles: silts/clays.
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Overall the microbial biomarker signal in the Mallik samples is relatively small and seems to
represent the typical small abundance of deep microbial populations. Especially, the PL sig-
nals in the Mallik samples are in general not very abundant and only in a limited number of
samples phospholipids are above the detection limit. This must not necessarily mean that
microbial life is absent in the other samples. It could also mean that the applied method might
have reached it sensitivity limit. If available, higher amounts of sample material should be
taken and extracted in future studies for the phospholipid investigations. Although some iso-
topically lighter biomarkers were detected indicating a process where gas hydrates may be
involved, there is no real indication that an intense anaerobic oxidation of methane (AOM) as
observed in marine gas hydrates (Boetius et al., 2000; Hinrichs et al., 1999) takes place in the
Mallik sediments. Thus, deep microbial organisms, suggested to keep viable under low meta-
bolic rates, appear not to be stimulated by the huge carbon pool represented by the gas hy-
drates in the deep sediments of the Mallik site as known from marine sediments.

These findings from the molecular biogeochemical investigations are confirmed by the results
provided from microbiological investigations of sediment material from the Mallik 5L-38 Gas
Hydrate Production Research well. Colwell et al. (2005) detected small quantities of archaea
and low methanogenic activities in the deep sediments of the Mallik well and Jain et al.
(2005) also pointed out that the Mallik sediments contain only low contents of methane pro-
ducing and consuming microorganisms.

In the deep subsurface in the Mallik area all conditions assumed to be needed for the exis-
tence of microbial life such as nutrients (organic carbon, methane), terminal electron accep-
tors (e.g. sulphate (Chen et al., 2005; Dallimore et al., 2005a; Tomaru et al., 2005)), water,
low temperatures were available. Therefore, for the reasons why marine surface near gas hy-
drates stimulates microbial activity and deep terrestrial gas hydrates not we can only speculate

at this time.

9.6 Conclusions
Thirty sediment samples from the Mallik 5L-38 Gas Hydrate Production Research Well have
been investigated using organic geochemical methods to proof the existence of microbial
communities in the deep subsurface in the Mallik area. The presence of microbial biomarkers
like hopanoids and glycerol etherlipids in the samples points to a widely disseminated micro-
bial biomass. The finding of intact phospholipids (PEs, PGs) even suggests evidence of the
occurrence of a viable microbial ecosystem. However it seems that there are important differ-

ences concerning their dispersion between the microbial communities in the terrestrial deep
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subsurface and with those —already better known- occurring in the deep subsurface in oceanic
sediments. Admittedly, the feeding processes in the terrestrial deep subsurface are not compa-

rable to those in marine settings and not yet well understood.
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10 Conclusions

For the current study, sediments samples of the JAPEX/JNOC/GSC et al. Mallik 5L-38 Gas
Hydrate Production Research Well, located at the northern edge of the Mackenzie River
Delta, Northwest Territories, Canada, were investigated using organic-geochemical methods.
The well penetrates a succession of Cenozoic sediments (sand- and siltstones, clays and lig-
nites) of about 1166 m and includes a massive permafrost zone in the upper ca. 600 m and a
zone of numerous gas hydrate bearing layers from about 896 to 1100 m, the so-called gas hy-
drate zone. Above, within and below this gas hydrate zone 30 core samples have been col-
lected from the different lithologies.

In addition to the characterisation of the origin and nature of the organic matter embedded in
the sediments at the Mallik site the main goal of this study was to elucidate the occurrence
and nature of deep microbial ecosystems in the well and to investigate whether there is any
interaction between the gas hydrates and a deep biosphere (formation or consumption of
methane) as known from surface near marine gas hydrate formations. Both the chemical and
isotopic compositions of individual biomarkers were employed to identify the sources of or-

ganic matter detritus and the type of living biomass.

Characteristics of the organic matter

The TOC values of the samples vary with the lithology between less than 1 to more than 40%
(sandstones: 0.04-1.57%, clay samples: up to 7.09%, lignites: 9.4-46.6%). The immaturity and
the terrestrial origin of the organic matter in the investigated samples has been proven by the
Rock-Eval-parameters (i.e. hydrogen index (HI), oxygen index (OI) and Tp.), the
open-system pyrolysis-GC experiments, the 613C0rg data and the maceral analysis.

The molecular lipid analysis confirmed the results of the bulk organic geochemical investiga-
tions. The distribution of the n-alkanes with an odd-over-even carbon number predominance
and a maximum in the range of n-Cy9 to N-Cs; in the lignite and silt/clay samples is typical for
immature land plant material. The second n-alkane maximum at n-C,3 in the lignite samples
indicates the presence the moss plant Sphagnum, a main constituent of raised bogs, during the
sedimentation of these layers. The organic carbon poor sandy sample material reveals only
few and small biomarker signals. In contrast to all other samples, they show the maximum of
n-alkanes in the range of n-C;s to n-C;7 with no odd-over-even carbon number predominance.
This suggests an allochthonous supply of crude oil or erosion of uplifted source rock trans-

ported by the river from the hinterland. In the organic carbon rich silt/clay and lignite samples
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this mature hydrocarbon signal may be overprinted by the organic matter of the surrounding
vegetation.

More detailed information about the plant communities contributing to the sedimentary or-
ganic matter are provided by terpenoids. The predominance of diterpenoids points to a major
influence of gymnosperms at the Mallik site during the formation of the lignites with a minor
supply of angiosperms markers. The terpenoic hydrocarbon biomarkers were detected al-
though in lower abundance in the silt/clay samples from the Mallik well, but were almost ab-
sent in the sand samples. However, the clay samples contain more triterpenoids than diterpe-
noids. This suggests a change in the plant community to a more angiosperms in comparison to
the lignites. Whereas the material in the lignites is from autochthonous origin from higher
land plant growing in the delta area, the clastic lithologies (clays and sandstones) transported
also plant material from the hinterland. Hence, the signals from the climatic conditions in the
delta area are overprinted with signals from the river watershed. Therefore, the interpretation
of vegetational variations in terms of paleoclimatic changes is complicated in a delta system,
partiaculary is it known that the preservation of plant material in a delta system is related to
the different sites of deposition such as channels, levees, floodplains and swamps. Both, pa-
leoclimatic changes influencing the paleovegetation and the dislocation of the river channels
in a meandering river system may have supported the formation of different litholocigal suc-

cessions with different paleovegetational compositions.

Characteristics of the microbial ecosystem

For the occurrence of microbial biomass in the Mallik sediments first indications are given by
the hopanoic compounds. Hopanoids were found in significant amounts in almost all sediment
samples investigated indicating a widely disseminated microbial biomass in the deep sedi-
ments of the Mallik site. Hopenes and hopanes in their biogenic 178(H),21B(H) configuration
confirm, thereby, the immature character of the microbial biomass. In addition, the C;p- and
Csi1-hopanes are also present in their most stable 17a,21B configuration which is usually re-
garded as the mature form. However, the absence of other elongated hopanoids in the “geo-
logical form” suggests that these hopanoids are also biomarkers from immature microbial
biomass rather than from mature geologically altered organic matter.

Even if hopanoids are mainly related to various aerobic bacteria, they also occur in anaerobic
bacteria. Thus, the hopanoids detected in the Mallik sediments may also originate from in-

digenous yet unknown anaerobic bacteria. However, it can not be excluded that hopanoids are
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part of the embedded organic matter and therefore, they are not unequivocally biomarkers for
living microbial biomass.

For the detection of viable microbial communities of the deep biosphere phospholipids (PLs)
were used as target molecules due to their rapid degradation after cell. The indigenous PL
ester signals are in general low and often near the detection limit. The low abundance of PL
ester may indicate that a larger amount of sediment has to be sampled and extracted in future
to be well above the detection limit. Nevertheless, in four samples the presence of phosphati-
dylglycerols and phosphatidylethanolamines are proved.

Additionally, a series of specific compound signals are detectable in almost all samples
investigated, which are probably lyso-phosphatidylglycerols ethers. The finding of lyso-
phosphatidylglycerols may point to a microbial community of archaea (methanogens or
methanotrophs) in the deep subsurface of the Mallik site. These interpretations are supported
by the detection of dialkyl glycerol ethers and glycerol dialkyl glycerol tetracthers known as
membrane constituents of archaea. Thus, there are molecular indications for the existence of a
deep biosphere at the Mallik site. However, the low abundance of these molecular indicators
suggests only minor importance of this deep biosphere for the formation of the Mallik gas
hydrate.

The 8"°C-signal can also be used to identify whether the Mallik gas hydrate is used as a car-
bon source by deep microbial communities. Due to the isotopic fractionation during biosyn-
thesis microorganisms, participating in this methanotrophic process, consist of biomarkers
with a very light isotopic carbon signal (about < -70%0). However, biomarkers with such very
low &"C-signals could not be detected in the Mallik sediments. Although some extremely
lighter isotopic values of indicators for bacterial biomass might indicate a process where gas
hydrates may be involved, there is no real indication that an intense anaerobic oxidation of
methane (AOM) as known from marine gas hydrates takes place in the Mallik sediments.
Thus, deep microbial organisms, suggested to keep viable under low metabolic rates, appear
not to be stimulated by the huge carbon pool represented by the gas hydrates in the deep

sediments of the Mallik site as known from marine sediments.
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Mallik 5L-38 GFZ sample S1 S2 S3 Tmax PP PI HI Ol TOC TC
Samples number (mg/g) (mg/g) (mg/g) (°C) (mg/g) (Wt ratio) (mg HC/g TOC) (mg CO2/g TOC) (%) (%)
MB89163 G000270 0.03 0.73 1.98 424 0.76 0.04 80 215 0.92 1.32
MB89899 G000271 0.03 0.97 2.31 426 1.01 0.03 103 243 0.95 1.45
MB90020 G000272 0.03 0.67 1.98 425 0.69 0.04 77 230 0.86 1.16
MB91200 G000273 0 0.01 0 413 0.01 0.36 14 0.05 0.05
MB91856 G000274 0.01 0.03 0.05 407 0.03 0.19 50 100 0.05 0.05
C093409 G000275 2.52 90.71 20.15 363 93.23 0.03 195 43 46.6 47.9
MB93589 G000276 0.05 3.15 2.98 424 3.2 0.02 177 167 1.78 1.98
C09%4078 G000277 4.53 92.97 17.84 392 97.5 0.05 292 56 31.85 33.85
MB94762 G000278 1.79 0.69 0.42 406 2.47 0.72 72 44 0.95 1.05
MB96334 G000279 0.01 0.17 1.05 416 0.18 0.07 42 263 0.4 0.7
MB97760 G000280 0 0.04 0.78 561 0.05 0.09 47 0.09 0.19
MB98925 G000281 0 0.01 0.41 449 0.02 0.25 12 410 0.1 0.2
C0O100550 G000282 2.87 87.08 23.47 400 89.95 0.03 207 56 42.03 44.53
MB100778 G000283 0.03 0.51 0.3 426 0.54 0.05 111 65 0.46 0.56
MB102215 G000284 0 0.15 0.04 600 0.15 0.03 134 36 0.11 0.11
MB103360 G000285 0.41 12.44 4.79 415 12.85 0.03 175 68 7.09 7.49
C0104310 G000286 0.6 19.36 1.76 430 19.96 0.03 532 48 3.64 3.84
MB104920 G000287 0.03 1.04 9.07 428 1.07 0.03 103 898 1.01 1.91
CO105353 G000288 3.39 96.84 21.65 388 100.23 0.03 247 55 39.19 41.59
C0106094 G000290 0.16 7.79 3.55 420 7.95 0.02 165 75 4.71 5.01
MB106380 G000289 0.06 1.96 2.13 417 2.02 0.03 104 113 1.89 2.09
MB107960 G000291 0.04 0 0 297 0.04 0.91 10 0.04 0.04
CO108138 G000292 0.73 52.6 28.47 406 5332 0.01 115 62 45.93 47.63
CO108169 G000293 1.8 84.47 21.91 392 86.27 0.02 220 57 38.39 39.79
MB108924 G000294 0.01 0.02 0.2 424 0.03 0.18 38 333 0.06 0.06
MB110494 G000295 0.01 0.03 0.98 420 0.04 0.19 33 0.09 0.19
CO110550 G000296 0.21 9.5 9.37 411 9.71 0.02 101 99 9.44 10.84
MB112790 G000297 0.02 1.05 2 421 1.07 0.02 67 127 1.57 1.67
MB113980 G000298 0.02 0.21 0.78 584 0.23 0.08 123 459 0.17 0.27
MB114535 G000299 0.02 0.38 1.8 424 0.4 0.04 72 340 0.53 0.83

Table Al: Rock-eval-data, and list of the GFZ sample numbers linked to the Mallik 5L.-38 sample numbers.




Samples n-Cj; n-Ciy n-Cs n-Cie n-Cy; n-Cig n-Cjo Nn-Cy n-Cy; n-Cx, n-Cys Nn-Cyy Nn-Cos n-Cy n-Cy; n-Cyg n-Cyo n-Cso n-Cs; n-Cs, n-Cs; | n-Cy | n-Css
MB89163 0.0 0.3 1.9 8.6 16.0 8.1 8.0 9.0 12.6 10.3 344 29.9 46.7 19.8 732 20.9 113.2 17.9 60.4 5.7 17.1 0.4 3.1
MB89899 0.0 13.8 17.5 17.7 9.6 9.0 11.8 11.4 234 19.8 552 342 65.0 36.8 89.4 35.0 103.6 25.8 61.7 9.5 23.1 1.8 39
MB90020 0.0 6.6 17.1 35.8 24.6 9.5 8.8 8.4 15.7 13.1 47.6 38.9 64.5 29.7 87.6 28.7 105.9 20.1 63.1 7.2 19.3 0.5 43
MB91200 78.0 318.5 461.7 666.3 877.2 588.6 4752 420.0 339.3 250.0 266.5 298.4 185.3 113.9 137.4 76.2 90.3 53.7 432 0.0 0.0 0.0 0.0
MB91856 404.9 1845.5 3200.8 3550.6 4711.4 3154.7 1672.7 1049.8 510.2 351.2 217.1 155.4 114.7 119.7 713 23.0 25.8 12.2 13.7 0.0 0.0 0.0 0.0
C093409 0.0 1.0 2.7 39 9.6 4.1 16.1 5.6 25.8 7.8 42.5 13.9 40.0 9.9 32.3 7.9 46.5 5.8 58.9 9.2 423 0.2 0.1
MB93589 0.0 0.3 1.1 7.1 14.9 10.5 14.0 2.6 15.8 12.7 44.6 21.0 87.2 29.0 118.2 353 123.4 20.7 61.7 15.4 222 0.5 5.0
C094078 0.0 52 15.0 16.0 5.4 1.9 7.8 35 13.8 7.6 238 122 242 14.3 34.0 14.1 55.9 10.6 422 6.3 227 1.1 29
MB94762 0.0 8.2 16.9 28.8 15.5 4.0 6.3 1.8 3.6 3.4 42 3.8 6.9 7.4 7.7 5.6 9.3 4.4 10.9 24 1.5 0.0 0.0
MB96334 0.0 5.1 304 66.1 42.0 16.1 11.6 8.8 9.0 8.4 14.6 17.0 33.7 234 81.4 38.6 140.3 29.9 102.7 15.6 43.4 0.5 11.1
MB97760 323 66.7 117.0 183.4 3233 179.1 115.3 86.7 71.3 58.7 45.0 40.7 29.4 23.1 37.6 18.2 324 11.2 32.6 0.0 0.0 0.0 0.0
MB98925 17.4 6.9 39.0 54.1 141.4 124.7 108.6 96.9 64.0 443 36.4 36.1 18.1 19.2 22.1 13.9 11.5 43 9.9 6.1 0.2 0.0 0.0
C0O100550 0.0 0.9 3.4 4.0 43 1.9 9.9 32 11.1 4.7 14.7 15.9 17.5 4.5 18.6 52 51.0 8.0 81.5 7.5 48.0 1.0 15
MB100778 2.5 21.9 35.0 70.6 49.8 17.7 11.9 9.4 9.9 12.1 473 152 61.3 14.7 127.3 17.0 138.8 15.7 72.6 4.4 13.6 0.0 0.0
MB102215 79 14.6 71.7 173.1 280.1 175.3 121.0 84.8 56.0 36.4 31.8 26.4 18.4 22.3 19.7 224 14.0 9.1 9.3 6.0 0.0 0.0 0.0
MB103360 0.0 1.0 1.5 4.1 79 5.7 9.3 7.0 14.2 9.4 35.7 23.6 63.1 29.6 85.7 40.7 100.8 203 44.6 14.5 18.9 0.1 17.6
CO104310 0.0 355 111.1 126.6 403 13.1 31.2 223 79.3 43.8 240.0 119.3 305.0 133.5 379.5 165.3 704.3 144.4 405.2 64.6 110.2 9.1 84.1
MB104920 0.0 6.1 203 64.8 432 15.5 12.8 9.3 12.0 9.9 22.7 12.0 29.8 13.6 44.0 13.4 59.1 10.5 274 4.6 10.1 0.9 1.7
CO105353 0.0 0.9 4.7 5.4 4.1 2.0 11.3 3.8 10.0 5.6 242 12.0 22.1 7.8 24.5 9.9 79.1 10.0 82.7 8.1 454 32 328
CO106094 0.0 30.9 114.3 131.6 37.3 7.4 6.7 5.3 16.8 9.7 44.2 20.9 56.7 10.6 68.3 8.8 58.5 6.2 19.9 2.0 2.8 1.1 2.4
MB106380 0.0 5.7 12.2 28.6 243 11.9 11.6 2.1 23.1 17.7 69.6 25.7 84.9 30.7 99.6 28.7 104.6 15.4 49.1 5.5 14.8 0.5 3.6
MB107960 243 58.6 175.6 561.7 1004.7 727.4 517.4 344.3 236.5 162.7 141.6 209.3 109.5 85.3 184.1 116.9 250.9 452 46.9 28.5 0.0 0.0 0.0
CO108138 0.0 0.1 23 35 2.7 1.0 10.8 2.0 6.2 1.9 79 7.3 6.7 2.0 10.6 2.8 21.1 2.5 255 1.6 14.8 0.3 1.0
CO108169 0.0 1.2 5.0 6.3 2.8 0.9 4.0 1.2 3.4 1.4 7.7 1.9 6.4 1.8 7.6 22 16.4 1.5 12.9 1.3 26.3 3.4 38.0
MB108924 10.7 16.5 40.0 129.7 287.8 245.5 153.4 109.6 68.8 46.1 403 45.7 39.1 31.0 41.5 26.6 31.5 14.9 15.5 0.0 0.0 0.0 0.0
MB110494 10.0 29.5 148.2 462.0 745.6 762.9 450.3 302.7 244.7 186.2 147.6 143.7 118.2 152.7 713 55.0 58.6 29.5 24.0 32.6 29.4 13.7 8.2
CO110550 0.0 13.4 359 42.6 8.6 12 0.9 0.4 0.7 0.4 0.6 0.9 0.9 0.6 1.9 0.7 2.8 0.3 1.1 0.5 1.3 0.2 1.2
MB112790 0.0 3.1 13.4 422 344 9.8 11.6 5.5 4.0 4.9 6.5 9.7 143 133 11.2 7.8 10.1 4.2 9.9 2.0 6.9 0.1 1.4
MB113980 2.7 53.4 71.3 306.1 639.0 1131.2 9113 592.7 440.6 311.8 2104 129.6 74.8 41.4 22.5 6.0 8.4 3.1 32 4.6 5.2 0.0 0.0
MB114535 0.0 2.8 223 64.3 45.1 13.0 7.1 5.4 4.0 43 6.3 11.4 12.8 9.9 17.0 8.5 225 59 80.0 5.1 11.0 0.4 5.0

Table A2: Concentrations of n-alkanes in ng/gTOC




Samples n-Cj; n-Ciy n-Cs n-Cie n-Cy; n-Cig n-Cjo n-Cy n-Cy; n-Cx, n-Cys n-Cyy n-Cos Nn-Cy n-Cy; Nn-Cyg Nn-Cy n-Csg n-Cs; n-Cs, n-Cs3 | n-Csy | n-Css
MB89163 0.0 0.0 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.3 0.3 0.4 0.2 0.7 0.2 1.0 0.2 0.6 0.1 0.2 0.0 0.0
MB89899 0.0 0.1 0.2 0.2 0.1 0.1 0.1 0.1 0.2 0.2 0.5 0.3 0.6 0.4 0.8 0.3 1.0 0.2 0.6 0.1 0.2 0.0 0.0
MB90020 1.4 0.3 0.7 0.4 0.2 0.1 0.1 0.2 0.2 0.6 0.5 0.8 0.3 1.0 0.3 12 0.2 0.7 0.1 0.2 0.0 0.0
MB91200 0.0 0.2 0.2 0.3 0.4 0.3 0.2 0.2 0.2 0.1 0.1 0.2 0.1 0.1 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
MB91856 0.2 0.9 1.6 1.8 2.4 1.6 0.8 0.5 0.3 0.2 0.1 0.1 0.1 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0
C093409 0.5 1.3 1.8 4.5 1.9 7.5 2.6 12.0 3.6 19.8 6.5 18.6 4.6 15.0 3.7 21.7 2.7 274 43 19.7 0.1 0.0
MB93589 0.0 0.0 0.1 0.3 0.2 0.2 0.0 0.3 0.2 0.8 0.4 1.6 0.5 2.1 0.6 22 0.4 1.1 0.3 0.4 0.0 0.1
C094078 1.7 4.8 5.1 1.7 0.6 2.5 1.1 4.4 2.4 7.6 3.9 7.7 4.5 10.8 4.5 17.8 3.4 13.4 2.0 72 0.4 0.9
MB94762 0.1 0.2 0.3 0.1 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.1 0.1 0.1 0.1 0.1 0.0 0.1 0.0 0.0 0.0 0.0
MB96334 0.0 0.1 0.3 0.2 0.1 0.0 0.0 0.0 0.0 0.1 0.1 0.1 0.1 0.3 0.2 0.6 0.1 0.4 0.1 0.2 0.0 0.0
MB97760 0.0 0.1 0.1 0.2 0.3 0.2 0.1 0.1 0.1 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
MB98925 0.0 0.0 0.0 0.1 0.1 0.1 0.1 0.1 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
C0O100550 0.4 1.4 1.7 1.8 0.8 42 1.3 4.7 2.0 6.2 6.7 7.4 1.9 7.8 22 21.5 3.4 343 3.1 202 0.4 0.6
MB100778 0.0 0.1 0.2 0.3 0.2 0.1 0.1 0.0 0.0 0.1 0.2 0.1 0.3 0.1 0.6 0.1 0.6 0.1 0.3 0.0 0.1 0.0 0.0
MB102215 0.0 0.0 0.1 0.2 0.3 0.2 0.1 0.1 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
MB103360 0.1 0.1 0.3 0.6 0.4 0.7 0.5 1.0 0.7 2.5 1.7 4.5 2.1 6.1 2.9 7.1 1.4 32 1.0 1.3 0.0 1.2
CO104310 1.3 4.0 4.6 1.5 0.5 1.1 0.8 29 1.6 8.7 43 11.1 4.9 13.8 6.0 25.6 5.3 14.7 2.4 4.0 0.3 3.1
MB104920 0.1 0.2 0.7 0.4 0.2 0.1 0.1 0.1 0.1 0.2 0.1 0.3 0.1 0.4 0.1 0.6 0.1 0.3 0.0 0.1 0.0 0.0
CO105353 0.3 1.8 2.1 1.6 0.8 4.4 1.5 3.9 22 9.5 4.7 8.7 3.1 9.6 39 31.0 3.9 324 32 17.8 1.3 12.9
CO106094 1.5 5.4 6.2 1.8 0.3 0.3 0.3 0.8 0.5 2.1 1.0 2.7 0.5 32 0.4 2.8 0.3 0.9 0.1 0.1 0.1 0.1
MB106380 0.1 0.2 0.5 0.5 0.2 0.2 0.0 0.4 0.3 1.3 0.5 1.6 0.6 1.9 0.5 2.0 0.3 0.9 0.1 0.3 0.0 0.1
MB107960 0.0 0.0 0.1 0.2 0.4 0.3 0.2 0.1 0.1 0.1 0.1 0.1 0.0 0.0 0.1 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0
CO108138 0.1 1.1 1.6 12 0.4 5.0 0.9 2.8 0.9 3.6 33 3.1 0.9 49 1.3 9.7 1.1 11.7 0.7 6.8 0.1 0.5
CO108169 0.5 1.9 2.4 1.1 0.4 1.5 0.5 1.3 0.6 3.0 0.7 2.4 0.7 29 0.9 6.3 0.6 5.0 0.5 10.1 1.3 14.6
MB108924 0.0 0.0 0.0 0.1 0.2 0.1 0.1 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
MB110494 0.0 0.0 0.1 0.4 0.7 0.7 0.4 0.3 0.2 0.2 0.1 0.1 0.1 0.1 0.1 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0
CO110550 1.3 3.4 4.0 0.8 0.1 0.1 0.0 0.1 0.0 0.1 0.1 0.1 0.1 0.2 0.1 0.3 0.0 0.1 0.0 0.1 0.0 0.1
MB112790 0.0 0.2 0.7 0.5 0.2 0.2 0.1 0.1 0.1 0.1 0.2 0.2 0.2 0.2 0.1 0.2 0.1 0.2 0.0 0.1 0.0 0.0
MB113980 0.0 0.1 0.1 0.5 1.0 1.8 1.5 1.0 0.7 0.5 0.3 0.2 0.1 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
MB114535 0.0 0.1 0.3 0.2 0.1 0.0 0.0 0.0 0.0 0.0 0.1 0.1 0.1 0.1 0.0 0.1 0.0 0.4 0.0 0.1 0.0 0.0

Table A3: Concentrations of n-alkanes in ng/gSed




Lo | R g & 9 L2 ) = & & 2 Lo , A = 2 A =& A Ao Agl Ao
Samples gi éé éé é@g og'% @; §§/ §>§ i @é §§ @g §°’ 25 %g égg %E gg &i% %%
§E|EF| EF |REF| TS AT |7 E g2 27 | & |g |T"E|ETIEF |E |E2| £f|Es
MB89163 0.0 0.0 0.0 0.0 0.0 0.0 0.2 0.1 56.4 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
MB89899 0.1 0.0 0.5 0.0 0.0 0.0 0.2 0.1 2.1 0.2 0.1 0.0 0.0 0.1 0.5 0.3 0.3 0.5 0.0 0.0
MB90020 3.5 0.0 14.5 0.0 0.0 0.0 0.2 0.1 68.2 7.0 0.1 1.9 1.3 0.0 14.0 12.0 11.5 14.8 0.0 5.4
MB91200 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 8.0 0.0 0.0 0.0 0.0 0.0 0.0 17.3 0.0 0.0 0.0 0.0
MB91856 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
C093409 6.2 0.0 12.0 0.0 0.0 0.0 0.8 0.3 82.8 2.2 0.3 1.5 0.0 0.0 22.7 71.9 22.7 13.2 0.0 1.7
MB93589 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 110.5 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0
C094078 13.9 0.0 36.4 0.0 0.0 0.0 0.5 0.1 71.2 10.8 0.4 1.8 0.0 0.1 30.5 98.2 39.1 48.2 0.0 5.1
MB94762 0.0 29.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
MB96334 5.2 0.0 29.2 0.0 0.0 0.0 0.2 0.1 57.9 8.9 0.1 1.2 2.1 0.1 19.3 23.1 16.4 0.0 0.0 0.0
MB97760 0.0 0.0 0.0 0.0 0.0 30.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 3.0 0.0 0.0 0.0 0.0
MB98925 0.0 0.0 0.0 0.0 0.0 7.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
CO100550 4.1 0.0 11.5 0.0 0.0 0.0 0.5 0.4 37.4 4.4 0.2 0.0 2.6 0.0 18.2 324 0.0 18.5 0.0 1.7
MB100778 5.1 0.0 22.7 0.0 25.0 5.9 0.3 0.0 117.4 6.2 0.1 7.4 5.7 0.1 31.9 282 16.6 27.8 0.0 0.0
MB102215 0.0 0.0 0.0 0.0 0.0 13.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
MB103360 0.0 0.0 0.0 0.0 0.0 0.0 0.7 0.4 0.1 0.0 0.9 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0
CO104310 18.6 0.0 159.3 0.0 0.0 0.0 1.7 0.6 528.2 74.3 0.3 10.7 0.0 0.3 159.7 131.0 120.4 145.2 0.0 8.0
MB104920 43 0.0 27.5 35.4 0.0 0.0 0.1 0.0 28.5 4.0 0.0 4.5 32 0.0 7.6 10.7 53 7.8 0.0 0.0
CO105353 4.8 0.0 20.2 0.0 0.0 0.0 1.2 0.5 153.8 6.3 0.9 0.0 0.0 0.1 16.5 50.8 20.8 226.3 0.0 0.0
CO106094 4.0 0.0 15.4 0.0 0.0 0.0 0.1 0.0 87.2 4.4 0.1 0.0 1.9 0.0 23.1 13.9 19.5 332 0.0 2.8
MB106380 6.4 0.0 29.5 0.0 0.0 0.0 0.1 0.1 82.7 9.0 0.1 1.9 0.0 0.0 63.6 25.5 25.5 0.0 0.0 0.0
MB107960 0.0 128.6 151.3 121.6 0.0 405.9 0.0 0.0 86.6 42.1 0.0 0.0 12.7 0.0 43.7 0.0 18.6 0.0 0.0 0.0
CO108138 5.1 0.0 4.8 0.0 0.0 0.0 0.5 0.3 59.6 1.6 0.1 0.0 10.5 0.1 4.5 6.2 6.5 6.3 0.0 1.7
CO108169 39 0.0 3.1 0.0 0.0 0.0 0.2 0.1 21.1 1.0 0.2 0.0 0.0 0.1 23 39.7 43 7.9 0.0 0.0
MB108924 0.0 0.0 0.0 0.0 0.0 6.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
MB110494 0.0 0.0 352 0.0 0.0 124.1 0.0 0.0 28.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 28.8 352 124.1
CO110550 0.0 0.0 3.2 0.0 0.0 0.0 0.0 0.0 6.6 1.5 0.0 0.0 0.3 0.0 1.0 7.1 1.4 1.9 0.0 0.0
MB112790 0.3 0.0 0.9 0.0 0.0 0.0 0.0 0.0 1.3 0.6 0.0 0.1 0.2 0.0 1.2 0.0 0.5 0.5 0.0 0.2
MB113980 0.0 0.0 0.0 0.0 0.0 16.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
MB114535 3.8 0.0 41.4 0.0 0.0 0.0 0.0 0.0 52.1 9.0 0.0 1.7 1.0 0.0 40.5 342 20.9 0.0 0.0 0.0

Table A3: Concentrations of hopanoic hydrocarbons in the aliphatic fractions in pg/gTOC.




Mallik 5L-38 7-methyl | 5-methyl | 4-methyl | 3-methyl | 7-methyl | 6-methyl | 5-methyl | 4-methyl | 3-methyl | 7-methyl | 6-methyl | S-methyl | 4-methyl | 3-methyl
Samples -Ciy -Ciy -Ciy -Ciy -Cis -Cis -Cis -Cis -Cis -Cis -Cis -Cis -Cis -Cis
MB89163 0.00 0.00 0.02 0.01 0.01 0.01 0.02 0.02 0.02 0.02 0.01 0.02 0.03 0.02
MB89899 0.14 0.05 0.23 0.12 0.10 0.07 0.12 0.08 0.11 0.04 0.02 0.06 0.06 0.04
MB90020 0.08 0.07 0.25 0.16 0.08 0.13 0.24 0.20 0.19 0.05 0.04 0.07 0.09 0.04
MB91200 0.00 0.00 0.03 0.02 0.00 0.00 0.00 0.04 0.02 0.04 0.00 0.00 0.04 0.00
MB91856 0.00 0.00 0.16 0.12 0.00 0.00 0.15 0.16 0.17 0.00 0.40 0.07 0.18 0.08
C093409 0.10 0.13 0.08 0.21 0.09 0.07 0.10 0.31 0.11 0.00 0.15 0.08 0.16 0.20
MB93589 0.00 0.00 0.05 0.03 0.03 0.02 0.05 0.07 0.04 0.03 0.01 0.03 0.07 0.02
C09%4078 1.60 1.16 2.42 2.58 2.69 1.82 2.69 4.14 3.45 0.68 0.39 1.07 1.20 0.40
MB94762 0.13 0.07 0.13 0.06 0.05 0.07 0.11 0.12 0.13 0.00 0.00 0.19 0.19 0.00
MB96334 0.02 0.04 0.16 0.13 0.07 0.06 0.16 0.16 0.13 0.04 0.03 0.08 0.09 0.04
MB97760 0.00 0.00 0.01 0.01 0.00 0.00 0.01 0.02 0.01 0.00 0.03 0.01 0.03 0.01
MB98925 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.02 0.02 0.01
CO100550 0.13 0.17 0.15 0.29 0.25 0.16 0.30 0.48 0.32 0.22 0.08 0.20 0.35 0.13
MB100778 0.13 0.09 0.30 0.16 0.13 0.09 0.17 0.29 0.29 0.00 0.00 0.15 0.12 0.04
MB102215 0.00 0.00 0.00 0.00 0.00 0.00 0.13 0.14 0.11 0.00 0.35 0.22 0.31 0.12
MB103360 0.00 0.00 0.06 0.06 0.04 0.04 0.07 0.09 0.08 0.10 0.02 0.05 0.08 0.04
CO104310 1.61 1.20 2.59 2.12 3.00 2.89 3.59 432 4.53 0.58 0.29 1.35 1.85 0.20
MB104920 0.03 0.02 0.07 0.08 0.16 0.12 0.15 0.17 0.22 0.11 0.07 0.13 0.20 0.09
CO105353 0.57 0.79 0.47 0.95 0.46 0.47 0.69 1.13 0.85 0.26 0.14 0.35 0.36 0.15
C0106094 1.11 1.22 2.96 2.73 3.18 2.92 5.02 4.73 5.19 1.26 0.47 2.16 2.31 0.48
MB106380 0.08 0.06 0.13 0.13 0.27 0.24 0.31 0.42 0.42 0.17 0.11 0.30 0.35 0.13
MB107960 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.02 0.03 0.00 0.05 0.04 0.04 0.00
C0O108138 0.38 0.10 0.36 0.31 0.44 0.47 0.73 0.72 0.87 0.26 0.11 0.32 0.35 0.15
CO108169 0.59 0.30 0.46 0.54 0.79 0.66 0.86 1.59 1.08 0.27 0.21 0.58 0.62 0.20
MB108924 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.01 0.02 0.01
MB110494 0.00 0.00 0.00 0.00 0.00 0.00 0.10 0.14 0.10 0.00 0.62 0.15 0.29 0.10
CO110550 0.43 0.52 1.03 1.04 1.29 1.42 1.81 2.65 1.63 0.81 0.45 0.79 0.82 0.32
MB112790 0.00 0.00 0.06 0.05 0.12 0.12 0.19 0.25 0.24 0.17 0.20 0.17 0.20 0.00
MB113980 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.25 0.00 0.01 0.03
MB114535 0.00 0.00 0.20 0.00 0.09 0.06 0.14 0.17 0.00 0.08 0.05 0.11 0.11 0.07

Table A4: Concentrations of methylalkanes in pg/gSed.




= = =4 fla} fl=) = fl=) fl=) =4 fl=) fl=) = = fl=) = =4 = = = =4 = =4 = = = =
S | < S | & S | < S

MBg9163 0.00 0.00 0.02 0.00 0.00 0.02 0.01 0.00 0.02 0.00 0.09 0.09 0.08 0.00 0.02 0.02 0.02 0.28 0.04 0.62 0.05 0.37 0.03 0.27 0.02 0.38
MB89899 0.00 0.00 0.02 0.05 0.02 0.02 0.01 0.01 0.03 0.00 0.02 0.07 0.05 0.00 0.06 0.22 0.02 0.50 0.14 1.10 0.11 0.70 0.05 0.47 0.11 0.57
MB90020 0.00 0.00 0.02 0.01 0.01 0.03 0.01 0.01 0.08 0.00 0.02 0.15 0.09 0.00 0.03 0.05 0.04 0.30 0.11 0.87 0.13 0.68 0.05 0.45 0.04 0.51
MB91200 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.10 0.02 0.00 0.01 0.00 0.04 0.00 0.02 0.00 0.01 0.00 0.00 0.00 0.00
MB91856 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.04 0.00 0.00 0.00 0.00 0.05 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00
C093409 0.00 0.00 0.07 0.99 0.88 0.65 0.20 0.26 0.49 0.28 0.09 1.32 0.75 0.00 2.07 6.09 1.90 22.76 1.48 26.94 3.07 15.14 0.00 29.70 0.00 0.00
MB93589 0.00 0.00 0.03 0.03 0.04 0.05 0.03 0.02 0.09 0.10 0.02 0.10 0.22 0.00 0.49 0.18 0.00 0.24 0.12 1.23 0.28 1.10 0.19 0.75 0.45 0.00
C09%4078 0.00 0.00 0.09 0.97 0.55 0.11 0.24 0.04 0.59 0.14 0.10 0.40 0.41 0.00 1.01 2.42 0.63 13.13 | 3.64 | 2738 | 3.49 18.45 | 0.00 14.61 0.00 0.00
MB94762 0.00 0.00 0.02 0.01 0.02 0.02 0.01 0.01 0.07 0.00 0.01 0.10 0.09 0.11 0.03 0.01 0.04 0.02 0.02 0.01 0.03 0.00 0.05 0.00 0.00
MB96334 0.00 0.00 0.02 0.01 0.01 0.03 0.01 0.01 0.08 0.00 0.02 0.09 0.07 0.00 0.04 0.23 0.02 0.08 0.01 0.13 0.03 0.14 0.02 0.18 0.02 0.14
MB97760 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.03 0.00 0.00 0.01 0.00 0.03 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.00
MB98925 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.05 0.01 0.00 0.01 0.00 0.02 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00
C0O100550 0.00 0.00 0.05 0.59 0.35 0.25 0.05 0.01 0.44 0.05 0.05 0.15 0.24 0.00 0.38 BAIE 0.58 | 2424 | 297 | 2926 | 2.42 13.19 | 0.00 9.08 0.00 0.00
MB100778 0.00 0.00 0.01 0.00 0.00 0.02 0.01 0.01 0.03 0.00 0.01 0.09 0.04 0.00 0.03 0.01 0.03 0.05 0.00 0.02 0.01 0.02 0.01 0.06 0.01 0.03
MB102215 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.01 0.09 0.00 0.00 0.00 0.00 0.04 0.00 0.01 0.02 0.01 0.00 0.00 0.00 0.00
MB103360 0.00 0.00 0.08 0.09 0.06 0.12 0.03 0.04 0.09 0.01 0.06 0.18 0.28 0.00 0.12 0.13 0.05 0.31 0.14 2.01 0.28 222 0.30 2.68 0.00 1.22
C0104310 0.00 0.00 0.11 0.09 0.12 0.28 0.10 0.14 0.22 0.00 0.13 1.55 0.38 0.00 1.62 0.40 0.32 4.42 1.45 11.78 2.47 8.57 1.20 8.81 1.53 7.18
MB104920 0.00 0.00 0.14 0.00 0.00 0.23 0.13 0.09 0.25 0.00 0.04 123 0.35 0.00 0.67 1.08 0.26 0.15 1.04 0.44 0.05 0.54 0.07 0.48 0.11 0.26
CO105353 0.00 0.00 0.05 0.81 0.51 0.64 0.07 0.09 0.53 0.33 0.30 0.34 0.97 0.00 1.23 7.33 0.66 | 20.60 | 242 | 39.64 [ 2.99 17.21 0.00 4.45 0.00 0.00
C0O106094 0.00 0.00 0.12 0.10 0.04 0.37 0.10 0.06 0.16 0.00 0.10 1.49 0.59 0.00 2.13 0.13 0.06 0.50 0.14 1.50 0.94 3.08 0.00 2.68 0.00 0.00
MB106380 0.00 0.00 0.07 0.01 0.02 0.08 0.00 0.02 0.11 0.00 0.00 0.05 0.14 0.00 0.05 0.02 0.01 0.12 0.64 0.46 0.13 0.77 0.21 0.91 0.16 0.23
MB107960 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.01 0.07 0.01 0.01 0.01 0.04 0.00 0.02 0.01 0.00 0.00 0.00 0.00 0.00 0.00
CO108138 0.00 0.00 0.01 0.10 0.03 0.22 0.01 0.01 0.34 0.03 0.02 0.11 0.17 0.00 0.71 1.01 0.07 3.32 0.45 10.16 | 0.78 4.30 0.00 5.09 0.00 0.00
C0O108169 0.00 0.00 0.05 0.24 0.25 0.63 0.07 0.04 0.70 0.40 0.06 0.68 0.27 0.00 1.81 6.31 0.11 39 0.67 19.37 | 3.34 14.83 | 0.00 8.94 0.00 0.00
MB108924 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.01 0.05 0.00 0.01 0.01 0.81 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00
MB110494 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.01 0.08 0.00 0.03 0.01 0.00 0.03 0.01 0.09 0.07 0.55 0.02 0.03 0.00 0.00
CO110550 0.00 0.00 0.10 0.04 0.00 0.05 0.01 0.03 0.07 0.00 0.07 0.19 0.09 0.00 0.09 0.08 0.00 0.34 0.16 0.24 0.04 1.01 0.00 1.88 0.00 0.00
MB112790 0.00 0.00 0.05 0.00 0.01 0.12 0.02 0.04 0.19 0.01 0.01 1.21 0.27 3.09 0.21 0.03 0.08 0.02 0.02 0.01 0.02 0.01 0.05 0.01 0.03
MB113980 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.06 0.00 0.00 0.02 0.09 0.02 0.01 0.00 0.00 0.04 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.00
MB114535 0.00 0.00 0.02 0.01 0.01 0.06 0.02 0.04 0.07 0.01 0.02 0.24 0.11 0.00 0.29 0.05 0.02 0.10 0.04 0.22 0.03 0.18 0.03 0.18 0.02 0.12

Table AS: Concentrations of the n-alcohols and the branched alcohlic hydrocarbons (ng/gSed).




3 |3 3 |3 3 |3 3
= = = = = = =
= = = o o = o o = =) o = = o = = = = = = = = = = = =

S | S S | S S | S S
MBg89163 2.7 0.4 0.5 2.6 1.2 0.4 1.7 0.5 9.6 9.6 8.9 0.0 2.6 2.6 2.2 30.2 4.0 67.4 5.8 40.0 32 28.8 2.7 41.2
MB89899 1.6 5.0 2.1 2.3 1.3 1.1 3.1 0.5 1.6 6.9 4.9 0.0 6.6 22.8 23 52.6 15.0 | 116.1 11.7 73.9 5.7 49.9 112 59.9
MB90020 1.9 0.9 1.3 33 1.5 1.4 9.4 0.4 2.7 17.5 10.9 0.0 3.6 6.4 4.6 34.8 13.3 101.0 | 149 78.6 59 52.5 4.6 59.3
MB91200 4.5 1.7 9.6 0.0 0.0 35 0.0 0.0 26.4 0.0 0.0 7.9 2022 | 433 0.0 244 0.0 82.9 1.9 37.8 6.6 28.8 1.1 6.4 0.0 3.4
MB91856 4.1 0.8 6.4 0.0 0.0 1.6 0.0 0.0 9.1 0.0 0.0 13.9 88.4 0.0 0.0 1.4 0.0 103.1 23 14.9 2.4 2.5 0.0 1.7 0.0 0.0
C093409 0.1 2.1 1.9 1.4 0.4 0.5 1.1 0.6 0.2 2.8 1.6 0.0 44 13.1 4.1 48.8 32 57.8 6.6 325 0.0 63.7 0.0 0.0
MB93589 1.7 1.8 22 3.0 1.7 1.3 5.0 5.6 0.9 5.7 12.6 0.0 27.7 10.0 0.0 135 6.5 68.9 15.7 62.0 10.7 419 252 0.0
C094078 0.3 3.0 1.7 0.3 0.7 0.1 1.8 0.4 0.3 1.3 13 0.0 32 7.6 2.0 41.2 11.4 86.0 11.0 579 0.0 459 0.0 0.0
MB94762 1.8 0.8 1.6 1.7 1.2 0.9 72 0.0 0.9 11.0 9.6 0.0 11.8 32 1.1 4.2 22 2.1 1.1 3.1 0.0 55 0.0 0.0
MB96334 5.5 23 1.8 7.0 3.4 3.1 19.7 0.0 5.1 23.0 17.2 0.0 9.6 57.0 5.5 194 3.1 32.0 6.3 35.0 4.6 45.8 5.1 34.6
MB97760 2.6 0.6 3.8 0.0 0.0 1.1 0.0 0.0 7.1 0.0 0.0 2.7 37.9 35 0.0 7.5 0.0 355 1.2 143 22 6.9 0.0 1.8 0.0 0.0
MB98925 1.8 0.4 3.8 0.0 0.0 0.7 0.0 0.0 8.2 0.0 0.0 3.4 48.6 6.8 2.6 10.7 0.0 20.7 1.0 6.1 0.4 1.5 0.4 0.5 0.0 0.0
CO100550 0.1 1.4 0.8 0.6 0.1 0.0 1.1 0.1 0.1 0.4 0.6 0.0 0.9 7.5 1.4 57.7 7.1 69.6 5.7 314 0.0 21.6 0.0 0.0
MB100778 2.7 0.7 0.9 4.2 1.6 2.5 6.6 0.0 2.7 20.0 9.4 0.0 7.4 2.6 6.5 9.8 0.3 4.7 1.9 34 2.5 12.9 1.4 7.2
MB102215 2.9 0.0 6.4 0.0 0.0 0.0 0.0 0.0 17.5 0.0 0.0 9.6 83.4 0.0 0.0 39 0.0 34.0 2.9 11.4 225 4.8 0.0 1.5 0.0 0.0
MB103360 1.2 1.3 0.8 1.7 0.4 0.6 1.2 0.1 0.9 2.5 39 0.0 1.7 1.8 0.7 4.4 2.0 28.3 39 313 42 37.8 0.0 17.2
CO104310 3.1 2.5 32 7.8 2.8 3.7 59 0.0 3.6 42.6 10.6 0.0 445 11.1 8.9 121.3 | 399 | 323.6 | 679 | 2355 | 329 | 242.1 | 419 | 197.1
MB104920 13.5 0.0 0.0 223 12.6 9.1 25.0 0.0 43 121.7 | 35.0 0.0 66.7 107.0 | 253 152 103.0 | 43.5 5.1 533 6.8 47.8 10.5 25.5
CO105353 0.1 2.1 1.3 1.6 0.2 0.2 13 0.9 0.8 0.9 2.5 0.0 3.1 18.7 1.7 52.6 6.2 101.1 7.6 43.9 0.0 11.4 0.0 0.0
C0O106094 2.5 2.1 0.9 7.9 2.1 1.2 33 0.1 2.2 31.7 12.5 0.0 45.1 2.8 1.2 10.6 3.0 31.7 19.9 65.4 0.0 56.8 0.0 0.0
MB106380 0.0 0.0 3.6 0.6 1.2 4.4 0.0 0.8 5.8 0.0 0.0 2.8 7.7 0.0 2.6 1.2 0.6 6.3 34.1 243 6.8 40.5 11.0 48.0 8.3 12.2
MB107960 72 3.1 83.4 0.0 0.0 3.6 0.0 0.0 57.5 0.0 0.0 347 | 182.0 | 345 17.4 303 99.8 32 50.5 14.9 0.0 0.0 0.0 0.0 0.0 0.0
CO108138 0.0 0.2 0.1 0.5 0.0 0.0 0.7 0.1 0.0 0.2 0.4 0.0 1.5 2.2 0.2 7.2 1.0 22.1 1.7 9.4 0.0 11.1 0.0 0.0
CO108169 0.1 0.6 0.7 1.7 0.2 0.1 1.8 1.0 0.2 1.8 0.7 0.0 4.7 16.4 0.3 9.2 1.7 50.5 8.7 38.6 0.0 233 0.0 0.0
MB108924 7.7 1.4 19.6 0.0 0.0 1.7 0.0 0.0 13.9 0.0 0.0 21.1 76.6 5.1 9.8 9.4 1355 24 9.5 0.8 2.1 1.1 1.6 0.0 0.0 0.0
MB110494 6.3 2.0 13.8 0.0 0.0 1.2 0.0 0.0 13.6 0.0 0.0 13.6 88.8 0.0 29.6 7.0 0.0 279 7.6 102.4 | 823 | 606.5 | 20.3 309 0.0 0.0
CO110550 1.0 0.4 0.0 0.6 0.1 0.4 0.8 0.0 0.8 2.0 1.0 0.0 1.0 0.8 0.0 3.6 1.7 2.5 0.4 10.7 0.0 20.0 0.0 0.0
MB112790 3.0 0.2 0.9 7.5 1.4 2.7 12.2 0.5 0.9 77.4 17.1 0.0 196.7 13.6 1.7 54 1.4 1.6 0.8 1.5 0.6 3.0 0.6 2.1
MB113980 3.6 0.7 54 0.0 0.0 1.0 0.0 0.0 32.7 0.0 0.0 12.8 55.8 11.6 4.5 0.0 0.0 25.5 1.2 8.6 0.0 8.5 0.0 0.0 0.0 0.0
MB114535 4.6 24 22 12.0 43 7.8 12.3 1.2 34 46.2 20.8 0.0 55.2 9.9 35 19.2 7.1 41.4 6.3 333 4.8 333 4.1 23.1

Table A6: Concentrations of the n-alcohols and the branched alcohlic hydrocarbons (ug/gTOC).




Samples n-Cyy n-Cis n-Cis n-C;; n-Cig n-Cio n-Cy n-C,, n-Cy, n-Cy3 n-Cyy n-Cys N-Cys n-C,; n-Cyg n-Cyg n-Cs n-Cy, n-Cs, iCs aiCs iCie aiCy¢ | iCy7 | @iCyy
MBg89163 28.7 18.4 57.4 3.8 30.4 0.4 13 0.4 1.1 0.6 4.8 1.5 2.6 0.3 1.2 0.2 1.1 0.0 0.5 1.2 1.9 0.0 33 04 | 0.7
MBg9899 37.7 18.7 68.3 49 52.8 1.0 2.2 0.8 2.8 1.9 14.4 23 6.1 1.0 33 0.5 1.9 0.0 0.9 2.8 24 2.5 0.0 0.9 13
MB90020 30.3 20.7 92.6 4.5 46.9 0.7 1.6 0.4 1.6 1.0 6.5 1.0 43 0.5 1.8 0.4 1.7 0.0 0.7 2.7 1.9 2.7 0.0 0.8 1.1
MB91200 234.6 173.0 9624 | 424 | 4072 7.2 23.5 1.1 23.7 1.9 0.0 434 5.1 11.9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 | 00| 00
MB91856 1109.5 1022.6 8457.0 | 967.6 | 5202.2 0.0 143.4 0.0 108.6 0.0 0.0 236.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
C093409 1.5 13 16.1 1.4 6.2 0.8 113 1.9 46.1 34 41.2 3.0 133 0.8 43 0.0 2.9 0.0 0.0 1.1 0.6 1.1 0.2 2.5 1.1
MB93589 20.5 7.3 71.3 5.0 334 12.2 1.6 24 4.6 1.8 30.7 5.5 41.5 3.8 25.0 0.0 11.0 0.0 0.0 1.2 46.3 1.4 0.0 0.0 | 09
C094078 1.3 0.7 9.7 0.5 42 04 7.7 0.9 14.6 2.1 12.8 1.7 7.9 0.5 34 0.3 1.7 0.0 0.0 0.5 0.3 0.3 0.0 | 01] 03
MB94762 18.8 9.7 95.6 3.1 46.2 0.6 1.5 0.5 14 0.6 3.6 0.6 2.1 0.3 1.2 0.3 0.0 0.0 0.0 1.7 0.0 0.0 0.0 | 00| 00
MB96334 0.2 0.0 0.8 0.0 0.4 0.0 0.0 0.0 0.0 0.0 43 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 5.1 0.0 0.0 0.0 0.0 | 0.0
MB97760 50.1 26.7 287.0 9.4 133.6 1.6 4.7 1.8 5.7 0.4 0.0 12.7 2.1 5.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
MB98925 40.8 22.7 313.2 6.7 126.8 0.6 4.5 0.6 8.0 0.0 0.0 24.5 23 4.9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
CO100550 18.1 8.5 85.9 5.1 27.1 2.5 21.7 49 64.8 153 163.0 | 20.0 80.9 5.8 37.5 223 0.0 0.0 0.0 10.5 42 0.0 0.0 |24 21
MB100778 172.6 0.0 597.8 19.6 120.5 0.0 6.6 0.0 6.5 3.6 11.1 3.7 52 0.0 0.0 0.0 0.0 0.0 0.0 16.4 16.9 88.0 0.0 0.0 | 0.0
MB102215 115.9 92.9 537.9 19.6 187.7 1.3 4.2 0.0 9.9 0.0 0.0 14.9 0.0 2.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
MB103360 0.0 0.0 0.2 0.0 0.1 0.0 0.0 0.0 0.1 0.0 0.3 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 | 0.0
C0104310 7.7 34 49.1 1.7 36.2 1.2 5.8 1.8 244 9.3 137.4 12.7 71.3 52 28.9 35 20.1 0.0 7.7 1.3 0.9 0.9 0.0 0.7 | 0.7
MB104920 30.4 14.3 141.1 32.8 48.9 46.6 0.8 1.8 4.1 1.4 6.1 0.9 3.8 3.7 2.7 0.0 2.7 0.0 0.0 1.4 15.1 1.6 0.0 0.0 1.5
CO105353 13.2 239 104.5 20.7 80.2 12.0 86.9 26.1 130.3 64.8 183.1 67.2 130.8 13.1 71.5 7.4 71.8 0.0 37.7 41.9 16.5 29.5 0.0 67.3 | 343
CO106094 243 14.6 177.4 5.8 78.0 1.6 7.4 23 280.8 53 58.0 6.2 55.1 2.8 41.2 0.0 20.3 0.0 4.1 1.8 23 1.7 4.5 14 | 0.7
MB106380 9.7 4.7 67.2 1.9 26.5 0.0 1.5 0.8 5.8 2.9 19.0 23 9.6 1.1 4.6 0.8 2.5 0.0 0.7 0.4 0.7 0.0 0.0 0.0 | 0.8
MB107960 123.8 138.0 782.6 17.8 417.6 0.0 0.0 0.0 66.0 0.0 0.0 141.1 0.0 46.2 0.0 243 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
CO108138 343 21.0 67.3 4.8 274 33 429 6.7 87.3 353 104.6 | 384 69.9 6.0 444 2.8 27.0 0.0 114 28.0 134 14.9 14 192 6.1
CO108169 57.1 41.7 102.1 13.5 65.7 5.7 61.5 11.0 112.5 344 138.8 17.4 75.6 2.9 29.0 1.8 17.9 0.0 5.7 59.9 36.5 294 26 |[46.6]| 149
MB108924 1179.1 1220.0 9032.0 | 429.5 | 3834.6 | 160.6 | 289.4 61.4 4379 0.0 138.2 | 900.1 80.0 309.0 12.6 54.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 | 0.0
MB110494 41.0 15.6 180.6 11.5 174.6 2.8 6.2 0.0 10.7 0.0 0.0 30.3 6.7 244 0.7 1.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
CO110550 8.3 43 60.5 1.6 15.6 0.2 0.8 0.3 140.1 0.4 5.7 0.6 35 0.3 23 0.0 1.6 0.0 0.8 0.5 0.7 0.4 1.8 02 | 0.5
MB112790 182 9.3 131.7 2.8 74.9 0.0 7.2 0.0 42 0.5 2.5 04 1.3 0.0 0.7 0.0 0.4 0.0 0.0 0.7 1.3 0.0 1.0 | 00| 08
MB113980 191.5 91.0 717.0 325 442.0 3.8 153 2.2 17.5 53 39.6 0.0 6.4 11.7 0.0 1.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
MB114535 215.5 102.5 273.6 453 237.6 4.0 16.6 4.1 20.8 7.3 26.4 4.6 9.5 2.0 7.3 1.1 52 0.0 23 7.8 9.5 3.1 60.1 0.0 5.0

Table A7: Concentrations of the n-fatty acids, the i- and ai-fatty acids (ug/gTOC).




Samples n-Cyy n-Cis n-Ci | n-Cy7 | n-Cig | n-Cyo | N-Cy | N-Cyy | N-Cp | N-Cyz | N-Coy | N-Cys | N-Cye | N-Cyy | N-Cyg | N-Cyo | N-C39 | N-C5 | N-Cx, iCis aiCys iCis aiCi | iCy7 | aiCyy
MB89163 0.3 0.2 0.5 0.0 0.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 | 0.0
MB89899 0.4 0.2 0.6 0.0 0.5 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 | 0.0
MB90020 0.3 0.2 0.8 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 | 0.0
MB91200 0.1 0.1 0.5 0.0 0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 | 0.0
MB91856 0.6 0.5 42 0.5 2.6 0.0 0.1 0.0 0.1 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 [ 0.0
C093409 0.7 0.6 7.5 0.7 29 0.4 52 0.9 21.5 1.6 19.2 1.4 6.2 0.4 2.0 0.0 1.4 0.5 0.3 0.5 0.1 1.2 0.5
MB93589 0.4 0.1 1.4 0.1 0.6 0.2 0.0 0.0 0.1 0.0 0.5 0.1 0.7 0.1 0.4 0.0 0.2 0.0 0.0 0.0 0.8 0.0 0.0 0.0 | 0.0
C094078 0.4 0.2 3.1 0.1 1.3 0.1 2.5 0.3 4.7 0.7 4.1 0.5 2.5 0.2 1.1 0.1 0.5 0.2 0.1 0.1 0.0 0.0 0.1
MB94762 0.2 0.1 0.9 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 | 0.0
MB96334 0.2 0.0 0.8 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 | 0.0
MB97760 0.0 0.0 0.3 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 | 0.0
MB98925 0.0 0.0 0.3 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 | 0.0
C0O100550 7.6 3.6 36.1 2.1 11.4 1.0 9.1 2.1 272 6.4 68.5 8.4 34.0 24 15.8 9.4 0.0 4.4 1.8 0.0 0.0 1.0 0.9 0.0 | 0.0
MB100778 0.8 0.0 2.8 0.1 0.6 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.1 0.4 0.0 0.0 | 0.0
MB102215 0.1 0.1 0.6 0.0 0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 | 0.0
MB103360 0.7 0.5 2.7 0.2 1.1 0.1 0.3 0.1 1.1 0.4 4.6 0.5 1.9 0.1 0.7 0.0 0.1 0.1 0.1 0.1 0.0 0.0 0.0 0.0 | 0.0
CO0104310 0.3 0.1 1.8 0.1 1.3 0.0 0.2 0.1 0.9 0.3 5.0 0.5 2.6 0.2 1.1 0.1 0.7 0.0 0.3 0.0 0.0 0.0 0.0 0.0 | 0.0
MB104920 0.3 0.1 1.4 0.3 0.5 0.5 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.2 0.0 0.0 0.0 0.0 0.0 | 0.0
CO105353 52 9.4 409 8.1 31.4 4.7 34.1 10.2 51.1 254 71.7 26.3 51.2 5.1 28.0 29 28.1 0.0 14.8 16.4 6.5 11.6 00 |264]| 134
C0O106094 1.1 0.7 8.4 0.3 3.7 0.1 0.3 0.1 13.2 0.2 2.7 0.3 2.6 0.1 1.9 0.0 1.0 0.0 0.2 0.1 0.1 0.1 0.2 0.1 | 0.0
MB106380 0.2 0.1 1.3 0.0 0.5 0.0 0.0 0.0 0.1 0.1 0.4 0.0 0.2 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 | 0.0
MB107960 0.0 0.1 0.3 0.0 0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 | 0.0
CO108138 157 9.7 30.9 22 12.6 15 19.7 3.1 40.1 16.2 48.0 17.7 32.1 2.8 20.4 13 12.4 0.0 52 12.9 6.2 6.8 0.6 88 | 2.8
CO108169 21.9 16.0 39.2 52 252 22 23.6 42 432 132 533 6.7 29.0 1.1 11.1 0.7 6.9 0.0 22 23.0 14.0 11.3 1.0 | 179 5.7
MB108924 0.7 0.7 5.4 0.3 2.3 0.1 0.2 0.0 0.3 0.0 0.1 0.5 0.0 0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 | 0.0
MB110494 0.0 0.0 0.2 0.0 0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 | 0.0
CO110550 0.8 0.4 5.7 0.2 1.5 0.0 0.1 0.0 132 0.0 0.5 0.1 0.3 0.0 0.2 0.0 0.1 0.0 0.1 0.1 0.1 0.0 0.2 0.0 | 0.0
MB112790 0.3 0.1 2.1 0.0 1.2 0.0 0.1 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 | 0.0
MB113980 0.3 0.2 1.2 0.1 0.8 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 | 0.0
MB114535 1.1 0.5 1.5 0.2 1.3 0.0 0.1 0.0 0.1 0.0 0.1 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.3 0.0 | 0.0

Table A7: Concentrations of the n-fatty acids, the i- and ai-fatty acids (ng/gSed).







A & B: Structure of woody material of conifer in fluorescence light (CO93409); C & D: Spores

(sporinite, yellow) in fluorescence light (CO104310); E & F: Sporangium (sporinite, yellow) and
woody material (ulminite, brown/grey) in fluorescence (CO105353).



A: Sporangium (sporinite, yellow) and woody material (ulminite, brown/grey) in fluorescence
(CO108138); B: Ulminite particle in fluorescence light (CO108138; blue = epoxy resin); C & D:
Huminite particle in reflected white light (MB103360); E: Huminite particle in reflected white
light (CO105353); F: Inertinite particle in reflected white light (CO104310).



GC/MS chromatograms: Aliphatic hydrocarbons
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GC/MS chromatograms: Aliphatic hydrocarbons
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GC/MS chromatograms: Aliphatic hydrocarbons
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GC/MS chromatograms: Aliphatic hydrocarbons
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GC/MS chromatograms: Aliphatic hydrocarbons
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GC/MS chromatograms: Aliphatic hydrocarbons
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GC/MS chromatograms: Aliphatic hydrocarbons
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GC/MS chromatograms: Aliphatic hydrocarbons
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GC/MS chromatograms: Aromatic hydrocarbons
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GC/MS chromatograms: Aromatic hydrocarbons
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GC/MS chromatograms: Aromatic hydrocarbons
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GC/MS chromatograms: Aromatic hydrocarbons

30

30””

30

a| e
= MB96334
-l F
V. by pepetls/
65 100
a|
2 MB97760
2| &
" 65 ' ' 100
af 8
=l & MB98925
2]
ML 'LT' L} L] L] L] M L]
65 100



30

GC/MS chromatograms:

30

30

a
E
2]
Z
@)
[
X
65
a
H
2 A
&
w2
2
65
n A
& %
O
65

Time (min)

Aromatic hydrocarbons

C0O100550

100
MB100778
ettt 160
MB102215

100



GC/MS chromatograms: Aromatic hydrocarbons
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GC/MS chromatograms: Aromatic hydrocarbons
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GC/MS chromatograms: Aromatic hydrocarbons
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GC/MS chromatograms: Aromatic hydrocarbons
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GC/MS chromatograms: Aromatic hydrocarbons
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