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Résumé 

L’étude de la matière organique formant les microfossiles et tapis microbiens préservés 

dans les roches précambriennes est cruciale pour comprendre comment la vie à évolué au cours 

du Précambrien. Plusieurs techniques de spectroscopie in situ ont été utilisées pour contraindre 

la nature biologique de ces microstructures organiques. Cependant ces diverses techniques 

n’offrent pas la possibilité d’accéder aux informations moléculaires complexes préservées dans 

ces structures organiques. La spectroscopie de masse à temps de vol (ToF SIMS), permet 

d’accéder à ce type d’information, cependant, du fait de sa forte sensibilité aux contaminations, 

elle n’a encore jamais été appliquée avec succès sur des (micro)fossiles précambriens. 

Un premier aspect de ce travail a été la mise au point d’un protocole de préparation de 

tranches épaisses de roches sans résine et exempte de toute contamination organique. Ce type 

de préparation permet d’effectuer des observations optiques classiques de microstructures 

organiques, des nettoyages avec des solvants organiques, mais surtout des analyses à la ToF 

SIMS.  

Les structures moléculaires des matières organiques préservés dans des tapis microbiens 

fossiles d’âge kimméridgien (Orbagnoux, France) et archéen (formation de Strelley Pool, 

Australie occidentale, 3,4 milliards d’années) ont ensuite été caractérisées à l’échelle 

micrométrique. L’examen des données obtenues à la ToF SIMS a permis de mettre en évidence 

la présence de micro-hétérogénéités moléculaires et de renseigner les caractères aliphatiques et 

aromatiques des matières organiques préservées, confirmant l’intérêt de la ToF SIMS pour 

l’étude moléculaire des microfossiles. 

Un second aspect de ce travail était la caractérisation à micro- et nanoéchelle de deux 

assemblages de microfossiles du Précambrien. L’étude de l’assemblage de microfossiles de la 

formation de Draken (700-800 millions d’années) a permis de documenter des structures 

organiques encore jamais rapportées et provenant de cyanobactéries filamenteuses, coccoïdes 

(chroococcales, pleurocapsales), et d’eucaryotes (amibes fossiles). L’étude des roches de Turee 

Creek group (2,3 milliards d’années, Australie occidentale) a permis de caractériser différentes 

morpho-espèces de microfossiles. Cet assemblage de microfossiles porte une signature en 

isotopie du fer d’une oxydation microbienne du fer.  
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Abstract 

The study of organic matter forming microfossils and microbial mats preserved in 

Precambrian rocks is important to understand the evolution of early life during the Precambrian. 

Several in situ spectroscopy techniques have been used to infer the biological nature of these 

organic microstructures. However, these various techniques did not offer the possibility to 

constrain the complex molecular information preserved in these organic structures. This type 

of information is accessible with Time-of-Flight Secondary Ion Mass Spectroscopy (ToF 

SIMS), nevertheless the technique has not been appled to Precambrian fossils with success so 

far, because of its high sensitivity to contamination. 

A first aim of this research was to develop a preparation method for resin-free semi-thin 

sections, devoid of organic contaminants. This semi-thin section preparation makes it possible 

to perform classical optical observations of organic microstructures, cleaning processes with 

organic solvents and, above all, ToF SIMS analyzes. 

The molecular structures of organic matter of fossil microbial mats preserved in 

Kimmeridgian (Orbagnoux, France) and Archean (Strelley Pool formation, 3.4 billion years 

ago) rocks were characterized at the micrometric scale. Examination of the data obtained with 

ToF SIMS shows the presence of molecular micro-heterogeneities and permits to constrain the 

aliphatic and aromatic characters of the preserved organic materials, confirming the interest of 

ToF SIMS for the molecular study of microfossils. 

A second aim of this research was the micro- and nanoscale caracterisation of two 

microfossil assemblages of Precambrian age. The study of microfossils from the Draken 

Formation (700–800 million years ago) allowed to document new organic ultrastructure, which 

come from filamentous, coccoid (chroococcal, pleurocapsal) cyanobacteria and eukaryotes 

(amoebae). The study of the rocks from the Turee Creek group (~2.3 billion years old, Western 

Australia) allowed characterize different microfossil morphospecies. This microfossil 

assemblage bears the Fe-isotope signature of microbial iron oxidation. 
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Introduction et généralités 
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I/ Introduction générale 

Le Précambrien [4,5-0,5 milliards d’années (Ga)] est la période la plus longue de 

l’histoire de la Terre. Cette période est divisée en trois éons : l’Hadéen (4,5-4,0 Ga), l’Archéen 

(4,0-2,4 Ga) et le Protérozoïque (2,4-0,5Ga). Les transitions entre ces différents éons sont 

marquées par d’importants changements environnementaux et biologiques. En comparaison 

avec le Phanérozoïque (0,54Ga-aujourd’hui), les informations disponibles via l’enregistrement 

géologique sur l’évolution de la géosphère, l’hydrosphère, l’atmosphère et la biosphère 

précambrienne sont très parcellaires. Cependant, les études sur le précambrien sont d’une 

importance primordiale pour comprendre comment la Terre primitive a évolué jusqu’à 

aujourd’hui pour donner les systèmes écologiques et biologiques complexes et fragiles dans 

lesquelles nous évoluons. La biosphère précambrienne est dominée par les procaryotes (archées 

et bactéries), des organismes microscopiques (microorganismes) pour la plupart unicellulaires 

aux structures cellulaires simples (ex : absence de noyau cellulaire) (Knoll, 2012). L’étudier 

offre l’opportunité de répondre à une des questions primordiales de la science : comment les 

premières formes de vies sont-elles apparues et comment ont-elles évolué sur notre planète ? 

Le Protérozoïque (2,4-0,5 Ga) est un éon important et un des plus long de l’histoire de 

notre planète, marqué par l’augmentation de la diversité et la complexité des communautés 

microbiennes (Knoll et al., 2016), l’apparition de microorganismes eucaryotes (aux structures 

complexes, dont un noyau cellulaire) et l’apparition des premiers organismes macroscopiques 

(Gaidos et al., 2007). Le début et la fin de cet éon sont aussi caractérisés par des augmentations 

de la teneur en dioxygène dans l’atmosphère qui ont eu d’importantes conséquences sur 

l’évolution de la biosphère. La transition entre l’Archéen et le Protérozoïque est marquée par le 

passage d’un monde anoxique à une atmosphère légèrement oxygénée (~1-10% du taux actuel 

d’oxygène) lors du Grand Bond d’Oxygénation (ou « Great Oxidation Event », GOE (Holland, 

2009, 2002)). L’atmosphère à la fin du Protérozoïque voit quant-à elle son taux d’oxygène 

augmenter jusqu’à une teneur proche de l’actuelle lors de l’Evènement d’Oxygénation du 

Néoprotérozoïque (« Neoproterozoïc oxygenation event », NOE; Och and Shields-Zhou, 2012). 

Le Protérozoïque fut aussi qualifié « d’Age des cyanobactéries » par Schopf et Walter (1982) à 

cause des premières découvertes de nombreux microfossiles ayant des morphologies similaires 

à des cyanobactéries et préservés dans des roches sédimentaires composées à plus de 90% de 

quartz, appelées « cherts ». Les découvertes de nombreux autres assemblages fossilifères issus 

de formations protérozoïques (revues dans Sergeev, 2009) confirmèrent l’importance des 
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cyanobactéries dans le registre fossile du Protérozoïque (Knoll, 2007). Les cyanobactéries sont 

des microorganismes importants pour l’évolution de la biosphère, puisque ce sont des bactéries 

capables d’effectuer la photosynthèse oxygénique, Elles ont donc été responsables des 

premières étapes d’oxygénation de la Terre (Schirrmeister et al., 2013). L’interprétation de 

certains microfossiles comme étant des cyanobactéries fut basée essentiellement sur la 

morphologie. Cependant, dans le cas de microfossiles ayant des formes simples (sphères et 

filaments simples de quelques micromètres de diamètre), la morphologie n’est pas suffisante 

pour déterminer la phylogénie ou le métabolisme des microfossiles. Par exemple, certaines 

bactéries oxydant le soufre ont une morphologie qui peut être confondue avec celle des 

cyanobactéries les plus complexes (multicellulaires) (Knoll et al., 1988). De plus, les bactéries 

peuvent utiliser plusieurs métabolismes : les cyanobactéries peuvent par exemple oxyder du 

soufre par photosynthèse anoxygénique plutôt que de produire de l’oxygène (Klatt et al., 2015). 

Pour déterminer les métabolismes des microfossiles préservés dans les cherts, les 

paléontologues ont traditionnellement essayé de connaitre l’environnement sédimentaire de 

dépôt afin de mieux contraindre les écosystèmes microbiens. De plus, de nouvelles techniques 

incluant des analyses géochimiques et texturales aux échelles nanométriques (nano-échelle) et 

micrométriques (micro-échelle) de la matière organique composant les microfossiles et des 

minéraux associés, ont apporté des informations phylogénétiques/physiologiques et de 

taphonomie (i.e. processus de fossilisation et état de préservation des microorganismes) 

supplémentaires. Ces diverses techniques utilisées pour caractériser les microfossiles 

protérozoïques ont aussi offert de nombreux critères de biogénicité (origine biologique) pour 

des microstructures plus anciennes (archéennes notamment) dont l’origine biologique n’est pas 

établie. Les microfossiles paléoprotérozoïques de la formation de Gunflint (1,9 Ga, Barghoorn 

et Tyler, 1965) et des assemblages similaires (composés principalement de filaments et sphères) 

furent parmi les premiers étudiés avec ces nouvelles techniques pour caractériser leurs 

ultrastructures (structure à nano-échelle résultant de leur structure interne/externe d’origine et 

de leur taphonomie) et leurs chimies (Moreau and Sharp, 2004; Wacey et al., 2012). De 

manières similaires, les microfossiles néoprotérozoïques préservés dans des cherts de la 

formation de Bitter Springs (0.8Ga, Schopf, 1968) et des assemblages apparentés ont offert la 

possibilité de définir des critères taxonomiques et de biogénicité. Elles ont aussi permis de 

comprendre comment sont préservés les procaryotes et de tester ces techniques innovantes de 

caractérisation (Foucher and Westall, 2013; Oehler, 1976; Oehler et al., 2006). Cependant, les 

microfossiles procaryotes ne sont pas les seuls organismes présents dans le registre fossilifère 

protérozoïque. Plusieurs fossiles interprétés comme des eucaryotes ont aussi été découverts et 

caractérisés (Javaux, 2011; Knoll, 2012). Les études de l’ultrastructure et de la chimie de ces 
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eucaryotes fossiles ont apporté des critères permettant de déterminer les affinités taxonomiques 

de nombreux autre microfossiles  (Javaux and Marshal, 2006). Ces études sont essentielles pour 

déterminer quand sont apparus les premiers eucaryotes au cours du Précambrien. Cependant la 

structure ultrafine des microfossiles et leur morphologie ne sont pas les seules traces de 

l’activité des microorganismes précambriens présents dans l’enregistrement géologique et 

permettant de dater les innovations/évolutions de la biosphère précambrienne. Ainsi, on peut 

aussi prendre en compte : les signatures isotopiques de l’activité microbienne (isotopie du 

carbone ou des éléments – soufre, fer- dans les minéralisations associées aux microfossiles) ; 

les molécules organiques préservés (les « biomarqueurs »), et les minéralisations induites par 

les microorganismes.   

Les roches formées par des interactions entre des microorganismes et des sédiments sont 

des cibles importantes pour étudier la vie au Précambrien. Le meilleur exemple en est les 

stromatolites. Ces roches stratifiées dont l’accrétion (par précipitation et piégeage de sédiments) 

est liée à l'activité de communautés microbiennes, représentent aussi une part importante de 

l’enregistrement fossile précambrien et font partie des premières traces de vie découvertes 

datant de l’Archéen (Riding, 2000). Dans certains cas, les tapis bactériens peuvent être 

préservés sous forme de matière carbonée (dont la fraction insoluble s’appelle le kérogène) et 

même contenir des microfossiles. De manière similaire aux microfossiles, la matière organique 

préservée dans ces stromatolites peut être caractérisée géo-chimiquement et l’ultrastructure 

peut être documentée à l’aide des techniques spectroscopiques à micro et nano-échelle 

(Benzerara et al., 2006). Cependant, les résultats obtenus par ces techniques de caractérisation 

in situ ne donnent pas accès à la composition moléculaire complexe de la matière organique 

préservée. D’un autre côté, l’obtention d’informations moléculaires plus complexes 

(généralement par spectrométrie de masse) nécessite dans la plupart des cas d’avoir une certaine 

quantité de matière organique et de détruire l’échantillon. La spectroscopie de masse à temps 

de vol (Time of Flight Secondary Ion Mass Spectrometry- ToF SIMS), technique d’analyse 

d’ultra-surface (premières couches moléculaires de surface d’un échantillon) offre la possibilité 

d’obtenir des informations moléculaires à l’échelle micrométrique avec de faibles quantités de 

matière organique et sans détruire les microstructures organiques préservés dans la roche. Elle 

est de plus en plus utilisée en géologie (Thiel and Sjövall, 2014), mais du fait de sa très grande 

sensibilité, ne peut pas s’appliquer à des objets indurés par une résine ou une colle, technique 

de préparation utilisée dans la majorité des études ultrafines d’objets précambriens (Ivarsson, 

2006).   
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Objectifs 

Le premier objectif de cette thèse fut de mettre au point une préparation d’échantillons 

pour étudier des microstructures organiques (microfossiles, tapis bactériens fossiles) sensibles 

aux contaminations. Dans un deuxième temps, nous avons étudié la possibilité d’obtenir des 

informations moléculaires in-situ provenant de microstructures organiques, ici des tapis 

microbiens fossiles. Le troisième objectif fut de renseigner la taphonomie, l’affinité biologique 

et la biogénicité de microfossiles préservés dans des cherts paléo et néo-protérozoïques en 

combinant différentes techniques de caractérisation. 

Structure de la thèse 

Une présentation de l'évolution générale des environnements et de la biosphère au cours 

du Précambrien fait suite à cette introduction générale. La présentation des résultats de ce travail 

de thèse est ensuite divisée en quatre chapitres rédigés sous forme d’articles en anglais 

(acceptés, en cours de préparation ou restant à peaufiner). Nous avons pris le parti de présenter 

cette thèse sous ce format car il présente l’avantage de pouvoir être accessible au plus grand 

nombre au sein de la communauté concernée. Le premier chapitre comprend un préambule 

présentant la ToF SIMS qui est la technique d’analyse principale introduite dans cette thèse. Ce 

chapitre expose ensuite la nouvelle méthode de préparation de tranches épaisses mise au point 

pour effectuer des micro-et nano-analyses de la matière organique. Les données sur l’état 

d’ultra-surface de ces tranches épaisses obtenues à la ToF-SIMS y sont également présentées. 

Le second chapitre traite de la caractérisation moléculaire à micro-échelle de la matière 

organique issue d’anciens tapis microbiens (d’âges phanérozoïque et archéen) avec la ToF-

SIMS. Le troisième chapitre présente l’étude à nano-échelle d’un assemblage de microfossiles 

Néoprotérozoïque très diversifié de type Bitter Springs. Enfin, le quatrième chapitre présente 

une étude combinant des techniques de caractérisation à micro et nano-échelle avec des 

analyses isotopiques sur un assemblage de microfossiles de type Gunflint daté du GOE et 

associé avec des minéralisations de fer. Pour terminer, l’annexe comprend un article dont je ne 

suis pas le premier auteur. Cet article paru dans Precambrian Research présente des 

microfossiles de type Gunflint âgés de 2.1Ga et provenant du Gabon. J’ai participé activement 

à ces travaux en aidant à la préparation d’échantillons, à l’acquisition de certaines données de 

même qu’à la présentation et l’interprétation des résultats.  
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II/ Généralités sur le précambrien : évolution des 

environnements et de la biosphère 

Cette thèse traitant principalement de l’étude de microfossiles et de tapis microbiens 

précambriens, il apparait important de rappeler comment à évoluer la vie au cours des différents 

éons précambriens et dans quels environnements les microorganismes précambriens ont pu se 

développer. 

1 L’Hadéen 

L’Hadéen (4.5–4 Ga) une des périodes les plus mal connues de l’histoire de la Terre. En 

effet, les roches datant de cette époque ont toutes été recyclées par des processus magmatiques 

(Cavosie et al., 2005). Seuls des zircons déterminés comme étant détritiques inclus dans ces 

roches métamorphiques sont préservés (Black et al., 1986; Cavosie et al., 2004; Froude et al., 

1983; Liu et al., 1992; Mueller et al., 1992). Les rapports isotopiques d’oxygène obtenus sur 

ces zircons indiquent que de l’eau liquide était déjà présente à l’Hadéen (Kasting and Ono, 

2006; Valley et al., 2002; Wilde et al., 2001). Cependant si des océans étaient présents au cours 

de cet éon, ils ont probablement été vaporisés et condensés à plusieurs reprises durant la phase 

d’accrétion de la Terre et lors des derniers bombardements datés de 3,9 Ga (« Late heavy 

Bombardment ») (Claeys and Morbidelli, 2011).  

2 L’Archéen: une atmosphère anoxique 

L’Archéen (4–2.5 Ga) est une période mieux connue que l’Hadéen, avec un registre 

géologique plus important. Il est communément admis que l’atmosphère archéenne ne contenait 

que très peu d’oxygène (<10-5 fois la concentration actuelle ou present atmospheric level « 

PAL ») (Lyons et al., 2014). Cette affirmation se base sur plusieurs indices dont la présence de 

dépôts détritiques de minéraux sensibles à l’oxygène comme l’uraninite et la pyrite dans les 

roches archéennes (Rasmussen and Buick, 1999), ainsi que la présence de fractionnements 

isotopiques du soufre indépendants de la masse (ou Mass Independent Fractionation of Sulfur, 

« MIF-S ») (Farquhar and Wing, 2003). Le processus exact à l’origine de ces fractionnements 

isotopiques est inconnu mais des expériences de photolyse de SO2 sous condition anoxique ont 

produit de tels fractionnements isotopiques (Farquhar James et al., 2001). Ceci confirme donc 
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que l’atmosphère archéenne était anoxique (Anbar et al., 2007; Arnold et al., 2004; Farquhar et 

al., 2000; Holland, 2006). En plus de cette absence d’oxygène, l’atmosphère contenait 

certainement plus de gaz à effet de serre qu’aujourd’hui. L’absence de glaciation majeure dans 

le registre géologique archéen (Eriksson et al., 1998) malgré une activité solaire plus faible de 

70% par rapport à l’actuelle (Kasting, 2001; Kasting and Ono, 2006; Sagan and Mullen, 1972) 

semblent indiquer que l’atmosphère contenait une forte concentration de gaz à effet de serre. 

Les simulations montrent que des taux de dioxyde de carbone (CO2) et/ou de méthane (CH4) 

très élevés ont été nécessaires pour expliquer l’absence de glaciation majeure au cours de 

l’Archéen (Pavlov et al., 2003; Tajika, 2003). La grande quantité de CH4 atmosphérique au 

cours de l’Archéen pourrait être liée à une activité importante des bactéries méthanogènes dans 

une atmosphère riche en dihydrogène et CO2 (Kasting and Ono, 2006) L’importance des 

méthanogènes dans les écosystèmes archéens et la production de CH4 semblent être cohérents 

avec les valeurs isotopiques de carbone 13 (δ13C) négatives obtenues dans des roches 

archéennes (Hayes, 1994; Hinrichs, 2002; Knoll et al., 2016; Ueno et al., 2006).  

La vie à l’Archéen était microbienne : outre les bactéries méthanogènes documentées 

par les valeurs isotopiques du carbone (c.f. Isua supracrustal belt, Rosing, 1999), les études 

isotopiques effectuées sur le soufre des pyrites semblent aussi indiquer que des communautés 

bactériennes diverses métabolisant le soufre étaient présentes dans l’océan au début de 

l’archéen (Johnston, 2011; Philippot et al., 2007; Shen et al., 2009). La présence de vie 

microbienne au début de l’archéen est aussi corroborée par la présence de stromatolite de 3,7Ga 

provenant de l’Isua supracrustal belt (Groenland) (Nutman et al., 2016), des cherts d’Afrique 

du Sud présentant des structures sédimentaires influencées par des tapis bactériens datés de 3,5 

Ga (Tice and Lowe, 2004). Les structures provenant de stromatolites préservés dans les 

carbonates de la formation de Strelley Pool (Australie, 3,45 Ga) sont aussi une preuve de la 

présence de vie microbienne dans les océans au début de l’Archéen (Allwood et al., 2009). Les 

roches archéennes contiennent aussi des microfossiles. Javaux et al., (2010) rapportent les plus 

vieux microfossiles extraits et incontestables provenant de roches âgées de 3,2 Ga. Des 

microfossiles dont l’origine biologique n’a pas encore remise en question ont aussi été étudiés 

dans des cherts de la formation de Strelley Pool (3,43 Ga) par Sugitani et al., (2015), Wacey et 

al., (2011), Sugitani et al., (2010), . Enfin, les célèbres microfossiles de l’Apex Chert provenant 

du Warrawoona Group (3,46 Ga, Australie) sont l’un des meilleurs exemples de la difficulté de 

contraindre la biogénicité d’une microstructure organique. Avec des analyses Raman, des 

observations optiques et morphologiques, Schopf et al., (2002) conclurent que ces 

microstructures sont composées de kérogène d’origine biologique, soutenant l’hypothèse de la 

biogenicité de l’assemblage présent dans les cherts de l’Apex. Cependant, Brasier et al. (2002) 
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en reprenant les mêmes échantillons arrivèrent à la conclusion que le carbone a été déplacé et 

déposé par des fluides hydrothermaux en formant des microstructures similaires à des cellules. 

La morphologie de ces microstructures aurait ensuite été préservée par le quartz formant le 

chert au cours de la diagénèse. 

3 Le Grand Evènement d’Oxydation 

La fin de l’Archéen est marquée par la production d’oxygène par des organismes 

photosynthétiques (cyanobactéries). La présence de cyanobactéries dans les eaux peu profondes 

archéennes est suggérée par la présence de stromatolites et de fractionnements des isotopes du 

carbone organique dans les roches (Knoll, 2012). Des biomarqueurs provenant de roche âgée 

de 2,7Ga (Australie) ont aussi été invoqués pour confirmer la présence d’une activité des 

cyanobactéries au cours de la fin du Précambrien (Summons et al., 1999). Cependant, il a été 

par la suite montré que ces biomarqueurs résultaient d’une contamination (Brocks et al., 2008; 

French et al., 2015; Rasmussen et al., 2008). Malgré cela, la présence d’oxygène, probablement 

d’origine biologique dans l’atmosphère archéenne (vers ~2,8Ga) fut confirmée par les 

fractionnements isotopiques du chrome (Frei et al., 2009) et du molybdène (Planavsky et al., 

2014; Wille et al., 2007) et par les abondances en rhénium et molybdène (Anbar et al., 2007).  

Le passage d’une atmosphère sans oxygène vers une atmosphère contenant de l’oxygène semble 

avoir été progressif (Fig.1) (Holland, 2006; Knoll et al., 2016; Lyons et al., 2014). Ceci peut 

s’expliquer par la présence dans l’océan archéen de fer ferreux qui dans un premier temps joua 

le rôle de puits à oxygène. En présence d’oxygène, le fer océanique fut oxydé et les oxydes 

produits (hématite, magnétite…) précipitèrent au fond de l’océan. Les formations de fer 

rubanées (ou « Banded Iron Formation » BIF) caractéristiques de la fin de l’Archéen témoignent 

de cette transition (Konhauser et al., 2017). L’oxygénation de l’océan puis de l’atmosphère n’a 

été possible que lorsque tout (ou du moins la plus grande partie) le fer ferreux océanique fut 

oxydé. 

A partir d’environ 2,4 Ga, diverses preuves montrent que l’oxygène était présent à la 

surface de l’hydrosphère et l’atmosphère de la Terre (Fig.1) : la présence de dépôt fluviaux 

appelée « Red Beds » (Cloud, 1968; Roscoe, 1968), des dépôts de manganèse (Johnson et al., 

2016), la fin des dépôts détritiques d’uraninite et de pyrite (Johnson et al., 2014; Rasmussen 

and Buick, 1999), la fin des BIFs (Bekker et al., 2010) et surtout la fin des MIF-S (Bekker et 

al., 2004; Bekker and Holland, 2012; Condie et al., 2009; Farquhar and Wing, 2003). C’est le 

Grand Evènement d’Oxydation (ou “Great Oxidation Event”, GOE) qui se déroula entre 2,4 et 
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2,3 Ga. Cette augmentation du taux d’oxygène fut aussi accompagnée par des glaciations 

paléoprotérozoïques (Kasting and Ono, 2006; Roscoe, 1973, 1968; Young et al., 2001). 

 

 

Fig. 1. Graphique montrant l’évolution de la teneur en oxygène atmosphérique de la Terre à 

partir de l’Archéen jusqu’à aujourd’hui. La courbe rose correspond à l'évolution de la teneur 

en oxygène atmosphérique « classique ». La courbe bleue correspond au « nouveau » modèle 

d’évolution de la teneur en O2 atmosphérique issue des travaux récents cités ci-dessus. PO2 est 

la pression partielle atmosphérique de O2. Axes des ordonnées de droite : PO2 par rapport au 

niveau atmosphérique actuel (PAL). Axe de gauche : logpO2. Les flèches bleues correspondent 

aux «bouffées» d'O2 ayant eu lieu à la fin de l'Archéen. Les boîtes bleues correspondent aux 

périodes où l’évolution du taux d’oxygène atmosphérique est importante (le GOE et NOE) mais 

reste encore mal comprise (Lyons et al., 2014). 

4 Le Protérozoïque 

4.1 Un océan stratifié 

Après le GOE, les roches paléoprotérozoïques sont caractérisées par des valeurs 

positives et importantes du rapport des isotopes du carbone (δ13C) des carbonates avec des 

valeurs comprises entre +6-8‰ pouvant atteindre jusque +28‰ entre 2,22 et 2,06 Ga. Ceci 

caractérise l’évènement Lomagundi (Bekker et al., 2006; Buick et al., 1998; Melezhik et al., 

2007; Melezhik and Fallick, 1996; Schidlowski et al., 1975). Cette période est aussi caractérisée 

par une fragmentation des continents avec une reprise importante de l’activité magmatique 

(Bekker and Holland, 2012; Condie et al., 2009). Une des interprétations communément 

admises est que cet enrichissement en carbone 13 des carbonates reflète une augmentation de 

l’enfouissement de matière organique, appauvrie en carbone 13, enrichissant les différents 

réservoirs de la surface terrestre (océan, atmosphère) en isotope lourd du carbone (Kump and 

Arthur, 1999, Karhu and Holland, 1996). Cette augmentation de l’enfouissement de matière 

organique dans les océans fut interprétée comme une conséquence de l’augmentation de 
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l’activité photosynthétique à la surface de la Terre. Ces conditions exceptionnelles semblent 

aussi être liées à l’apport de nutriments aux océans lors du passage à des conditions oxiques. 

L’effet de cette activité photosynthétique accrue est de générer plus de dioxygène, mais aussi 

d’enfouir plus de matière organique dans les sédiments. Cet enfouissement permet de réduire 

la consommation en dioxygène par respiration microbienne aérobie de la matière organique, et 

de permettre in fine l’augmentation du taux d’oxygène, avec des taux d’oxygène 

particulièrement élevés entre 2,2 et 2,0 Ga (Fig.1). La présence d’importants gisements de 

gypse (CaSO4.2H2O) datant de cette époque indique que les concentrations en sulfate dans 

l’océan étaient élevées au cours de l’évènement Lomagundi (Melezhik et al., 2005; Schröder et 

al., 2008). L’origine de ces fortes teneurs en sulfate dans l’océan semble liée à l’altération de 

minéraux sulfurés (ex : pyrite) sur les continents en présence d’oxygène. L’altération 

continentale de minéraux phosphatés a aussi augmenté le flux de phosphate vers les océans 

favorisant l’activité photosynthétique et entraina la précipitation des premiers gisements 

important de phosphorites (Bekker and Holland, 2012). 

Ces conditions particulières de l’évènement Lomagundi se terminèrent vers 2,00 Ga, 

comme l’indique la réapparition de dépôts de fer rubané (BIF) et l’apparition des dépôts de fer 

granulaires (GIF) (Konhauser et al., 2017). Ce retour des BIF est contemporain d’une activité 

volcanique accrue accompagnant la dislocation des cratons précambriens avec la formation de 

croute océanique (des roches mafiques/ultramafiques) accompagnée de dépôts massifs de 

sulfures (Rasmussen et al., 2012). La réapparition de formation de fer rubanée peut aussi 

s’expliquer par une diminution du taux d’oxygène atmosphérique entrainant une réduction du 

réservoir de sulfate dans l’océan (Canfield, 2005; Frei et al., 2009). La présence de sulfate dans 

l’océan permet l’activité des  bactéries sulfato-réductrices produisant du sulfure d’hydrogène 

(H2S), qui réagit rapidement avec le fer réduit pour former des sulfures de fer (FeS, FeS2, …) 

(Berner, 1984). Ainsi, grâce à un apport important de fer réduit dans l’océan et une réduction 

du réservoir de sulfate, les eaux profondes ont pu s’enrichir en fer ferreux (Scott et al., 2008). 

La mise en contact de ces eaux profondes riches en fer réduit avec les eaux oxygénées de surface 

aurait provoqué la formation des BIF (Lyons et al., 2012). Cette période de précipitation des 

BIF se termina vers ~1,80 Ga, avec la diminution du flux de fer lié à l’activité hydrothermale 

(Rasmussen et al., 2012). 

Après ce dernier dépôt de BIF, la Terre entre dans la période dite du « boring billion » 

(ou « milliard barbant ») qui est caractérisée par de faibles variations du δ13C des carbonates 

(Lyons et al., 2012). Durant cette longue période, les teneurs de O2 atmosphériques auraient 

été stables mais relativement faibles (entre 1-10% PAL, Fig.1) (Lyons et al., 2014; Rasmussen 
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et al., 2012). Au niveau des océans, Canfield (1998) fut le premier à proposer que l’océan 

protérozoïque fut stratifié avec des eaux de surface oxygénées et des eaux profondes euxiniques 

(sans oxygène et riches en H2S) ou anoxiques (sans oxygène, probablement ferrugineuses). 

Ainsi à partir de 1,8 Ga, le flux de sulfate dans l’océan était suffisant pour maintenir l’activité 

des bactéries sulfato-réductrices permettant le développement une tranche d’eau anoxique 

contenant du H2S libre (euxinisme) entre les eaux de surface oxygénée et les eaux profondes 

anoxiques riches en éléments réduits (dont le fer ferreux) (Canfield, 2005, 1998; Kendall et al., 

2011; Lyons et al., 2014, 2012; Poulton and Canfield, 2011; Rasmussen et al., 2012).. 

4.2 L’émergence des eucaryotes et la domination des cyanobactéries 

Cette longue période de stabilité du « boring billion » avec un océan stratifié a eu des 

répercussions sur le développement de la vie au cours du Protérozoïque. En effet, un euxinisme 

répandu aurait pu permettre aux bactéries phototrophes sulfo-oxydantes de se développer en 

utilisant les sulfures comme donneurs d’électrons, et cela au dépend des bactéries phototrophes 

oxygénétiques (Johnston et al., 2009). La présence de ces bactéries phototrophes sulfo-

oxydantes fut confirmée par des biomarqueurs trouvés dans des roches de 1,64 Ga par Brocks 

et al., (2005). Cependant, le développement de zones euxiniques étendues ou restreintes au 

niveau des marges océaniques (Lyons et al., 2014, 2012), a modulé la disponibilité d’éléments 

essentiels au développement des eucaryotes, comme le fer et le molybdène, entrainant une 

stagnation de leur évolution au cours du « boring billion » (Anbar, 2008; Anbar and Knoll, 

2002). Ainsi, les eaux peu profondes et oxygénées ont été dominées par les cyanobactéries 

jusque ~750 Ma (millions d’années) comme l’indiquent les biomarqueurs (Brocks et al., 2017). 

En plus d’être limité en éléments essentiels à leurs processus enzymatiques (Mo, Fe, S), les 

concentrations en phosphate et nitrate semblaient être faibles dans les eaux de surface du 

Mésoprotérozoïque, ce qui limita l’émergence des algues au profit des cyanobactéries dans les 

environnements côtiers à forte productivité primaire (i.e. près de l’apport continental en 

nutriments). Cette faible concentration de nutriments a aussi eu un effet de rétroaction négatif 

sur la production de O2 car l’activité photosynthétique était réduite et sur l’apport de phosphate 

issu de l’altération continentale (Brocks et al., 2017; Butterfield, 2015; Derry, 2015; Irwin et 

al., 2006; Laakso and Schrag, 2014; Reinhard et al., 2016; Zerkle and Mikhail, 2017). 

Bien que les conditions environnementales soient défavorables aux eucaryotes, des 

microfossiles interprétés comme des eucaryotes ont été trouvés dans les roches 

mésoprotérozoïques (Javaux, 2007; Javaux et al., 2004; Xiao et al., 1997). Les plus anciens 

eucaryotes datent de 1,8 Ga (Lamb et al., 2009). La biodiversité de ces assemblages reste 
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cependant faible et seuls quelques fossiles d’eucaryote ont une affinité taxonomique connue 

avec par exemple les Bangiomorpha pubescens âgés de 1,05 Ga et considérés comme une algue 

rouge (Butterfield, 2000; Gibson et al., 2018). Entre 0,85 et 0,75 Ga, la biodiversité augmenta 

mais resta faible (Knoll et al., 2006) avec la présence dans de fossiles d’algues vertes 

(Butterfield et al., 1994), de xanthophycées (Butterfield, 2004), des amibes (taxons des 

Amoebozoa et Rhizaria) (Porter and Knoll, 2000) et potentiellement des mycètes (fungi) 

(Butterfield, 2005). A ces microfossiles qui se limitent aux environnements côtiers, s’ajoutent 

des assemblages contenant des microorganismes bactériens (cyanobactéries) préservés dans des 

cherts (Butterfield, 2003). Ces assemblages de type « Bitter Springs » sont les derniers 

écosystèmes microbiens précambriens préservés par des silicifications précoces (Green et al., 

1988; Knoll et al., 1991; Schopf, 1968). Ces assemblages offrent un aperçu des écosystèmes 

présents sur les plate-formes carbonatées ou marges côtières lors de la fragmentation du 

supercontinent Rodinia et avant les glaciations majeures du Néoprotérozoïque. 

5 L’Evènement d’Oxygénation du Néoprotérozoïque (NOE). 

La fin du Néoprotérozoïque est marquée par de grands changements de l’hydrosphère 

et de l’atmosphère qui eurent d’importantes conséquences sur la biosphère. Le supercontinent 

Rodinia, formé au début du Néoprotérozoïque (~1,0 Ga), commença à se disloquer à partir de 

~0,75 Ga (Li et al., 2008). Cette dislocation serait en grande partie à l’origine de deux 

glaciations de grande ampleur au cours du Cryogénien (0,85 à 0,63 Ga) : la glaciation du 

Sturtien (~0,75–0,68 Ga) et la glaciation du Marinoen (~0,63 Ga) (Condon et al., 2005; 

Hoffman et al., 1998; Macdonald et al., 2010). Ces glaciations considérées comme globales 

(Kirschvink, 1992) sont suivies du dépôt de formations carbonatées (« Cap carbonates ») qui 

sont caractérisées par des valeurs négatives de δ13Ccarb proches des valeurs du carbone 

mantellique (Hoffman et al., 1998, 2017; Hoffman and Schrag, 2002; Kaufman et al., 1997; 

Zhou and Xiao, 2007). Le dépôt de ces carbonates et les excursions négatives de δ13C associées 

ont été interprétés comme reflétant l’interruption des cycles biogéochimiques et l’accumulation 

de carbone mantellique dans l’atmosphère pendant chaque glaciation, puis une précipitation 

massive de carbonate lors de la phase de déglaciation (Hoffman et al., 1998).  

Bien que ces périodes soient activement étudiées, beaucoup de choses restent inconnues 

sur l’état et l’évolution de l’atmosphère et de l’océan au cours du Néoprotérozoïque (Lyons et 

al., 2014, 2012). Il apparait que la fin du Néoprotérozoïque fut marquée par une augmentation 

de l’oxygène dans l’atmosphère, correspondant au « Neoproterozoic Oxygenation Event » (ou 
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NOE, Fig 1) (Campbell and Allen, 2008; Canfield, 2005; Des Marais, 2001; Lyons et al., 2012; 

Shields-Zhou and Och, 2011). Cependant il est difficile de comprendre précisément comment, 

quand cette oxygénation a eu lieu et quel est le lien entre le NOE et les épisodes de Snowball  

(Hoffman et al., 2017; Lyons et al., 2014).  

Les glaciations du Cryogénien et/ou l’augmentation de la teneur en oxygène ont eu 

d’importantes conséquences pour la biosphère.  La plupart des clades d’eucaryotes, apparues 

avant le Cryogénien, semble avoir survécu à ces glaciations (Corsetti et al., 2003; 

Moczydlowska, 2008a, 2008b; Xiao Shuhai, 2013). Cependant, l’abondance des eucaryotes, 

notamment des algues, semblent avoir augmenté après ces glaciations globales, comme 

l’indiquent les biomarqueurs (Brocks et al., 2017). Le développement et la diversification des 

algues après les épisodes de glaciation peut s’expliquer par un apport supplémentaire de 

nutriments dans les océans, ainsi que des éléments essentiels pour le métabolisme des 

eucaryotes (Brocks et al., 2017; Lyons et al., 2012). Ces conditions ont conduit à une 

augmentation de la production primaire et ont permis aux algues de dominer les écosystèmes 

marins. Les valeurs positives du δ13C des carbonates enregistrées au cours du 

Néoprotérozoïque (Halverson et al., 2005) témoignent d’une augmentation de l’enfouissement 

de matière organique dans les sédiments, associée à l’augmentation de la productivité primaire 

(Holland, 2006). Tout comme au GOE, l’enfouissement de matière organique aurait conduit à 

l’augmentation du niveau d’oxygène, pour atteindre une concentration similaire à la 

concentration atmosphérique actuelle (Holland, 2006; Lyons et al., 2014, 2012). Il est 

généralement considéré que cette augmentation du taux d’oxygène rendit la vie multicellulaire 

animale possible (notamment pour la synthèse du collagène (Towe, 1970) et de nombreux 

métabolites (Raymond and Segrè, 2006)). Les premières formes de vie multicellulaire qui se 

sont développées dans les océans néoprotérozoïques semblent être les éponges (Butterfield, 

2009; Erwin et al., 2011; Love et al., 2009). La présence d’éponges filtrant d’importantes 

quantités d’eau eut un effet de rétroaction positif sur l’oxygénation des océans (Lenton et al., 

2014). Ces divers exemples montrent les nombreux effets de rétroactions induits entre 

l’évolution des environnements et les innovations du vivant (Knoll et al., 2006; Lenton et al., 

2014). Ceci rend difficile la compréhension précise des phénomènes ayant lieu durant l’un des 

tournants majeurs de l’histoire de notre planète qu’est le NOE. 
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Chapitre I 

Méthode de préparation de lames semi-

épaisses pour la caractérisation moléculaire 

de micro- et nano-structure organique   
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Préambule sur la spectrométrie ToF-SIMS. 

La Spectroscopie de masse des ions secondaire à temps de vol (« Time of Flight 

Secondary Ion Mass Sprectroscopy » ou ToF-SIMS) est une technique permettant de 

caractériser la composition moléculaire et élémentaire de l’extrême surface des matériaux. Le 

principe de la spectroscopie à ions secondaires est de bombarder la surface de l’échantillon avec 

un faisceau d’ions incidents (source pulsée), appelés ions primaires (primary ion source, 

Fig.P.1) porteurs d’une énergie de quelques keV. Sous l’effet du bombardement, les premières 

couches atomiques de surface de l’échantillon émettent des particules, dites secondaires, dont 

des ions chargés positivement ou négativement (Fig. P.1). Dans le cas des analyses ToF-SIMS, 

la dose d’ions primaires est généralement faible (<1013 ions/cm2) afin d’éviter que la surface de 

l’échantillon ne soit détériorée au cours de l’analyse, on parle alors d’analyse en mode statique 

(« SIMS static »). Les ions secondaires sont focalisés et accélérés avec la même énergie 

cinétique dans le tube d'analyse (secondary ion flight path, Fig. P.1). L’ensemble des ions émis 

passe ensuite au niveau du reflectron (ayant le rôle d’un « miroir ») qui les renvoie vers le 

détecteur (Fig. P.1). Le temps de parcours des ions secondaires dans l'analyseur est 

proportionnel à la racine carrée de leur masse. Les ions légers arrivent donc les plus rapidement 

sur le détecteur. Les spectres de masse obtenus représentent l’intensité des ions secondaires en 

fonction de leur masse indiquée par le rapport masse sur charge (m/z). Grâce à un dispositif de 

balayage du faisceau d'ions primaires, on peut obtenir une cartographie des différents éléments 

et espèces moléculaires présents à la surface. L’acquisition de ces cartographies peut s’effectuer 

à partir de deux modes : -« bunch » mode où la machine est paramétrée afin d’obtenir une bonne 

résolution spectrale permettant de bien différencier les espèces sur les spectres (exemple : 

différencier l’isotope 13 du carbone de l’ion CH+/-), alors que la résolution latérale (résolution 

de l’image) sera de l’ordre de quelques micromètres. 

-« burst » mode  où la résolution latérale est optimisée, avec une résolution d’image pouvant 

aller jusqu’à 100nm selon la source primaire utilisée, au détriment de la résolution spectrale. 

(Sodhi, 2004) 

Une deuxième source d’ions (« sputter ion source ») permet d’effectuer des abrasions 

de la surface de l’échantillon avec des ions monoatomique (Ar+, Cs+, Ga+,…) ou multi-

atomiques (C60
+, Arn

+,…). L’utilisation de cette deuxième source permet de nettoyer la surface 

de l’échantillon et/ou de tracer des profils de composition en profondeur en alternant les phases 

d’acquisition et d’abrasion. 
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Fig. P.1. Schéma explicatif du principe de la ToF SIMS. A gauche : schéma simplifié du 

spectromètre ToF-SIMS présentant la géométrie de la machine. Celle-ci se compose d’une 

chambre associée à deux canon d’ions (ions primaires et ions pour l’abrasion), un sas et d’une 

porte (‘gate’ et ‘load lock’) permettant de charger les echantillons et d’un tube d’analyse 

composé d’un reflectron et du dectecteur. A droite : schéma montrant l’interaction des ions 

primaires avec la surface d’un échantillon. Les ions secondaires sont générés et ejectés par le 

bombardement d’ions primaires au niveau de l’extrême surface de l’échantillon en mode 

statique (SIMS stactic). 

La spectrométrie ToF-SIMS est un outil puissant pour analyser l’extrême surface des 

échantillons. Elle a donc de nombreuses applications dans le domaine des sciences des 

matériaux, des polymères, de la biologie et la géologie. En géosciences, la caractérisation de 

matériaux organiques fossiles insoluble (kérogène) est difficile à cause de la complexité des 

données obtenues avec la ToF SIMS (Thiel and Sjovall, 2011; Thiel and Sjövall, 2014). Les 

résultats les plus notables sont concentrés sur la détection de molécules organiques spécifiques 

de masse connue :  par exemple des hopanes et stéranes détectés dans des inclusions fluides par 

Siljestrom et al., (2010). Néanmoins, les résultats les plus spectaculaires ont été obtenus dans 

le cadre de recherches de pigments ou de molécules typiques de structures organiques 

(mélanine, hémoglobine …) pouvant être préservées dans les fossiles (Fig. P.2) (Greenwalt et 

al., 2013; Lindgren et al., 2012). La mélanine est un polymère issu d’une petite molécule simple 

et est identifiée par comparaison de son spectre de fragmentation sur des masses faibles (<200 

u) en ToF-SIMS (Lindgren et al., 2012). L’hémoglobine est de son côté une grosse molécule 

qui est directement identifiée par l’analyse des pics ToF-SIMS à des masses élevées (>400 u, 

(Cs+ ,O
-
,O2+, Bi

+
, 

Bi3+, Ga
+

, C
60

+
, Ar

+ 

, Ar
2500

+ 

,…) 
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molécule complète ou peu fragmentée, Greenwalt et al., 2013). Peu d’études ont eu pour but de 

regarder la composition de macromolécules complexes comme le kérogene (Vandenbroucke 

and Largeau, 2007) et de comprendre leur fragmentation en ToF-SIMS (Toporski et al., 2002) 

(Fig. P.4).  

 

Fig. P.2. Analyse de mélanine préservé dans un œil de poisson de l’Eocène. A. Vue générale 

du fossile. Barre d’échelle : 10mm B. Zoom sur la structure analysée (flèche blanche : zone 

analysée en ToF SIMS). Barre d’échelle : 1mm. C. Vue de la zone analysée au Microscope 

électronique à balayage. Barre d’échelle : 2µm. D. Image montrant la distribution de plusieurs 

fragment générés par la mélanine (identifié avec le standard de mélanine) en ToF SIMS 

superposée à l’imagerie MEB. E. Comparaison entre les spectres négatifs du fossile (en haut 

et violet) obtenues à partir de la zone entourée en violet sur l’image d et du standard e mélanine 

analysée (noire). Les deux spectres sont similaires indiquant que la mélanine contenu dans les 

yeux du yeux du poissons a été préservé au cours de la fossilisation. Image reprise de Thiel and 

Sjövall, 2014 et issue Lindgren et al., 2012.  
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Fig.P.3. Schéma strutural d’un kérogène au stade de maturation avant d’entrée en 

catagénèse (Oberlin et al., 1980). Les traits rouges montrent des exemples de ruptures de 

liaisons chimiques pouvant être induites lors d’analyse ToF SIMS avec la prodution de 

fragments de faibles et hautes masses issues de la macromolécule.  
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Abstract 

Organic microfossils preserved in three dimensions in transparent mineral 

matrices such as cherts/quartzites, phosphates or carbonates are dominant in the 

Precambrian fossil record. These are best studied in petrographic thin sections. However, 

contamination by epoxy resin in traditional petrographic sections is problematic for the 

geochemical study of the kerogen in these microfossils and more generally for the in situ 

analysis of fossil organic matter. Here, we show that epoxy contamination may be 

pervasive down to the nanoscale porosity of quartzites. To solve this problem, we present 

a new semi-thin section preparation without resin medium for micro- to nanoscale in situ 

investigation of insoluble organic matter. We show that these sections are suited for 

microscopic observation of Proterozoic microfossils in cherts. Using Time-of-Flight 

Secondary Ion Mass Spectrometry (ToF-SIMS), we show that these sections are ultra-

clean after final removal of a <10 nm layer of contamination using low dose ion sputtering. 

ToF-SIMS maps of fragments of aliphatic and aromatic molecules correlated with organic 

micro-laminae in a Jurassic stromatolithe. These developments in analytical procedures 

should help future investigations of organic matter and in particular, microfossils, by 

allowing the spatial correlation of microscopy, spectroscopy, precise isotopic 

microanalyses, and novel molecular microanalyses such as ToF-SIMS. 

1 Introduction 

Unlike the fossil record of the Phanerozoic, the earlier and much longer Precambrian 

time is characterized by a comparatively scarce fossil record dominated by microscopic 

prokaryotes and eukaryotes (Javaux and Lepot, 2018; Knoll, 2003; Knoll et al., 2016). 

Precambrian carbonaceous microfossils hosted in various matrices including cherts, shales and 

phosphates represent important targets to understand the evolution of early life (Butterfield, 

2015a, 2015b; Javaux, 2011; Knoll et al., 2006; Sergeev, 2009) When they are preserved by 

impregnation by e.g. chert or phosphates, microfossils display three dimensional morphological 

preservation. However, morphology has proven insufficient to identify the taxonomy, and even 

to determine the biogenicity of a large fraction of Precambrian microfossils (Brasier et al., 2005; 

Javaux and Lepot, 2018; Wacey et al., 2016). Micro- to nano-scale characterization of organic 

structures and the associated minerals are important to demonstrate that a cell-like structure is 

endogenous, syngenetic and of biogenic morphology (Buick, 1990; Fadel et al., 2017; Lekele 

Baghekema et al., 2017; Lepot et al., 2017; Wacey et al., 2016, 2012). Microscopy combined 
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with microanalyses can help demonstrate true microfossils and decipher their taxonomy. These 

analytical techniques include multiplane optical microscopy and Confocal Laser Scanning 

Microscopy (CLSM) that help reconstruct the 3D microstructure (Schopf et al., 2006; Sutton et 

al., 2014). Raman microspectrometry and imagery help determine organic-matter maturity 

(Beyssac et al., 2002; Kouketsu et al., 2014; Schopf et al., 2005). Transmitted Electron 

Microscopy (TEM) performed on Focused Ion Beam (FIB) foils (Kempe et al., 2005; Lepot et 

al., 2017; Moreau and Sharp, 2004; Wacey et al., 2012) and FIB-Scanning Electron Microscopy 

(SEM) nano-tomography (Schiffbauer and Xiao, 2009; Wacey et al., 2016) inform on 

ultrastructures at the nanoscale. Microfossil ultrastructure can be used for example to 

demonstrate the eukaryotic affinities (Javaux et al., 2004; Moczydłowska and Willman, 2009) 

and can help constrain the affinities of simple shaped (e.g. sphere, filaments), likely prokaryotic 

microfossils (Brasier et al., 2015; Lekele Baghekema et al., 2017; Lepot et al., 2017).  

Nondestructive microanalyses of the organic structures such as micro Fourier Transform 

InfraRed spectroscopy (FTIR) combined with Raman micro spectrometry permit to constrain 

the nature of single microfossils based on functional groups attached to carbon chains (such as 

CH2, CH3, C-N, C-C, C=C, C=O and others) at the ca. 10 µm scale (Arouri et al., 1999; Igisu 

et al., 2009; Marshall et al., 2005). Scanning (Transmission) X-ray Microscopy (S(T)XM) 

permits to distinguish functional groups at the nanoscale, e.g. revealing intra-cellular molecular 

heterogeneities in Phanerozoic fossil spores (Bernard et al. 2007), preservation of organic N in 

Paleoproterozoic microfossils (Alleon et al., 2016) and organic sulfur in ~750 Ma microfossils 

(Lemelle et al., 2008). 

Secondary Ion Mass Spectrometry (SIMS) comprise surface ablation techniques that 

measure elemental, molecular and isotopic compositions. For example, NanoSIMS revealed 

N/C heterogeneities among Neoproterozoic microfossils (Oehler et al., 2006), the presence 

nitrogen and sulfur from cell wall structure of Proterozoic microfossil and also revealed the 

nature of non-carbonaceous material (e.g. iron oxides) associated with microfossils (Wacey et 

al., 2016). SIMS of carbon isotope ratio constrained the metabolisms of Proterozoic 

microfossils (House et al., 2000; Williford et al., 2013) and argued for Archean microfossils 

(Lepot et al., 2013). Time-of-Flight SIMS (ToF-SIMS) can be used to image molecular ions at 

the microscale (Abbott et al., 2018; Lindgren et al., 2017, 2012). 

All these techniques can be performed in polished petrographic thin sections, which 

allows correlation of 3D morphology and micro-/nano-analayses. This preparation also offers 

flat surface that is crucial for surface microanalysis and allows the precise localization of 
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microfossil with transmitted light microscopy, which is commonly required for micro and 

nanoscale analyses (Miyagi, 2017). Microfossils extracted by acid maceration can be analyzed 

by a number of the above techniques. Organic microfossils that have been compressed in clastic 

sediments usually are flat enough for FIB-based ultrastructural studies (Schiffbauer and Xiao, 

2009), for SIMS analyses (Kaufman and Xiao, 2003), and for FTIR (Javaux and Marshal, 

2006). Microfossils that were preserved in 3D (e.g. in cherts) retain their volume after acid 

maceration (e.g. Lekele Baghekema et al., 2017), making them difficult to analyze with FIB-

based techniques (Sugitani et al., 2015). For such “3D” microfossils, SIMS and ToF-SIMS 

analyses are best performed in polished sections as analytical bias appear when topography is 

higher than micrometric (Belu et al., 2003; Kita et al., 2009; Thiel and Sjovall, 2011; 

Vandenbroucke et al., 2015). Moreover, some drastic acid maceration protocols such as those 

required to dissolve quartz (Grey, 1999) may alter the molecular structure of organic matter 

(e.g. Shi et al., 2012). In contrast, the main disadvantage of petrographic thin sections is that 

they use soluble or insoluble (e.g. epoxy) resins. Epoxy resins have been shown to contaminate 

micrometric pores in petrographic sections (Bernard, 2008, Wacey et al. in press), and we show 

below that this contamination can sometimes reach the sub-micrometric porosity associated 

with microfossils in cherts. Insoluble resins are thus a problematic contamination for the in situ 

investigations of organic matter in microfossils. Soluble resins may be compatible with 

molecular analyses of relatively low sensitivity such as FTIR (Igisu et al., 2009), but their 

impact on high sensitivity analyses such as ToF-SIMS is difficult to address. Here we present 

a new procedure for the preparation of resin-free semi thin section (300 - 500 µm thick). We 

show that these sections can be used for transmitted light microscope observation of organic 

microstructures in chert, and that they are compatible with SIMS isotope microanalyses, FIB-

based ultrastructurales techniques and ToF-SIMS molecular microanalyses. 

2 Samples 

The studied samples correspond to four cherts and one bituminous limestone. The first 

chert sample originates from the ca. 3.4 Ga Strelley Pool Formation (Western Australia); it was 

prepared in conventional petrographic thin section as detailed in Lepot et al. (2013; Fig. 4) that 

includes organic microstructures interpreted as organic microfossils (Lepot et al., 2013; 

Sugitani et al., 2015, 2010). This sample comes from the zone in Fig. 4 of Lepot et al. (2013). 

The second chert comes the member 1 of ca. 3.4Ga Strelley Pool Formation, which contains 

organic clasts (Allwood et al., 2006). The third chert sample comes from the ca. 2.1 Ga FC 

formation of the Francevillian Supergroup (Gabon) sampled at the Bambaye locality (Gauthier-
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Lafaye and Weber, 2003; Lekele Baghekema, 2017). The fourth chert sample comes from the 

700-800 Ma microfossiliferous Draken Formation (sample P4353, Knoll et al., 1991). The 

bituminous limestone corresponds to lagoonal microbial mats displaying alternating carbonate 

and organic matter laminae, from the Kimmeridgian deposits of Orbagnoux (French Southern 

Jura Mountains) (Tribovillard et al., 2000). 

3  Semi-thin section preparations 

3.1 Equipment 

Hardware equipment required include, (1) for large pieces of rock, workbench drilling 

machine with a 1” diamond drill bit and adapted sample holders. Here we used a Cincinnati PE 

15 model. (2) A rock-cutting saw with a blade at least 200 mm diameter, 1 mm in thickness, 

and a core-holder to facilitate the sawing. (3) A grinding unit equipped with a sample-holder 

cavity 2.54 mm in diameter and 1 mm deep, holding samples with a water suction piston, and 

a micrometric gauge with 0.1 mm graduations. (4) A thickness measuring set with a gauge 

resolution of <10 µm. (5) A glass plate (minimal dimension: 200 mm x 200 mm x 13 mm). (6) 

A semi-automatic polishing machine allowing to polish 3 sample simultaneously, here we used 

a customized BROT model 1.03.17 with stainless steel structure. (7) Custom-made sample 

holders for the polishing machine with 3 cavity depths: 1, 0.5 and 0.3 mm. (8) An ultrasonic 

cleaning tank. (9) A microscope with reflecting and transmitted light for the control of the thick 

section during the procedure (here an Olympus BX60 with X5 to X100 objectives). (10) a dry 

(i.e. without oil) vacuum pump. 

The required consumption supplies include: (1) metallic grinding discs that can be fixed 

and exchanged magnetically onto the polishing stage, impregnated with diamonds of grain sizes 

ranging between 76 and 36µm). (2) A cast iron polishing disk 250 mm in diameter machined 

with a perfectly flat surface. Surface damage produced by polishing should be frequently 

corrected by polishing in contact with 5-10 cm large, flat stainless steel disks and silicon carbide 

(1000 FEPA). (3) Polishing clothes (woven and felt cloths) to support water-based diamond 

and corundum (Al2O3) suspensions. (4) Abrasives including silicon carbide (SiC 500, 600 and 

1000 FEPA), water-based diamond suspension (6, 3 ,1 µm grain size) and corundum (4, 2, 1 

µm grain size). (5) Vessels: glass jars and high-vacuum mini-desiccators (40 cm3 Vacu-StorrTM 

from Ted Pella). (6) Tweezers: coarse, straight, fine with flat (and 25° angle) tips for the 

manipulation of delicate sample. (7) Solvents: deionized water, ethanol (95%), acetone ( 99,5%) 
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for cleaning during the sample preparation process and HPLC-grade ultrapure dichloromethane 

and methanol for final cleaning under fume hood. (8) For sample storage and transport: 

aluminum foil, glass micro beads (1-2 mm diameter), stainless steel cleaning basket (40 mm 

diameter), glass slides for the microscopic control during the procedure. (9) Compressed (>150 

bar) pure N2 supply for sample drying. (10) Safety accessories: nitrile and latex (powder-free) 

gloves, goggles, and ear protection. 

3.2 Protocol 

3.2.1 Coarse slide preparation 

The first step is to drill the sample with the workbench drilling machine to get a sample 

core 2.54 cm in diameter (Fig. 1.1 A, B). The machine and the sample holder are thoroughly 

cleaned with ethanol. The drill bit and the sample are rinsed three times with ethanol and 

acetone. The sample should contain a minimum of fissures, cracks, pores and should be oriented 

to reduce the risk of splitting and cracking during the drilling, cutting and grinding processes. 

The resulting sample core is rinsed 3 times with ethanol and acetone and stored in rinsed glass 

jar sealed with aluminum foil. 
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Fig 1.1. Workbench drilling machine. (A) Machine setting during drilling process. (B) View 

of sample holder and 1” diamond drill bit. 

The core is sawn to a 3-4 mm thick slide with the diamond blade using the sample core 

holders (Fig 1.2 A,B). All the instruments in contact with the sample core or slice are cleaned 

three times with ethanol and acetone before and after the sawing. The saw is cleaned with 

ethanol.  
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Fig 1.2. (A) rock-cutting and grinding machine. (B) Cutting unit and sample core set with 

sample core holder before the sawing step. (C) Grinding unit during the coarse grinding. The 

sample is maintain by water suction onto a vertical sample-holder mounted on an horizontal 

micrometric translation. 

Particles are removed from the freshly sawn slide by ultrasonic cleaning in deionized 

water on glass beads within a glass jar (Fig. 1.3A). The slide is rinsed 3 times with acetone, 

ethanol and dried with N2 before storage. The slide is stored in glass jar sealed with aluminum 

foil (Fig 1.3A) on clean glass beads that facilitate sample handling with flat tips tweezers (Fig 

1.3A). The glass jar and micro beads are cleaned following a sequential process: rinsed with 

deionized water, dried with N2, rinsed 3 timed with ethanol and acetone. 
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Fig 1.3. Sample storage. (A) Samples stored in clean glass jar sealed with aluminum and clean 

glass beads at the  bottom. (B) High-vacuum mini-desiccator with glass beads at the bottom. 

Next, the slide is ground to a thickness ranging between 2 and 1.75 mm using a coarse 

grinding unit (Fig 1.2 A,C). The surface of the slide to be placed opposite to the grinding disk 

is first manually lapped on one surface with SiC (500 or 600 mesh) on a glass plate, so that the 

slide is smooth enough to adhere on the suction sample holder (Fig 1.2C). The sample must be 

cleaned immediately with ultrasounds in deionized water to remove material dirt and SiC from 

sample pores or fractures. The sample is then gently ground by applying a low pressure on the 

sample holder, which is especially important with brittle samples. The surfaces must be kept 

parallel and the thickness of the slide controlled at each step with measuring set to prevent 

slopes. Flat edges are then made on the slide so that it fits in the special sample holder of the 

polishing machine (Fig. 1.4). Depending on the material, the grinding or the sawing unit can be 

used. The sawing unit is more precise, but generates vibrations that may break fragile samples. 



 

49 

 

Fig 1.4. (A) Polishing machine with special sample holder. (B) Illustrative drawing of the 

special stainless steel sample holder designed for the preparation of a semi-thin section. The 

sample holder is composed of a stainless steel rod mounted on the holder with a mounting ball 

to reduce slope effect. Bottom left of (B): view of the sample holder. (C) Technical drawing of 

the sample holder showing the central mounting ball. 

3.2.2 Fine grinding process 

The fine grinding can be processed using a machine or manually. Fine grinding process 

is the most time-consuming and delicate step of the semi-thin section preparation because of 

the absence of embedding resin, which consolidates fragile samples during traditional thin 

section preparation. 

Automated grinding is performed on a grinding/polishing machine using special sample 

holders (Figs. 1.4). The thickness of the slide is first reduced with diamond-impregnated 

grinding discs of 76-µm grain size and a 1 mm-deep sample holder (Figs 1.4C 1.5A,B).  The 

slide is then ground with a 0.5 mm deep sample holder and a diamond-impregnated grinding 

disc of 36 µm grain size. The last grinding step is processed with a 0.3 mm deep sample holder 

with SiC powder (1000 mesh, i.e. 5 µm grain size) in distilled water continuously dripping (Fig. 

1.5B) on a cast iron disc. During the automatic grinding process with the polishing machine, 

the sample must describe the trajectory drawn in Figure 1.5C. This unusual geometry is required 

to reduce thickness heterogeneities. Moreover, to obtain constant thickness, the diamond-

impregnated discs (or the cast iron disc) must rotate at high speed (100, 200 rpm for chert 

sample). The maximal rotating speed (200 rpm) yielded less than 30 µm of thickness difference 

on a fractured Phanerozoic chert. The additional weight applied on the sample (Fig. 1.5B) 

during automatic grinding must also be reduced (0 - 250 g per sample) or removed to prevent 
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thickness heterogeneities. At 200 rpm, without additional weight, 14 hours of grinding were 

required to remove 200 µm from a Phanerozoic chert. 

 

Fig 1.5. Fine grinding process. (A) Polishing machine set for fine grinding. (B) Zoom on the 

polishing machine with diamond grinding disc, water supply and slides set in special sample 

holders. Additional weights (here 250 g, arrow) can be put above the sample holders. (C) 

Geometry of the polishing machine double rotation during the fine grinding process. In grey: 

the ginding (cast iron or diamond) disc plate, in white: sample holders and rock slides. The 

arrows indicate the rotation directions of the plate and sample holder. Dashed lines and 

arrows: rotation direction of the sample holders on the plate. 

Alternatively, the fine grinding steps can be performed manually. First, the slide is 

ground on the machine by holding the sample manually in contact with diamond discs rotating 

at 100-150 rpm. The 76-µm grain size diamond disc is first used to reach a thickness of 1.3–1 

mm, then the 36-µm grain size diamond disc to reach a thickness of 1–0.7 mm. The final fine 

grinding down to a thickness of 0.5–0.3 mm is performed by manually rotating the slide along 

a “8” shape on a glass plate with 600 and 1000 mesh SiC. This alternative manual grinding has 

the disadvantage of increasing the risk of sample breaking up. However, it is faster than 

automated grinding, i.e. grinding a Precambrian chert with the machine can take more than 24 

hours, while manual grinding may take less than 2 hours. In addition, manual grinding is the 

only option for slides that do not fit the special sample holder, e.g. when they broke along 

micro-fractures during sawing or initial grinding. A combination of automated and manual 

grinding can be used to accelerate the process. Automated grinding steps usually have the 
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advantage of applying a homogenous load onto the sample, which is difficult to control with 

hands, thus preventing and removing thickness heterogeneities. Some samples with irregular 

dimensions and irregular hardness distributions can nevertheless form thickness heterogeneities 

during automated grinding. During each step of grinding, the thickness has thus to be controlled 

and thickness heterogeneities must be corrected by manually applying heterogeneous load onto 

the sample rotated with SiC (600 mesh) on glass plate. The sample is finally cleaned 

ultrasonically in deionised water, dried with N2, and rinsed 3 times with ethanol and acetone. 

3.2.3 Polishing. 

The polishing step is crucial for the quality of optical images and for surface 

microanalyses. Indeed, the thickness of sections is not the only parameter limiting the 

observations of microfossils. Surface imperfections disperse light and degrade the quality of 

images, which is important to fully describe microstructures (i.e. microfossils) in three 

dimensions. The absence of epoxy resin, which might turn yellow or become cloudy, also 

improves imaging (Ivarsson, 2006). However, the production of flat surfaces without scratches 

or furrows is difficult, especially with hard materials such as chert, because of the preservation 

of residual deep cutting scratches and surface damages created by hard waste particles from the 

surface (here micro or cryptocrystalline quartz) during the use of abrasive powders with 

“coarse” grain sizes (4 to 1µm) (Guenter and Scholz, 2015; Miyagi, 2017). The nature of the 

polishing clothes (felt cloth, woven cloth) influences the polishing results. For example, the felt 

cloth increases the polishing relief between hard and soft materials. On the opposite, woven 

clothes reduce relief but can increase surface furrows and deterioration of the edges of softer 

crystals (Guenter and Scholz, 2015). Thus, we combine woven and felt clothes with diamond 

and corundum water-based suspensions to reduce scratches and tears on rock surfaces. After 

the pre-polishing steps (final grinding steps with 1000 mesh SiC), the surface is polished with 

water-based corundum (4 µm) suspension on felt clothes for 1 to 2 hours. The semi-automatic 

polishing machine parameters are: 10 rpm rotation speed and 0 or 250 g additional loading on 

the sample holder(s). This polishing step removes the roughness produced by the final grinding 

(pre-polishing) from the surface (Fig 1.6B) and the flexibility of the felt cloth combined with 

corundum reduce the occurrence of furrows. Next, the surface is polished with diamond 

suspension (3 µm) on woven cloth for 30 min to 1 hour. At this step, the flatness is enhanced 

with the polishing of the surface with corundum suspension (2µm) on felt cloth. Finally, the 

small craters and scratches can be reduced with sequential polishing steps (10–15 minutes) with 

abrasion using 1 µm diamond suspension (1µm) on woven cloth alternated several times with 

1 µm corundum on felt cloth. Between each polishing steps, semi-thin sections (and the special 
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sample holders) are cleaned ultrasonically in deionized water and rinsed three times with 

ethanol and acetone. 

This polishing procedure combining different polishing agents and cloths is unusual. 

The advantages are to reduce scratches and pits and to smooth contacts between materials of 

different roughness. Our tests on a ~2.1 Ga chert (Fig. 1.6A), which is representative of the 

samples that are most difficult to polish, show that the density of scratches and craters remaining 

after polishing using only diamond suspensions on woven clothes (Fig. 1.6C) is higher than the 

procedure presented above (Fig. 1.6D). 

 

Fig. 1.6. Semi thin section of chert from the FC formation of the ca. 2.1 Ga Francevillian 

basin. (A) General view of the semi-thin section. (B) Surface at the end of fine grinding and 

before polishing procedure. (reflected light). (C). Surface after diamond-only abrasion. The left 

part of the field of view shows a pyrite crystal (light grey) while the quartz appears as dark grey 

(reflected light). (D) Same surface abraded with diamond and corundum polishing agent 

displaying less/smaller scratches and craters. Note that no better surface state could be 

achieved with traditional petrographic thin section preparation. (E). General view of the semi-

thin in transmitted light. 

Polished semi-thin sections are stored in cleaned jars sealed with aluminum. Before 

surface analysis (e.g. SIMS, ToF-SIMS), the sample can be rinsed 3 times in organic solvent 

(e.g. dichloromethane/methanol solution) to remove superficial soluble molecules. Finally, the 

semi-thin section is stored in a high vacuum mini-desiccator to drastically reduce the 

contamination of polished surfaces by dust particles or airborne molecules (Fig. 1.3B). 
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4 Characterization techniques. 

Optical observations of semi-thin sections were carried out using Olympus BX60 and 

automated Nikon Ni-E microscopes (LOG, Université de Lille) under bright field transmitted 

and reflected lights. Mosaic images (image produced by the assemblage of hundreds of 

photomicrographs) were acquired using the automated Nikon Ni-E microscope. Scanning 

Transmitted Electron Microscopy (STEM) analyses were performed on FIB foils (prepared as 

detailed in Lepot et al., 2017) on a Philips CM30 (CCM, Université de Lille) operated at 300 

kV. Bright and dark-field images were acquired in Scanning Transmitted Electron Microscopy 

(STEM) mode using axial annular detectors. Elemental distributions were mapped using 

Energy Dispersive X-ray Spectrometry (EDXS). 

ToF SIMS analyses were performed on TOF.SIMS 5 instrument by ION-TOF GmbH, 

Germany (UCCS, Université de Lille) equipped with a Bi liquid metal ion gun (LMIG). The 

surface analyses were performed in bunched mode with Bi3
+ beam operating at 25 keV and a 

low energy electron flood source (20 eV) for charge compensation. For the Orbagnoux sample, 

the sputtering was performed using low dose ion beams of either 0.25 keV Ar+ beam on a 700 

× 700 µm² area or 1 keV Cs+ beam on a 800 × 800 µm² areas during respectively 21 and 10 

minutes. For the Strelley Pool chert the sputtering was performed using low dose 0.25 keV Cs+ 

beam on a 800 × 800 µm² area during 5 minutes. With the low dose Ar+ beam, the sputtering 

profile was performed on a gold coated surface (~20 Å thick deposit), in non-interlaced mode 

(two Bi3
+ raster analyses are follow by 1 second of sputtering and 1 second of waiting time to 

evacuate charge). Data were analyzed using SurfaceLab 6.2. 

5 Results and discussion 

5.1 Conventional thin section procedures 

Conventional polished thin sections require samples to be embedded or impregnated 

with polymer resin. Dyes such as methylene blue can be used to track the penetration of the 

resin within samples at the microsale by optical microscopy (Oehler et al., 2009), but do not 

help locate nanoscale resin contaminations. Moreover, resins used to glue or embed sample 

have a low coefficient of viscosity and a long curation time (Guenter and Scholz, 2015) that 

make the penetration of resin in nano-porosity possible. Figure 1.7 illustrates such possible 

nano-contaminations within an organic microstructure in cherts of the ~3.4 Ga Strelley Pool 



 

54 

Formation (Lepot et al., 2013; Sugitani et al., 2010, 2013). Here, organic matter is embedded 

in microcrystalline quartz (Fig. 1.7 B-I). Two different types of organic matter could be 

distinguished based on texture and heterogenous chlorine concentrations (Fig 1.7D-F, G-I). The 

organic matter in direct contact with the micro-quartz crystals is generally chlorine-poor 

whereas the central parts of two organic zones are enriched in chlorine and display a central 

pore. The contacts between these two organic matter types display nanoscale porosity (white in 

bright field in Fig 1.7D and G). The presence of chlorine in epoxy resin is a common feature 

that affect its characteristics, including color, reactivity, and resistance to heat and moisture 

(Hamerton, 1996). Thus, the presence of chlorinated organic matter associated with nano-

porosity within sub-micrometric organic microstructure demonstrates the nano-contamination 

of sample by resin within the organic microstructure. This contamination can occur below the 

surface of a thin section. Due to its small size and embedding within opaque Archean organic 

matter, this resin contamination is likely not detectable with Raman spectroscopy and imagery 

as in other samples (Wacey et al in press). 

 

Fig 1.7. Clusters of spherical microstructures in a chert of the Strelley Pool Formation. (A) 

Photomicrograph of the microstructures in transmitted light (red line: FIB foil position). (B) 

STEM dark field image of the FIB foil. (C) EDXS map of the carbon from the larger red box in 

(B). (D)-(F) STEM bright field image and EDXS maps of the lower box in (B) displaying organic 

matter (carbon, map in E) with heterogenous chlorine content (map in F). (G) STEM bright 

field image of the top boxed in (B) displaying similarly heterogenous organic matter as 

indicated by EDX maps of carbon (H) and chlorine (I). 
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This example of organic contamination by epoxy resin is also problematic for the carbon 

isotope microanalyses with SIMS, elemental (N, C, O) analyses with NanoSIMS and molecular 

microanalyses with ToF-SIMS. Studied samples usually comprise polished thin sections or 

pieces of thin sections (or doubly polished section) mounted in epoxy. Thorough cleaning 

procedure (multiple sequential ultrasonication in deionized water, alcohol and various 

detergent) can remove most of surface contamination such as abraded and smeared epoxy 

particles (Lepot et al., 2013; Williford et al., 2013). However, possible epoxy contamination 

within nano- (Fig. 1.7) or micro-porosity (Wavey et al in press) may remain. We note that this 

example of resin contamination (Fig. 1.7) represented only ~10% of the organic matter in the 

FIB section (image analysis of EDXS maps) on was only observed in one out of more than 50 

FIB sections we similarly analyzed with STEM (Fadel et al., 2017; Lekele Baghekema et al., 

2017; Lepot et al., 2017, 2009, unpublished data). Therefore, we believe that the presence of 

nano-contaminations by epoxy have likely not affected published SIMS C-isotope data, but 

they may have decreased the spot-to-spot reproducibility, hence increasing the error bars. Such 

nano-contaminations are, however, much more problematic for techniques used to detect and 

quantify organic molecules with ppm-range sensitivity such as ToF-SIMS (Kollmer, 2004; 

Thiel and Sjovall, 2011). 

5.2 Physical properties of resin-free semi-thin sections 

Our semi-thin section preparation offers the possibility to observe and analyze 

carbonaceous microfossils hosted in minerals without the doubt of resin contamination. Micro-

paleontological thin sections are usually ~30 to 200 µm thick. Thicker thin sections (150 - 200 

µm) are commonly more suitable to locate abundant as wells as larger microfossil (Ivarsson, 

2006). The thickness of this semi-thin sections can reduce the light in transmission and limit 

observation of fine microstructure. Microscopic images of a 330 µm thick semi-thin section of 

a black chert show the possibility to observe relatively opaque material in chert with our 

preparation (Fig 1.6A, E). Small mineral grain size is also another factor, which may limit the 

visibility of fine microstructures (i.e. microfossil). However, Figure 1.8 illustrates the 

possibility to observe microfossils in cryptocrystalline quartz from the ca. ~750 Ma Draken 

formation (Foucher and Westall, 2013; Knoll, 1982; Knoll et al., 1991) with a 500 µm thick 

semi-thin section. Optical microscopy is, however, best performed in the upper ~40 µm 

(depending on the mineral matrix), and blurred and darkened in the deeper parts of the section 

(e.g. Fig. 1.8C).  
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Our protocol yielded an excellent surface state for cryptocrystalline quartz with only 

sub-micrometric furrows, scratches or pits (Fig. 8B,D) similar to the best of standard 

petrographic sections. Semi-thin sections can also be polished on both side by hand to view 

more microfossil like standard (unglued) doubly-polished thin sections. Moreover, doubly-

polished semi-thin section prepared with our protocol are less fragile than <200 µm-thick 

doubly-polished unglued sections (Ivarsson, 2006). 

 

Fig 1.8. Microfossils in a semi-thin section of the ~750 Ma Draken Formation chert. (A) 

Transmited light photomicrograph of Myxococcoide sp. at/near the surface of the semi thin 

section. (B) Photomicrograph of the surface of (A) in reflected light. (C) Transmited light 

photomicrograph of  Myxococcoide sp. 50 µm below the surface of the sample. (D) 

Photomicrograph of the surface of (C) in reflected light. 

For SIMS analyses, the advantage of using semi-thin section is the absence of 

supplementary sample preparation. Thus, embedding sample with resin, supplementary 

localization and polishing of the sample mount are unnecessary. Semi-thin sections can be 

rinsed or ultrasonic cleaned with various organic solvents without the risk to break-up sample 

and altering the epoxy mount. The absence of resin is also an advantage for surface analysis in 

ultra-high vacuum instruments (i.e. SIMS). Upon introduction from the high-vacuum loadlack 

into the analytical chamber of the IMS1280 SIMS (at CRPG Nancy), without the use of N2 

cooling, our semi-thin section prepared with the above protocol reached a vacuum 10-9 torr 

range within minutes without the need of degassing the sample in high vacuum for long hours 

as usually done with epoxy-containing mounts (e.g. Lepot et al., 2013). A better vacuum limits 

the in-vacuum adsorption of volatile contaminants that could be detected with highly sensitive, 

extreme-surface techniques such as ToF-SIMS.  

5.3 ToF-SIMS of semi-thin sections. 

We studied semi-thin section prepared in a Kimmeridgian stromatolite and an Archean 

chert from the Strelley Pool Formation. The first sample is composed predominately of light-
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colored carbonate and dark laminae that comprise mostly highly immature organic matter with 

a high organic sulfur content (Mongenot et al., 1999, 1997). The second sample is a silicified 

conglomerate of the member 1, of the Strelley Pool formation, which contains some clasts 

composed of highly mature organic materiel (Allwood et al., 2007, 2006). For the 

Kimmeridgian stromatolite, we investigated the distribution of organic molecules at the surface 

of this semi-thin section with ToF-SIMS depth profiles during sputtering with low dose Ar+ and 

Cs+ beam. For Ar+ sputtering the sample was gold coated (~20 Å thick deposit) to increase the 

signal of organics and reduced charge effect (Delcorte et al., 2003; Heile et al., 2008; Keune 

and Boon, 2004). We also investigated the surface state of the organic clast contained the 

Archean chert during sputtering with low dose (0.25 keV) Cs+ beam. Due to the high content 

of organic matter on the Orbagnoux samples and the polishing steps, the surface is expected to 

present a surface layer of smeared organic matter as well as possible airborne contaminants, 

which can be detected with molecular imaging as permitted by ToF SIMS (Heim et al., 2012; 

Palmquist et al., 2012; Thiel and Sjovall, 2015, 2011). Compared to the Orbagnoux sample, the 

Strelley Pool Formation chert contains low organic matter. Thus, the surface layer of smeared 

organic matter is thinner on the Archean chert than the Kimmeridgian sample. Moreover, this 

“smearing effect” of the organic matter by the polishing process was reduced by the 

ultrasonication and the final cleaning processes with dichloromethane/methanol solutions. The 

presence of airborne contamination is also reduced by the storage of sample in high-vacuum 

mini-desiccators (Illing et al., 2014). Poly(dimethylsiloxane) (PDMS), a common surface 

contamination molecule in ToF-SIMS analyses (Beynon et al., 1959; Fletcher and Vickerman, 

2013; Fray et al., 2016; Oran et al., 2004; Toporski and Steele, 2004; Viornery et al., 2002; 

Yang et al., 2009), is absent from our surface analyses.  

Here, the depth profiles and positive ion images of inorganic ions (Ca+, Al+, Si+ and 

Au+) display a dramatic increase during the first 200 seconds and reach a steady state signal 

after ~400 seconds of sputtering, for the Orbagnoux sample (Fig 1.9A). The distribution of 

these ions is consistent with SEM-EDXS analyses (not shown). Moreover, SEM images 

performed after the surface analyses with ToF-SIMS reveal that gold coating was removed 

during to the Ar+ sputtering. We note that the total ion signal was nearly homogenously spread 

over the surface of the sample (Fig. 1.9B) and that it reached a distribution similar to metallic 

ions such as Ca+ during longer sputtering. Similarly, the distribution of organic ions at the 

beginning of sputtering was much more homogenous (Fig. 1.10C) than toward then end of 

sputtering, when the laminated distribution of organic matter appeared with high contrast (Fig. 

1.10D). The same observation is made with Cs+ beam sputtering and negative ion imaging. The 

Figure 1.11 shows the distribution of small hydrocarbon fragment: C2
–, C2H

– before and after 
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Cs+ sputtering. Here again, before the Cs+ sputtering, the signal of both molecules was relatively 

uniform. After the Cs+ sputtering, the distribution of the hydrocarbon fragment is correlated 

with the spatial distribution of the organic matter of the ancient microbial mats. We used a 

relative high energy 1keV Cs+ ion beam during the sputtering because of the difficulties to 

remove the surface layer, which is composed mostly of smeared organic material and airborne 

contamination. The negative images obtained from the Archean chert before and after 

sputtering also show the remove of this surface layer with low energy and low dose Cs+ beam. 

The Figure 1.12 shows the uniform distribution of small hydrocarbon fragments C4
– and C4H

– 

before the sputtering and the correlation of the negative ion distribution and the spatial 

distribution of the organic matter, after the Cs+ sputtering. As mentioned above, the quantity of 

smearing organic material produced during the polishing of this chert was lower than the 

Orbagnoux sample due to the high maturity of the organic clasts and the relative low 

concentration of organic matter of this sample. Thus, the surface layer sputtered by the low dose 

Cs+ ion beam must be mostly surface airborne contamination. Moreover, this explanation is 

coherent with the required use of high energy ion Cs+ beam to sputter this surface layer from 

the Orbagnoux sample, while low energy Cs+ beam was sufficient for the Archean chert. 

During the Ar+ sputtering, the signal of saturated fragments, C₂H₅⁺ and C4H7
+ ions 

(characteristic of aliphatic hydrocarbons) decrease rapidly during the first 20 seconds of 

sputtering. In contrast, fragments with low H/C such as C7H7
+ and C14H10

+ (produced mostly 

by aromatic hydrocarbons: (Toporski and Steele, 2004) display a small signal increase during 

the first 20 s of sputtering that is likely due to the stability of the aromatic structure and the 

inherent difficulty to cleave aromatic (Toporski and Steele, 2004). Then, the signal of the 

aromatic ions decreases rapidly until it reaches a steady state after 800 s of sputtering (Fig 

1.10B), that is when the positive ion images of the organic material became spatially coherent 

with the optical distribution of organic laminae from the ancient bacterial mat (Fig 1.10D).  

From these analyses, we conclude that before sputtering, the distribution of the organics 

ions formed a homogenous layer on the surface that may have come from airborne 

contamination (Saga and Hattori, 1996) and/or smearing of material during polishing and/or 

cleaning. Estimation based on sputtering duration and sputter setting (ion energy, intensity, 

angle of incidence) indicates that the maximal thickness of this contamination layer was ~6 nm 

in the case of the Orbagnoux sample. Moreover, caution must be taken during analysis with the 

redeposition of hydrocarbon fragment onto a clean surface after sputtering within the chamber 

(Mogk and Mathez, 2000). We observed such phenomenon during the analyzes of quartz from 

a Draken chert, after the analyses of a deuterated anthracene standard (Anthracene D10, 
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188.14amu, deposited on a clean silica wafer). The spectra obtained after 5 min of Ar+ 

sputtering (0.25keV, 800x800µm²) indicates that Anthracene D10 was present onto surface of 

the Draken chert (Supplementary Fig.1.1). This case illustrates the caution to take concerning 

the state of the chamber prior sputtering/analysis and the redeposition of organic materiel 

sputtered on clean surface. However, we removed the surface contamination with a second ion 

source dedicated to sputtering (Kurczy et al., 2010; Thiel and Sjovall, 2015). Thus, these ToF-

SIMS analyses demonstrate the possibility to perform surface analyses with our semi-thin 

sections, free of preparation contaminants such as resin, after removing the nanometric surface 

layer of airborne contamination and/or smeared sample organics with low dose ion beam. 

 

Fig. 1.9. ToF-SIMS depth profiles (A) and maps (B) of inorganic ions (Ca⁺, Al+, Si+ and Au+) 

from the area sputtered by low dose Ar+ beam. (A) Depths profiles showing that metallic ions 

increase dramatically during the initial ~200 seconds of sputtering before entering a quasi-

steady state near ~400 seconds. (B) Positive ion images of total ion signal and inorganic ions 

from the area (500 × 500 µm²) at the beginning of the sputtering (between 0-200s). (C) Same 

area (500 × 500 µm²)  at the end of the sputtering (between 800-1300 s). 
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Fig. 1.10. (A). ToF-SIMS depth profiles of organic ions (C₂H₅⁺, C4H7
+, C7H7

+ and C14H10
+) 

from the area sputtered by low dose Ar+ beam. (B) Zoom on the depth profiles showing the 

rapid signal decrease of the saturated ions (C₂H₅⁺ and C4H7
+ions ) at the beginning of the 

sputtering (0 to 50s). The signal of unsaturated fragments(C7H7
+ and C14H10

+ ions), most likely 

produced by aromatics, show a small increase during the first cycles of sputtering (0 to10 s of 

sputter). The signals for aromatics decrease rapidly between 20-50 s. (C) Positive ion images 

of various hydrocarbon ions from the area (500 × 500 µm²) at the beginning of the sputtering 

(between 0-200 s). (D) Positive ion images of the same hydrocarbon fragments from the same 

aera (500 × 500 µm²)  at the end of the sputtering (800-1300 s). 

 

Fig. 1.11. Bunched negatives ions images of C2
– and C2H

– ions from the same area (500 × 500 

µm²) before (left) and after (right) Cs+ sputtering (800 × 800 µm², 1 keV, 5 minutes).  
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Fig. 1.12. Bunched negatives ions images of C4
– and C4H

– ions from the same area (500 × 500 

µm²) before (left) and after (right) Cs+ sputtering (700 × 700 µm², 0.25 keV, 5 minutes).  

Conclusions 

Here, we show that epoxy resin can penetrate even nano-porosity in traditional 

petrographic thin sections. Distinguishing epoxy contamination from indigenous organic matter 

with techniques such as STEM, XANES, ToF-SIMS, Raman, FTIR, SIMS is difficult and time-

consuming. We developed a novel protocol to prepare semi-thin sections of rock samples 

containing organic matter without resin. Semi-thin sections display enough mechanical strength 

to withstand multiple cleaning procedures, including the use of solvents such as 

dichloromethane/methanol solutions that extract soluble contaminants from laboratory, 

groundwater, or drilling fluids. However, these solvents also extract indigenous labile 

molecules such as biomarkers, hence this preparation procedure limits subsequent molecular 

(micro)analyses to the insoluble fraction of the organic matter (kerogen). With the exception of 

a nanometric surface contamination that can be removed with a low dose ion beam sputtering 

in ToF-SIMS, the surface of the semi-thin sections we produced appeared ultra clean. This new 

sample preparation offers the possibility to characterize organic matter at the top surface layer 

with highly sensible surface techniques such as ToF SIMS (Thiel and Sjovall, 2011). Using this 

technique, we were able to map the distribution of fragments of aliphatic and aromatic 

molecules in the kerogen at the micrometric scale in a Jurassic stromatolite. Semi-quantification 

and complete analysis of the ToF-SIMS mass spectra will be reported elsewhere. The semi-thin 

sections can be observed in transmitted white light provided the mineral matrix is relatively 

transparent, which is often the case for mono-mineral matrices such as cherts/quartzites. 

Altogether, this new sample preparation protocol opens avenues for in situ characterization of 

organic matter with high spatial resolution techniques. It should enable to correlate multiple 

characterization (e.g. ultrastructural, isotopic, spectroscopic, molecular) with optical 

microscopy on the same microfossil. This approach could help distinguish the taxonomy of 

problematic morphospecies. In particular, it may help unravelling the possible molecular 

preservation bias imparted to isotopic compositions (Williford et al. 2013; Lepot et al. 2013). 
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Supplementary figure 

 

Supplementary Fig. 1.1. Positive ToF SIMS spectra of Draken chert in bunched mode, after 

Ar+ sputtering (5 minutes, 0.25keV, 800x800µm²). The spectra is dominated by Si+ peak 

generated by the quartz. The other majoritary peaks correspond to ions generated by the quartz 

(e.g. SiO+, SiH+, SiO2
+, Si2O2

+,…). At high mass, the spectra show a peak of high intensity at 

188.13 amu corresponding to the molecule C14D10. (*: Cs+ peaks due to the presence of Cesium 

in the chamber). 
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Abstract 

Microscale molecular heterogeneities are important for deciphering the biogenic 

or abiogenic origin of ancient and/or mature organic matter. Kerogen (insoluble 

macromolecular organic matter, assumed to be syngenetic with the host rock) is generally 

analyzed with bulk rock techniques that cannot elucidate these heterogeneities. Here, we 

present mass spectra and molecular imaging of semi-thin sections of rocks using Time-of-

Flight Secondary Ion Mass Spectroscopy (ToF-SIMS). First, we documented low-mass 

fragmentation patterns of a saturated molecule (2-nonadecanone) and a Polycyclic 

Aromatic Hydrocarbon (PAH, phenanthrene) in positive and negative ion modes, after 

low energy monoatomic Ar+ sputtering. Those patterns are used to propose a suite of semi-

quantitative indexes that could help decipher the macromolecular structure of unknown 

kerogen. Second, using the same machine settings, we analyzed thermally immature OM-

rich laminae of Kimmeridgian stromatolites (French Jura Mountains, Orbagnoux village) 

and laminated OM-rich grains of the 3.4 Ga Strelley Pool Formation (Western Australia). 

Molecular imaging and mass spectra indicated a sulfurized kerogen rich in aliphatic 

carbon associated with PAH and possibly small single-aromatic groups in the Orbagnoux 

laminae. Veins cutting across carbonates are relatively enriched in aliphatic carbon and 

likely represent indigenous bitumen. Based on various ratio of low mass positive and 

negative fragments, we show a relatively higher content in aromatic structures in the 

Strelley Pool OM compared to Orbagnoux OM, and shorter alkyl chains in the former 

compared to the latter. Moreover, aromatic isomers of relatively high mass (up to 

m/z=202) were detected and imaged in the Strelley Pool OM laminae. Altogether, these 

results show that ToF-SIMS is greatly promising for the microscale study of the 

composition of insoluble fossil organic matter in addition to the soluble molecules 

traditionally analyzed in biological fresh and fossil materials using this technique. 

1 Introduction 

The molecular composition of living and fossil organic matter is heterogeneous down 

to the nanometer scale. Diverse (micro)organisms / (micro)fossils can have drastically different 

molecular compositions (Marshall et al., 2005; Steemans et al., 2010). Molecular 

heterogeneities can be preserved even in metamorphic rocks (Bernard et al., 2007; Lepot et al., 

2009). Investigating the molecular signature of organic matter with spatially-resolved 

techniques can help address the origin of fossil OM at the scale of its individual components. 
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Early life investigations include the characterization of OM in microfossils, soluble biomarkers 

and fossil microbial mats forming stromatolites. Precambrian microfossils are scarce compared 

to the Phanerozoic fossil record and are dominated by microscopic prokaryotes and eukaryotes. 

Due to their simple cellular shape, their nature has often been difficult to address (see for 

review: Javaux and Lepot, 2018; Knoll, 2003; Knoll et al., 2016; Wacey et al., 2016) and the 

microfossil nature of the earliest (Archean) putative occurrences remains uncertain (example of 

Brasier et al., 2005; Schopf, 2006). Biomarker hydrocarbons in Precambrian rocks have been 

used to constrain the presence and metabolism (cyanobacteria/eukaryote) of Archean organisms 

(Brocks et al., 1999, 2003; Eigenbrode et al., 2008). However, the syngenicity of these 

molecules remains controversial and studies suggest that biomarkers previously detected in 

Precambrian rocks can be contaminants (Brocks et al., 2008, 2017; French et al., 2015; 

Rasmussen et al., 2008). Stromatolites (laminated sedimentary structure of probable microbial 

origin) have been cited as providing some of the earliest evidence for life on Earth track back 

to almost 3.5 Ga. (Allwood et al., 2006a; Noffke et al., 2013; Riding, 2000; Walter et al., 1980), 

and possibly as far back as 3.7 Ga (Nutman et al., 2016). Morphological studies were 

extensively used to constrain the biogenicity of these stromatolites (Allwood et al., 2009; 

Batchelor et al., 2004; Bosak et al., 2009; Buick et al., 1981; Grotzinger and Rothman, 1996; 

Lowe, 1994; Noffke et al., 2006). While the laminated rock macrostructure of stromatolites has 

been debated as an indicator of biological origin (Grotzinger and Knoll, 1999; Jettestuen et al., 

2006), the correlation of organic laminae / microstructures with laminated mineral structures 

has been used to infer fossil microbial mats and argue for the biogenicity of the oldest 

stromatolites (Allwood et al., 2009; Lepot et al., 2008; Wacey et al., 2010). Similarly, modern 

stromatolites were also extensively studied with multiple analytical methods to identify the 

bacterial species present and propose models of stromatolite formation that help interpret 

Precambrian stromatolites (Awramik and Riding, 1988; Bontognali et al., 2008; Decho et al., 

2005; Paerl et al., 2001; Papineau et al., 2005; Vasconcelos et al., 2006).  

Fossil organic matter comprise soluble organic molecules (bitumen) that can be 

extracted using solvents, and insoluble macromolecular OM (kerogen) that form during 

diagenesis from the condensation and polymerization of biopolymers and/or labile organic 

molecules  (Vandenbroucke and Largeau, 2007). Resolving the macromolecular structure of 

kerogen is often based on chemical or thermal degradations (Vandenbroucke and Largeau, 

2007). These approaches, however, do not allow identify a potential heterogeneity of 

compounds within the kerogen. Functional groups present within the kerogen can be 

constrained at the microscale by Fourier Transform InfraRed Spectroscopy (FTIR), at the 

nanoscale using X-ray Absorption Near Edge Structure (XANES) (Bernard et al., 2010; 
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Bernard and Horsfield, 2014) and elemental analysis of the kerogen can also be performed with 

Nanoscale Secondary Ion Mass spectrometry (Oehler et al., 2009; Wacey et al., 2010) to 

constrain the nature and the distribution of kerogen within sample. Time of Flight Secondary 

Ion Mass Spectroscopy (ToF-SIMS) offers the possibility to perform mass spectrometric 

detection at micrometric spatial resolution (Benninghoven, 1994) with only minimal 

destruction (nanometer-depth sputtering: Brison et al., 2010; Mine et al., 2007). This method 

has been used for chemical surface analysis especially for semiconductor and polymer 

characterization (Belu et al., 2003; Vickerman and Briggs, 2013). The recent developments of 

the method for organic analysis of modern biological materials have been intense and 

challenging (Heim et al., 2012; Kollmer, 2004; Palmquist et al., 2012; Passarelli and Winograd, 

2011; Siljeström et al., 2017; Sjövall et al., 2006; Thiel et al., 2014, 2007b; Thompson et al., 

2006; Touboul et al., 2005; Tuccitto et al., 2011). Similar developments were made in 

cosmochemistry (Fray et al., 2016; Stephan, 2001; Stephan et al., 2003), combustion processes 

(Irimiea et al., 2015; Popovicheva et al., 2017) culture heritage (Keune et al., 2005; Keune and 

Boon, 2004; Mazel and Richardin, 2009) and forensic science (Brewer et al., 2008; Mahoney 

et al., 2006; Szynkowska et al., 2009). ToF-SIMS was also used in geo(bio)logical studies, on 

minerals (Mathez and Mogk, 1998; Mogk and Mathez, 2000), organic matter in various 

macrofossils (Greenwalt et al., 2013; Lindgren et al., 2012, 2014, 2017; Thiel and Sjovall, 

2011), biofilms in coprolites (Toporski et al., 2002), and recent microbial mats (Thiel et al., 

2007b, 2007a), microbial streamers (Siljeström et al., 2017) and oil-bearing fluid inclusions 

(Siljestrom et al., 2009, 2010, 2013).  

Here, we characterized kerogen in ancient fossil microbial mats at the microscale from 

semi-thin section of sedimentary rocks with ToF-SIMS using Bi3
+ for analysis and monoatomic 

Ar+ for sputtering. Two rocks were analyzed: thermally immature, OM-rich laminae in 

Kimmeridgian stromatolites (French Jura Mountains, Orbagnoux village) and laminated OM-

rich grains in cherts of the 3.4 Ga Strelley Pool Formation (Pilbara, Western Australia). To 

constrain molecular information obtained in positive and negative ion modes from the rocks 

with ToF-SIMS, standards (phenanthrene, anthracene-D10 and 2-nonadecanone) were also 

analyzed with the same setting. Here, we document the fragmentation pattern of the standards, 

constrain and image the OM in rocks, find micro-heterogeneities in OM and semi-quantify the 

aliphatic and aromatic character in the different kerogen. 



 

74 

2 Geological setting 

2.1 Orbagnoux deposit 

The Orbagnoux sample comes from the “Calcaires en plaquettes” Formation of 

Orbagnoux, Platy Limestone Formation, (French Jura Mountains, Kimmerdgian, Jurassic) 

(Bernier, 1984; Mongenot et al., 1997, 1999; Sarret et al., 2002; Tribovillard et al., 1999, 2000, 

2004, 1992). This Platy Limestone Formation overlies the “Calcaires de Tablacon” Formation 

(Early Kimmeridgian), characterized by a relative drop in sea-level. Hence, massive limestone 

beds forming the base of the “Calcaires de Tablacon” Formation contain planktonic organisms 

(globigerinid foraminifera and radiolaria). These pelagic organisms are progressively replaced 

by neritic organisms (gastropods, bivalves, sponges and rare calcareous algae). During the 

Upper Kimmerdgian, the regressive sequence that affected the carbonate platform of the 

southern Jura led to the development of a reef barrier with a shallow lagoon in which bituminous 

laminites, corresponding to the lower part of Platy Limestone Formation, were deposited. The 

bituminous laminites from the Orbagnoux Jurassic carbonate platform were studied extensively 

(Mongenot et al., 1999, 1997; Tribovillard et al., 2000; Van Kaam-Peters et al., 1998; Van 

Kaam-Peters and Sinninghe Damsté, 1997). This laminated member mainly comprises Ca-

carbonate and OM. The carbonate content varies between 75% and 96% wt%. The organic 

content varies between dark laminae (Total Organic Content, TOC = 4.47%–8.55 wt%) and 

light ones (TOC= 0.65–8.03 wt%; Mongenot et al., 2000). The kerogen is highly immature with 

bulk (unheated) kerogen H/C atomic ratio of 1.30 to 1.46 (Mongenot et al., 2000; Tribovillard 

et al., 2000). Moreover, the organic sulfur of the kerogen is abundant (representing 12-18% of 

the kerogen; Mongenot et al 2000). This member is divided into two subfacies: parallel 

laminated beds and undulating lamina beds. These laminated beds were interpreted as 

accumulation of coccolithophorids (lighter lamina) alternating with the accumulation of 

planktonic algae (darker lamina) in the presence of cyanobacterial biofilm(Pacton et al., 2006; 

Tribovillard et al., 1992). The sample studied here comes from the second subfacies. These are 

also composed of light and dark laminae, which are grossly parallel to the bedding. The light-

colored laminae contain peloids, which are interpreted as being cyanobacterial in origin and 

indicate that the undulating lamina were the results of self-burial processes. Based on the 

presence of planktonic and benthonic organisms, these subfacies were the result of interaction 

between coccolithophorids and cyanobacteria biofilms. Cyanobacteria formed biofilms in the 

two subfacies and acted as barrier between the oxic water column and the underlying sediment 

characterized by anoxic pore water (Tribovillard et al., 2000, 1992). Due to the abundant 

organic content, the reducing conditions and the absence of iron, sulphate reduction was favored 
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and sulphide reacted with OM. This early natural vulcanization of the organic matter played a 

major role in OM preservation (Mongenot et al., 1997). 

2.2 Strelley Pool Chert 

The Archean sample comes from the ca. 3.43 Ga Strelley Pool Formation localized in 

the Panorama Greenstone Belt (Trendall Locality, Western Australia). The age of Strelley Pool 

chert is constrained by zircons from felsic rocks from the underlying Panorama formation 

(3.456-3.426Ga) and the overlying Euro basalt (3.346-–3.426Ga) (DiMarco and Lowe, 1989; 

Van Kranendonk et al., 2002). The Strelley Pool Formation includes laminated dolomitic 

stromatolites at the studied locality (member 2 of Allwood et al., 2007, 2006a, 2006b) as well 

as silicified stromatolites with finely laminated OM at other localities (Sugitani et al., 2015b, 

2010). This member 2 was intensively studied as a putative trace of early Archean life thriving 

in an isolated, partially restricted, peritidal marine carbonate platform. The studied sample 

comes from post-platform facies (member 4 of Allwood et al., 2007) overlying the member 

containing stromatolites, and includes siliciclastic and volcanoclastic material of silt/sand size 

that have been silicified and cemented by chert. This member 4 was marked by the end of 

peritidal isolated carbonate platform and the development of a subsiding basin with siliciclastic 

sediment influx and deposition of hydrothermal/marine cherts (Allwood et al., 2007). Though 

stromatolites are absent in this facies, this member contains allochthonous material including 

organic matter clasts, which are possible remains of microbial mats of films formed in the water 

column or in other environments nearby (Allwood et al., 2006b, 2007). Atomic H/C ratio of 

0.02–0.46 were recorded in cherts of members 3-4 at the studied locality (Marshall et al., 2007). 

OM in stromatolites of member 2 (Bontognali et al., 2012) and in microfossiliferous cherts from 

another locality (Sugitani et al., 2015a) displays organic sulfur with atomic S/C of up to ~1% 

(as roughly estimated with EDXS: Sugitani et al., 2015a). 

3 Methods 

3.1 Sample preparation 

The geological sample were prepared following the semi-thin section procedure detailed 

in (Fadel et al., in prep – chapter 2 of this thesis). In brief, pieces of rocks were drilled with a 

1” core bit, sawed, ground and polished to semi-thin sections 400 to 500 µm in thickness. This 

protocol does not require the use of resin to glue the sample onto a glass slide at any step of the 
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preparation process. Sawing, grinding and polishing were done on ethanol-cleaned instruments 

without use of lubricant and that have never been contaminated by epoxy-bearing samples.  

Several times during the preparation procedure and after preparation, the semi thin 

sections were cleaned ultrasonically in ethanol during 2 minutes, rinsed three times sequentially 

with ethanol/acetone and stored in similarly-cleaned glass jars sealed with aluminum foil. 

Before ToF-SIMS analyses the samples were cleaned in a dichloromethane/methanol solution 

(2/1 volume and HPLC grade solvents). Due to the fragility and the high content of immature 

organic matter of the Orbagnoux semi-thin section, this sample was cleaned one time in the 

dichloromethane/methanol solution for 2 hours and the surface was cleaned three times with 

dichloromethane. The SPF semi-thin section was cleaned sequentially three times during 24 

hours in dichloromethane/methanol solution. After cleaning, the samples were stored in a glass 

vacuum desiccator capped with Teflon. The SPF semi-thin section and part of the Orbagnoux 

semi-thin section were gold coated (~20 Å thick deposit). The gold-coated samples were 

immediately stored in the vacuum desiccator. 

The standards [phenanthrene C14H10, anthracene-D10 C14D10 (98.0%, Dr Ehrenstorfer 

GmbH), and 2-nonadecanone CH3(CH2)16COCH3 (≥97.0%, Aldrich) see appendix to see the 

structure of the molecule] were prepared under laminar flow hood. The standard powders were 

first dissolved in dichloromethane (HPLC grade) and the obtained solutions were stored in clean 

glass vials with Teflon septa. A single drop of each substance was pipetted on to a cleaned 

silicon wafer using a cleaned glass pipette. The standard samples were then stored in clean glass 

jar sealed with aluminum before surface analyses. 

All the instrument or substrates in contact with the samples (standards, semi-thin 

sections) were cleaned 3 times sequentially with ethanol, acetone and HPLC grade 

dichloromethane. 

3.2 Optical microscopy 

Optical petrography and localization of the region of interest on the semi-thin sections 

were carried out using an Olympus BX60 microscope (LOG, Université de Lille) under bright-

field transmitted light and reflected light. Coordinates of organic microstructures located at the 

surface of the semi-thin sections were referenced to carry out Scanning Electron Microscopy 

(SEM) and Time of Flight Secondary Ion Mass Spectrometry (ToF-SIMS) observations on the 

same structures. 



 

77 

3.3 Scanning electron microscopy 

SEM images were recorded after ToF-SIMS on gold coated (~20 Å thick deposit) semi-

thin sections using a Quanta 200 SEM (LOG, Université de Lille) operated at 15-20 kV and at 

a working distance of 10 mm. Images were recorded in back-scattered electron (BSE) mode 

and Energy Dispersive X-ray Spectroscopy (EDXS) maps were acquired using a QuanTax QX2 

(ROENTEC) detector. 

3.4 ToF-SIMS 

The surface analyses were carried out using a TOF.SIMS 5 instrument (ION-TOF 

GmbH, Germany) at surface analysis platform, Université de Lille. This instrument is equipped 

with a Bi liquid metal ion gun (LMIG). Pulsed (≈ 1ns) Bi3
+ primary ions were used for analyses 

(25 keV) and low energy Ar+ ions (0.25keV) for sputtering with an incidence angle of 45° for 

both beams. The primary currents measured in the Faraday cup were 0.3 pA for Bi3
+ ions and 

14 nA for Ar+ ions beam. Raster for sputtering was 700 × 700 µm² during 5 minutes for 

standards and geological samples. The primary ion dose density (PIDD) calculated with the 

software showed that the static limit was reached after 1 minutes of sputtering (PIDD of 1013 

ions/mm²) while the ion dose with the Bi3
+ ions was below the static limit (<1013 ions/mm²). 

Calculations from this experimental condition give an estimated sputter rate of 0.01nm.s-1 for 

Au with monoatomic Ar+ ions beam. Secondary ions spectra for the standard molecules were 

acquired in bunched mode for both polarities from an area of 500 × 500 µm² centered in the 

argon crater, in a raster pattern of 128 × 128 pixels. Acquisition on the geological samples were 

conducted with the same sputtering settings but analyzed area, centered in the argon crater, 

were acquired in various size areas (from 130×130µm² to 500×500µm² with raster patterns from 

128×128 pixels to 256×256 pixels), in positive and negative bunched mode. To reduce charge 

effect build up on the sample surface, a pulsed electron flood gun was used for all analyses. In 

some cases, to reduce re-deposition of organic contamination from the ToF-SIMS chamber, 

non-interlaced mode was used with 1 second of sputtering after 10 scans of Bi3
+ scan and 3s of 

pause time after each Ar+ bombardment for charge compensation. 

Mass spectra and intensity images were extracted using the SurfaceLab 6.2 software. 

Calculation on spectra extracted from reconstructed Region of interest (ROI) were performed 

with mMass 5.5.0 software (Open Source Mass Spectrometry Tool). Mass calibration was 

achieved using the system reference masses at m/z 12 C+, 14.01 CH2
+, 15.02 CH3

+, 27.02 C2H3
+, 
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29.04 C2H5
+, 41.04 C3H5

+ in positive mode and 12 C-, 13.01 CH-, 14.01 CH2
-, 15.02 CH3

-, 15.99 

O-, 17.00 OH-, 24 C2
- in negative mode. The mass resolution m/Δm at m/z 40 is ranging from 

4500 to 6000 in positive and negative mode. 

4 Results 

4.1 Pure molecule standards 

A 2-Nonadecanone standard (a ketone organic molecule with a long aliphatic chain of 

carbon: CH3(CH2)16COCH3, calculated mass= 282.29u) was analyzed to understand the pattern 

of fragmentation of aliphatic/saturated molecules, after Ar+ sputtering. Phenanthrene (C14H10, 

calculated mass = 178.08u) and anthracene-D10 (C14D10, calculated mass= 188,14) were 

analyzed to derive fragmentation patterns of PAH using the same setup. 

4.1.1 Sputtering effect. 

Ratio based on ion intensity permits to characterize the chemistry of sample with ToF-

SIMS. Such ratio were used by Petrat et al., (1994) to investigate the surface chemistry of 

polystyrene modified by plasma treatment. They found that the integrity of the 

aromatic/aliphatic system could be monitored by using the intensity ratio of the hydrocarbon 

fragments at m/z 91 (C7H7
+) and m/z 55 (C4H7

+). They consider that the C7H7
+ and C4H7

+ 

fragments can be taken as key fragments for the aromatic and aliphatic systems, respectively. 

The decrease of the C4H7
+/C7H7

+ ratio values correlate with the time duration of plasma 

treatment indicates that the surface of the polystyrene and the carbon chain of the polymer were 

degraded by plasma treatment. Similarly, we use ratio to investigate the impact of the Ar+ 

sputtering on the molecule standards (2-nonadecanone and Phenanthrene). The C4H7
+/C6H5

+ 

ratio is introduced instead of the C4H7
+/C7H7

+ ratio because the tropylium ion (C7H7
+) is 

generated by methylbenzene, while the C6H5
+ fragment, with H/C<1, a simple cyclic 

hydrocarbon (benzene) is representative of aromatics (McLafferty et al., 1993). 

Figure 2.1 shows the evolution of the C4H7
+/C14H10

+ and C4H7
+/C6H5

+ ratios before and 

after sputtering for two standard compounds. The C14H10
+ ion corresponds to the parent ion for 

phenanthrene. With a H/C>1, C4H7
+ ion is considered a saturated fragment while C6H5

+ 

fragment with H/C<1 is supposed to have an aromatic structure. For phenanthrene the evolution 

of C4H7
+/C14H10

+ reveals that the Ar+ sputtering induced an important decrease of the C4H7
+ 
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signal and/or the increase of parent ions signal (Fig. 2.1A). This removal of saturated fragment 

by the Ar+ beam is also supported by the decrease of the C4H7
+/C6H5

+ ratio (Fig. 2.1B). The 

presence of highly saturated fragments such as C4H7
+ in the mass spectrum of the PAH can be 

interpreted as either a saturated molecular ion produced by fragmentation and hydrogenation 

recombination or a contamination (Toporski and Steele, 2004). Evolution of the ratio of the 

contaminant over the PAH parent ion (C4H7
+/C14H10

+) indicates that >99% of the contaminant 

is removed after sputtering (Fig. 2.1). For nonadecanone, the C4H7
+/C6H5

+ ratio increases after 

sputtering (Fig. 2.1B), indicating increase of C4H7
+ fragment and/or decrease of C6H5

+ 

fragment.  The C4H7
+ and C6H5

+ fragments are present in low amount on the silicon wafer 

devoid of molecule standard. The presence of C6H5
+ fragment on the silicon wafer suggests that 

the C6H5
+ detected on the nonadecanone is a surface airborne contamination removed by the 

sputtering. Importantly, Ar+ does not appear to decrease the signal of aliphatic fragments from 

nonadecanone, (Fig. 2.1, C4H7
+) suggesting that fragmentation by Ar+ is not dramatic, at least 

for the small mass fragments.  
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Fig. 2.1. (A) C4H7+/C14H10
+ and (B) C4H7

+/C6H5
+ ratios in the spectra of standard compounds 

before and after Ar+ sputtering. 

A 

B 
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Fig. 2.2. ToF SIMS spectra of the 2-nonadecanone in bunched mode after sputtering..Upper spectrum: positive mode. Red arrows indicated the presence of 

saturated ions fragments (typical of n-alkanes chain). Green arrows point the presence of unsaturated fragments. Lower spectrum: negative mode dominated by 

Cn
– and CnH

– cluster ions. 

Ion counts 

Ion counts 
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4.1.2 2-nonadecanone 

In positive mode between 280-290 u. the parent M+ ion (C19H38O
+, calculated m/z= 

282.29 u.) is detected (Fig 2.2). The (M+H)+ ion (attributed using mass calculation), which is 

generated by the addition of a proton to the parent ion, is the strongest peak. Less intense peaks 

are detected at m/z 284.29 and 285.30 which can be attributed to the contribution of (M+H)+ 

ion containing one or two 13C atom and the addition of two or three protons to the parent M+ 

ion. Similarly less intense peaks present at m/z 281.28 and 279.26 are attributed to the (M-H)+ 

and (M-3H)+ ions. A similar pattern is also observed between 500–600 u. with a dominant peak 

at mass 565.59 corresponding to the (2M+H)+ ion. A less intense peak corresponding to clusters 

of two parent molecules (C38H76O2
+) ion is present together with (2M-H)+ ,(2M-3H)+ , 

(2M+2H)+  and (2M+3H)+  ions at m/z 563.60, 561.55, 566.61 and 567.62 respectively (Fig. 

2.2). 

At low mass (between 0–200 u) the dominant peak is at m/z 43.02, assigned to C2H3O
+ 

ions, which correspond to the carbonyl fragment from the ketone head group (Fig. 2.2). In our 

attempt to understand the fragmentation pattern of aliphatic/saturated hydrocarbons, we focused 

on the distribution of CnHy fragments produced by the long chain present in the 2-nonadecanone 

molecule (Table 1). First, the C2Hy
+ fragments with a H/C (i.e. y/n) >1 dominate. For C2Hy

+ 

fragments, C2H5
+ ion, at m/z 29.04 and C2H3

+ ion, at m/z 27.02 represent respectively 55.1% 

and 37.2% of the C2Hy
+ fragments from the 2-nonadecanone. For the C3Hy

+ fragments, the 

C3H5
+ ion represents 54.1% of the C3Hy

+ signal from the molecule, while the C3H3
+, C3H7

+ 

represent less than 20% of the C3Hy
+ ions intensity. With the C4Hy

+ ions, fragments with H/C>1 

dominate and fragment with H/C≤1 represent only ~6.3% of the C4Hy
+ fragments. Hence, the 

dominant n=4 fragment is C4H7
+ (42.7% of C4Hn

+) and the C4H9
+, C4H5

+ are the second and 

third intense ions representing respectively 24.3% and 12.2% of C4Hy
+ fragments. This 

fragmentation pattern with the dominance of fragments with H/C>1 is also seen with the C5Hy
+ 

fragments (Fig. 2.3A). The C5H9
+ and C5H7

+ ions respectively account for 36.2% and 31.6% of 

the C5Hy
+ fragments. Moreover, the sum of the intensities of the C5Hy

+ ions with a H/C<1 

(C₅H₂⁺, C₅H₃⁺ and C₅H₄⁺ ions) accounts for less than 4% of the C5Hy
+ fragments. In contrast, 

highly saturated fragment such as C5H10
+ are relatively abundant (5.4%, Table 1). 
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Table 1. Values of intensity from CnHy⁺ ions from the 2-nonadecanone and phenanthrene 

standards.  

  

2-
nonadecanone 
standard 

Relative 
percentage 
of CnHi

+ (1)   
Phenanthrene 
standard 

Relative 
percentage 
of CnHi

+ (1) 
C₂H⁺ 2 0,2%   74 5,5% 
C₂H₂⁺ 19 1,5%   407 30,2% 
C₂H₃⁺ 486 37,2%   633 47,0% 
C₂H₄⁺ 57 4,4%   35 2,6% 
C₂H₅⁺ 719 55,1%   193 14,3% 
C₂H₆⁺ 22 1,7%   5 0,4% 

C₃H₂⁺ 9 0,5%   319 29,0% 
C₃H₃⁺ 354 18,0%   276 25,1% 
C₃H₄⁺ 44 2,2%   52 4,7% 
C₃H₅⁺ 1062 54,1%   309 28,1% 
C₃H₆⁺ 153 7,8%   28 2,5% 
C₃H₇⁺ 280 14,3%   108 9,8% 
C₃H₈⁺ 61 3,1%   9 0,8% 

C₄H₂⁺ 18 0,9%   509 31,7% 
C₄H₃⁺ 70 3,5%   700 43,5% 
C₄H₄⁺ 39 1,9%   128 8,0% 
C₄H₅⁺ 246 12,2%   118 7,3% 
C₄H₆⁺ 149 7,4%   16 1,0% 
C₄H₇⁺ 861 42,7%   99 6,2% 
C₄H₈⁺ 145 7,2%   8 0,5% 
C₄H₉⁺ 490 24,3%   30 1,9% 

C₅H₂⁺ 3 0,3%   376 29,1% 
C₅H₃⁺ 26 2,4%   667 51,6% 
C₅H₄⁺ 9 0,8%   78 6,0% 
C₅H₅⁺ 95 8,8%   92 7,1% 
C₅H₆⁺ 46 4,2%   15 1,2% 
C₅H₇⁺ 343 31,6%   33 2,6% 
C₅H₈⁺ 112 10,3%   8 0,6% 
C₅H₉⁺ 392 36,2%   19 1,5% 
C₅H₁₀⁺ 58 5,4%   4 0,3% 

C₆H₂⁺ 3 0,4%   378 30,2% 
C₆H₃⁺ 10 1,3%   373 29,8% 
C₆H₄⁺ 3 0,4%   110 8,8% 
C₆H₅⁺ 92 11,9%   169 13,5% 
C₆H₆⁺ 37 4,8%   168 13,4% 
C₆H₇⁺ 132 17,1%   21 1,7% 
C₆H₈⁺ 36 4,7%   6 0,5% 
C₆H₉⁺ 214 27,7%   13 1,0% 
C₆H₁₀⁺ 56 7,3%   2 0,2% 
C₆H₁₁⁺ 168 21,8%   10 0,8% 
C₆H₁₂⁺ 21 2,7%   3 0,2% 

C₇H₂⁺ 2 0,5%   188 27,0% 
C₇H₃⁺ 5 1,1%   279 40,0% 
C₇H₄⁺ 8 1,8%   54 7,7% 
C₇H₅⁺ 9 2,0%   95 13,6% 
C₇H₆⁺ 7 1,6%   12 1,7% 
C₇H₇⁺ 94 21,3%   42 6,0% 
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C₇H₈⁺ 14 3,2%   7 1,0% 
C₇H₉⁺ 51 11,5%   5 0,7% 
C₇H₁₀⁺ 19 4,3%   2 0,3% 
C₇H₁₁⁺ 120 27,1%   7 1,0% 
C₇H₁₂⁺ 34 7,7%   3 0,4% 
C₇H₁₃⁺ 79 17,9%   3 0,4% 

C₈H₂⁺ 2 1,1%   144 32,1% 
C₈H₃⁺ 6 3,3%   106 23,7% 
C₈H₄⁺ 3 1,6%   26 5,8% 
C₈H₅⁺ 6 3,3%   44 9,8% 
C₈H₆⁺ 6 3,3%   83 18,5% 
C₈H₇⁺ 12 6,5%   24 5,4% 
C₈H₈⁺ 7 3,8%   4 0,9% 
C₈H₉⁺ 32 17,4%   7 1,6% 
C₈H₁₀⁺ 9 4,9%   2 0,4% 
C₈H₁₁⁺ 16 8,7%   2 0,4% 
C₈H₁₂⁺ 7 3,8%   2 0,4% 
C₈H₁₃⁺ 49 26,6%   2 0,4% 
C₈H₁₄⁺ 14 7,6%   2 0,4% 
C₈H₁₅⁺ 15 8,2%   0 0,0% 

C₉H₂⁺ 2 1,7%   62 16,4% 
C₉H₃⁺ 4 3,3%   55 14,5% 
C₉H₄⁺ 4 3,3%   14 3,7% 
C₉H₅⁺ 3 2,5%   58 15,3% 
C₉H₆⁺ 5 4,2%   26 6,9% 
C₉H₇⁺ 16 13,3%   140 36,9% 
C₉H₈⁺ 13 10,8%   16 4,2% 
C₉H₉⁺ 16 13,3%   4 1,1% 
C₉H₁₀⁺ 3 2,5%   1 0,3% 
C₉H₁₁⁺ 10 8,3%   2 0,5% 
C₉H₁₂⁺ 5 4,2%   0 0,0% 
C₉H₁₃⁺ 7 5,8%   1 0,3% 
C₉H₁₄⁺ 6 5,0%   0 0,0% 
C₉H₁₅⁺ 11 9,2%   0 0,0% 
C₉H₁₆⁺ 6 5,0%   0 0,0% 
C₉H₁₇⁺ 9 7,5%   0 0,0% 

(1) Intensity of each ion normalized to the total intensity of the CnHy series calculated using 

equation: (relative percentage)n,y = 𝐶𝑛𝐻𝑦
+  ÷  ∑ 𝐶𝑛𝐻𝑖

+
𝑖  for all (i) values where 𝐶𝑛𝐻𝑖

+is detected 

above background. 
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Fig. 2.3. Distribution of the C5Hy
+ ion series normalized using equation (1), for:(A) the 2-

nonadecanone and phenanthrene standards, (B) the Orbagnoux lamina and veins. (C) The 

Strelley Pool organic matter (OM). 

The distribution of C6Hy
+ ions is dominated by relatively saturated fragments with y>6 

(>70% of the total intensity from C6Hy
+ fragments) with maximum intensity for the C6H9

+ 

A 

B 

C 
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(27%) and C6H11
+ (21%) fragments. Interestingly, the C6H5

+ ions is detected with a significant 

intensity (11% of C6 fragment) (Table 1). The positive C7Hy
+ fragment distribution is similar to 

that of C6Hy
+ ions (Table 1). Here, saturated fragments with H/C>1 (C7H11

+
, C7H13

+ and C7H9
+) 

dominate whereas respective intensities of fragments with H/C<1 are below 2% (Fig. 2.4A). 

Moreover, the C7H7
+ ion (tropylium ion), is detected with a relative high intensity (21% of 

C7Hn
+ ions) (Fig. 2.4A and Table 1). 

At higher mass, the signal decreases strongly but fragments typical of saturated long 

chains are still detected. For the C8Hy
+ fragment distribution, the ions with H/C>1 (C8H9

+, 

C8H13
+, C8H14

+ and C8H15
+) are still relatively significant (Table 1). In contrast, C9Hy

+
 fragments 

lack a distinct distribution. For these fragments, peaks corresponding to C9H7
+, C9H8

+ and 

C9H9
+ ions (fragment H/C<1) are important, while the intensity of saturated (H/C>1 ) ions 

(C9H11
+, C9H15

+and C9H17
+) remains significant but not predominant (respectively 8%, 9% and 

7%) (Table 1). Finally, a predominance of odd over even values of y is observed in CnHy
– series 

(Figs. 2.3A, 2.4A, Table 1). 

In negative mode, the parent M– is present at mass 282.29 but the spectrum at high mass 

(between 200-300u) is dominated by the (M-H)– ion, generated by the loss of a H–. The second 

peak in height occurs at mass 284.28, which corresponds to the (M+H)– ion (Fig. 2.2) or at low 

mass the dominant peak is the ion C2H
– at m/z 25.01 (Fig. 2.2). The spectrum shows the 

predominance of fragments with an even carbon number (Fig. 2.2), also shown by the 

calculation of the CnH
–/Cn

– ratio (Fig. 2.5B). The hydrogenated fragment (CnH
–) is more intense 

than the non-hydrogenated fragment of similar carbon number (Cn
–, Fig. 2.2, 2.5B). Moreover, 

the high values for the Cn
–/C2

– ratio recorded for n ranging between 3-8 indicate that the 

fragmentation of 2-nonadecanone leads to the production of long Cn
– cluster ions.  
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Fig. 2.4. Distribution of the C7Hy
+ ion series normalized using equation (1), for:(A) the 2-

nonadecanone and phenanthrene standards, (B) the Orbagnoux lamina and veins. (C) The 

Strelley Pool organic matter (OM). 

A 

B 
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Fig. 2.5.  Negative polarity fragment intensity ratio graphs from the Orbagnoux laminae 

(orange) and veins (yellow), the Strelley Pool OM (blue), as well as the nonadecanone (red) 

and phenanthrene (green) standards. (A) Cn
–/C2

– ratios. (B) CnH
–/Cn

– ratios. Note that the 

ratios presented in these graphs for the Orbagnoux laminae and Strelley Pool OM are means 

from the respectively four and two ROI areas analysed in ToF SIMS 

A 

B 
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4.1.3 Phenanthrene and anthracene-D10 

For the phenanthrene standard molecule, the M+ ions (parent ions C14H10
+, calculated 

m/z= 178,08u) are present at m/z 178.08 and dominate the signal between 100 and 250 u. (Fig. 

2.6). These parent M+ ions are associated with (M-2H)+, (M-H)+, (M+H)+, (M+2H)+ ions that 

display a lower intensity. We can note that the peak attributed to the (M+H)+, (M+2H)+ have 

probably a contribution of the parent ions with one or two 13C. Furthermore, numerous 

significant ion peaks are produced by the loss or capture of CH+ fragments: C16H10
+ (m/z 

202.07), C15H9
+ (m/z 189.07), C13H9

+ (m/z 165.07), C12H8
+(m/z 152.06) and C11H7

+ (m/z 

139.05). Each of these ions is also affected by proton loss or capture as shown in the spectra. 

This phenomenon gives the spectra of PAH a pattern characterized by series of fragments 

corresponding to the ions (M±aCH+±bH+) as shown by the green brackets in Fig. 2.6. 

At low mass, the spectrum is dominated by ions from the silicon wafer substrate (Si+, 

SiH+, SiOH+ and SiOH+ ions at m/z= 28.97; 28.98; 44.97 and 45.98, Fig. 2.6) due to the 

evaporation of the PAH in the ToF-SIMS chamber that only leaves a thin, porous layer of 

phenanthrene crystallites. Considering the CnHy
+ series, the low mass peaks are mainly 

dominated by fragment with H/C<1 (Table 1). First, the C2Hn
+ fragments are dominated by 

C2H3
+ and C2H2

+ that represent 47% and 30% (respectively) of the total C2Hy+ ion intensity. 

Interestingly, the saturated C2H5
+ ions represent 14% of the C2Hy

+ series (Table 1). The C3Hy
+ 

fragments are also dominated by ions with low H/C: C3H2
+ and C3H3

+ represent 29% and 25% 

of the series total intensity, respectively. As seen with C2H5
+, C3H5

+ represents a significant 

part of the C3Hn
+ intensity (28%) (Table 1). The presence of these saturated fragments with a 

H/C>1 indicates that hydrogenation of low mass-fragments is important. The C4Hy
+ fragments 

are dominated by the C4H2
+ and C4H3

+ ions representing 32% and 43% of the series. The 

saturated fragment, such as C4H7
+ and C4H9

+ represent less than 8% of the C4Hy
+ series. (Table 

1). This pattern of dominance of fragments with H/C<1 is amplified in the C5Hy
+ fragment 

series (Fig. 2.3A). Again, C5H2
+ and C5H3

+ ions represent 80% of the series, while the saturated 

fragments (C5H7
+ and C5H9

+) represent less than 4% of the series intensity (Fig. 2.3A and Table 

1). For the C6Hy
+ fragments, the C6H2

+ and C6H3
+ ions are also significant (with respectively 

30% and 29% of the series intensity). However, the fragments C6H5
+ and C6H6

+, ions likely 

corresponding to benzenoid structures (Spool, 2004; Thiel and Sjövall, 2014; Toporski and 

Steele, 2004), represent a notable part of the C6Hy
+ signal (~13% each) (Table 1). The C7 series 

also displays the dominance of fragment characterized by very low H/C: C7H2
+

, C7H3
+ and 

C7H5
+ altogether represent 80% of the C7Hy

+ series intensity. Interestingly, the tropylium ion 

(C7H7
+) represents only 6% of the C7Hy

+ series intensity (Fig. 2.4A and Table 1). For the C8Hy
+ 
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series, 55% of the signal correspond to the fragments C8H2
+, C8H3

+ and 18% for C8H6
+ ions 

(Table 1). This trend is also seen seen with the C9Hy+series where the C9H7
+ ion is the main 

peak with 37% of the intensity and C9H2
+, C9H3

+ and C9H5
+ ions each represent ~15% of the 

total intensity (Table 1). 

In negative mode, the parent ion M– of phenanthrene is absent. Moreover, the main 

peaks of the spectrum come from the silicon wafer substrate at m/z: 15.99 (O–), 17.00 (OH–), 

59.96 (SiO2
–), 60.97 (SiO2H

–) (Fig. 2.6). The main carbonaceous signal from the PAH standard 

comes from the fragments C2
- and C2H

-. The intensities of Cn
– and CnH

– peaks are very low 

(Fig. 2.5). Moreover, if present the CnH2
– fragments have very low intensities while the CnH3

– 

fragments are absent.  The CnH
-/Cn

- ratios (Fig. 2.5) show that the CnH
– intensity for odd carbon 

numbered fragments represent 45–60% of the Cn
– intensity while the CnH

– intensity for even 

carbon numbered fragments are 50-70% higher than the Cn
- fragments (Fig. 2.5). 

For the anthracene-D₁₀ (C₁₄D₁₀), the positive spectrum is not presented due to the 

difficulties to make difference between molecule having deuterium/dihydrogen ion (D+, m/z= 

2.014/ H2
+, m/z= 2.015) and deuterium with hydrogen/tri-hydrogen (DH+, m/z= 3.021/H3

+, 

m/z= 3.023). However, this molecule standard (C₁₄D₁₀+, calculated m/z=188.14) was detected 

and offered the opportunity to constrain the formation of CnHy
– ions in negative mode (because 

of the very low quantity of CnH2
– ions produced by the previous PAH). 

In the negative mode spectrum of anthracene-D₁₀ (C₁₄D₁₀), the parent ion is also absent 

(Fig. 2.7). As observed for phenanthrene, the fragmentation of the deuterated PAH 

predominantly generates Cn
–/CnD

– clusters with low C number (Fig. 2.7). Besides, CnH
– 

clusters are produced, the intensities of which are similar to the intensities of their respective 

following CnD
– peaks (for each n>2) (Fig. 2.7 and Table 2). Thus, CnD

– and CnH
– clusters likely 

form through recombination of Cn
– with D and or H ions/radicals. Our recent GC-MS performed 

on this standard shows the absence of hydrogen exchange with deuterium and indicates that 

isotopic exchange was absent within the clean glass vial. Thus, D ions/radicals present within 

the ToF SIMS spectrum derive from the PAH itself, whereas H ions/radicals likely derived 

from contamination during the sample deposition on clean silicon wafer and/or storage and/or 

within the ToF-SIMS chamber. 
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Table 2. Negative ion ratio for anthracene-D₁₀ (C₁₄D₁₀) 

 

anthracene 

D₁₀ standard   

anthracene 

D₁₀ standard 

C₂D⁻/C₂⁻ 0,57 C₂H⁻/C₂⁻ 0,92 

C₃D⁻/C₃⁻ 0,16 C₃H⁻/C₃⁻ 0,14 

C₄D⁻/C₄⁻ 0,50 C₄H⁻/C₄⁻ 0,40 

C₅D⁻/C₅⁻ 0,13 C₅H⁻/C₅⁻ 0,12 

C₆D⁻/C₆⁻ 0,37 C₆H⁻/C₆⁻ 0,44 

C₇D⁻/C₇⁻ 0,14 C₇H⁻/C₇⁻ 0,08 

C₈D⁻/C₈⁻ 0,43 C₈H⁻/C₈⁻ 0,46 

C₉D⁻/C₉⁻ 0,24 C₉H⁻/C₉⁻ 0,41 

C₁₀D⁻/C₁₀⁻ 0,52 C₁₀H⁻/C₁₀⁻ 0,60 
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Fig. 2.6. ToF SIMS spectra of the phenanthrene standard in bunched mode, after sputtering. Upper spectrum: positive mode. Red arrows: saturated fragments. 

Green arrows: unsaturated fragments (likely generated by aromatic). Green brackets: PAH fragments series. Green arrows with bold contour: Fragment ions 

with the lowest H/C ratio. Lower spectrum: negative mode.

Ion counts 

Ion counts 
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Fig. 2.7. Negative ToF SIMS spectrum of the anthracene D-10 standard in bunched mode, after sputtering. Green arrows: CnH
– ions. Black arrows: CnD

– 

fragments, which are assumed to be generated by the deuterated standard. Here the spectrum show the equivalent intensities of CnH
– and CnD

– ions for the 

different Cn
– series. 

Ion counts 
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4.1.4 Semi-quantitative ratio 

The analysis of the global positive ion spectra and of CnHy
+ series allows us to highlight 

the main mass spectral features that distinguish an aliphatic hydrocarbon chain (nonadecanone) 

from that of a PAH (phenanthrene). From these observations, we propose a series of semi-

quantitative ratios that can be used to address the molecular structure of unknown kerogen. 

First, as expected from the general formula of the studied standards, CnHy
+ with H/C>1 

dominate for an aliphatic compound, whereas fragments with H/C<1 dominate in the PAH; this 

is exemplified in Fig. 2.3A. Second, with increasing carbon number in CnHy
+ series, fragments 

with H/C close to unity (e.g. -1<(n-y)<1 increase in abundance relative to those with H/C<1 

(dominating in phenanthrene) and/or H/C>1 (dominating in nonadecanone). The most 

prominent example of this effect is illustrated with the abundance of C7H7
+ in the spectrum of 

nonadecanone (Fig. 2.4A). This unsaturated fragment that is commonly formed in aromatic 

compounds (Sakamoto et al., 2004; Spool, 2004; Toporski and Steele, 2004) is also observed 

in our analysis of nonadecanone. Similarly, the relative intensity of C5H5
+ in the C5Hy

+ series 

is quite similar in nonadecanone and phenanthrene (Table 1). Therefore, we defined the ratios 

Rn (R4 to R9) using equations (2-7) of the sum of CnHy
+ species with H/C>1 to sum of the 

CnHy
+ species with H/C<1; these sums exclude the CnHy

+ fragments where a similar intensity 

was observed in the nonadecanone and the phenanthrene, with values usually of H/C~1 (such 

as C7H7
+). The Rn ratio are thus used as indicators of the saturation of fragments with n carbons. 

For nonadecanone, Table 3 and Fig. 2.8C show that saturation is high for all carbon numbers 

and increases with increasing carbon number until n = 6, then decreases sharply for larger 

fragments. Thus, it appears that with our analytical setup large fragments from saturated 

aliphatic chains suffer more from hydrogen-stripping than shorter fragments. In contrast, the 

fragments from phenanthrene display low saturation and display a pattern where saturation of 

CnHy
+ fragments decreases sharply with increasing carbon number for n≥4. 

Based on these observations, study of fragment ions with small carbon number is 

probably best suited to compare OM containing long aliphatic chains with aromatic-rich OM. 

Among the ratios defined below (C₂H₅⁺/C₂H₃⁺, C₃H₅⁺/C₃H₃⁺, C₄H₇⁺/C₆H₅⁺, C₄H₇⁺/C₇H₇⁺, 

C₅H₉⁺/C₇H₇⁺), the ratio C₄H₇⁺/C₆H₅⁺ best discriminates the long chain aliphatic against the PAH. 

We also introduce the aliphatic/aromatic ratio Rali/aro using equation (8) based on the fragments 

listed in a ToF-SIMS study of fossil plants in Abbott et al. (2018), which also strongly 

discriminates nonadecanone and phenanthrene (Table 3). 
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Table 3. Various ratio values for the standards, the Orabgnoux lamina, veins and the Strelley 

Pool OM based on the intensities of the measured hydrocarbon ions, in positive mode.  See 

equations (2-9) for definition of R4 to R9 and Rali/aro. 

 Fragment ratios 
Nona-
decanone 

Phen-
anthrene 

  
Orbagnoux 
lamina 

Orbagnoux 
veins 

Strelley 
Pool OM 

C₂H₅⁺/C₂H₃⁺ 1.48 0.30   0.96 1.27 0.77 

C₃H₅⁺/C₃H₃⁺ 3.00 1.12   1.46 2.30 1.24 

C₄H₇⁺/C₆H₅⁺ 9.36 0.59   1.26 3.28 1.24 

C₄H₇⁺/C₇H₇⁺ 9.16 2.36   2.18 4.64 2.03 

C₅H₉⁺/C₇H₇⁺ 4.17 0.45   0.47 1.41 0.40 

R4 (eq. 2) 18.69 0.13   1.20 3.15 2.19 

R5 (eq. 3) 32.79 0.08   0.73 2.31 1.36 

R6 (eq. 4) 39.19 0.06   0.75 1.82 1.60 

R7 (eq. 5) 13.21 0.04   0.37 1.12 0.27 

R8 (eq. 6) 5.52 0.04   0.39 1.16 1.48 

R9 (eq. 7) 2.28 0.01   0.16 0.41 0.38 

Rali/aro (eq. 8) 11.11 0.28   2.37 3.41 1.87 

RCn
– (eq. 9)  0.36 0.08   0.23 0.17 0.07 

C2H–/C2
– 6.52 1.79   1.24 2.31 1.07 

(2)  R4 = ∑ 𝐶4𝐻𝑦
+9

𝑦=6   ÷  ∑ 𝐶4𝐻𝑦
+3

𝑦=2  

(3) R5 = ∑ 𝐶5𝐻𝑦
+11

𝑦=6   ÷  ∑ 𝐶5𝐻𝑦
+3

𝑦=2  

(4) R6 = ∑ 𝐶6𝐻𝑦
+11

𝑦=7   ÷  ∑ 𝐶6𝐻𝑦
+4

𝑦=2  

(5) R7 = ∑ 𝐶7𝐻𝑦
+12

𝑦=8   ÷  ∑ 𝐶7𝐻𝑦
+5

𝑦=2  

(6) R8 = ∑ 𝐶8𝐻𝑦
+15

𝑦=9   ÷  ∑ 𝐶8𝐻𝑦
+6

𝑦=2  

(7) R9 = ∑ 𝐶9𝐻𝑦
+17

𝑦=10   ÷  ∑ 𝐶9𝐻𝑦
+ 

𝑦=2,3,5,7  

(8) Rali/aro = (C₂H₅⁺ + C₃H₅⁺ + C₄H₉⁺ + C₅H₉⁺ + C₆H₁₁⁺ + C₇H₁₃⁺ + C₈H₁₅⁺ + C₉H₁₇+) 

/ (C₆H₅⁺ + C₇H₇⁺ + C₈H₉⁺ + C₉H₇⁺ + C₁₀H₈⁺ + C₁₃H₉⁺ + C₁₄H₁₀⁺ + C₁₅H₁₁⁺ + C₁₆H₁₀⁺) 

(9) RCn
– = ∑ 𝐶𝑛

−𝑋
𝑛=5   ÷  ∑ 𝐶𝑛

−4
𝑛=1   
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Fig. 2.8. Plots of ion ratios defined in Table 3 from standards and the different sample areas. 

(A) C4H7
+/C6H5

+. These ratios were calculated for four and two analyzed area from the 

respective orbagnoux laminae and Strelley Pool OM. B) Aliphatic ions/aromatic ions (equation 

8) ratios. (C-D) R4 to R9 ratios (equations 2-7) in nonadecanone (C) and phenanthrene (D). 

(E) Ratios R4 to R9 normalized to R4 in Orbagnoux and Strelley Pool OM. The color legend is 

the same for (A-E).  

1 

0.5 

0 
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4.2 Rock samples 

 

Fig. 2.9. General reflected light images of the semi-thin sections prepared for ToF SIMS 

analyses. Left: Orbagnoux sample. Right: Strelley Pool Formation sample. The red squares 

correspond to the analyzed areas presented here (Figs. 2.10 and 2.13). The black squares 

correspond to other areas analysed but not presented. 

4.2.1 Orbagnoux stromatolite 

The Orbagnoux stromatolite is characterized by dark laminae, which are interpreted as 

fossil stromatolitic microbial mats, and light laminae composed of carbonate (Tribovillard et 

al., 2004). The organic-rich laminae can be easily recognized at the macroscale (Fig. 2.9) and 

with SEM-BSE images (Fig. 2.10A). Moreover, SEM EDXS map of sulfur performed on an 

area analyzed with ToF-SIMS, permit to constrain the distribution of the organic-rich laminae 

(Fig. 2.10D). Some of these organic rich laminae also appear enriched in microscopic Si±Al-

rich minerals that likely are quartz and/or clay minerals (Fig. 2.10C-E). Importantly, some 

organic-rich laminae are devoid of Al-Si minerals, indicating that those were not introduced in 

OM during the preparation process (e.g. smearing of indigenous minerals or corundum 

abrasive). 

In positive mode, the ToF SIMS analyses performed after Ar+ sputtering on gold-coated 

sample reveal the same distribution of the calcium (Ca+), aluminum (Al+) and silicon (Si+) ion 

as observed with EDXS map (Fig. 2.10F). Sputtering depth profiles performed with Ar+ on this 

area demonstrated the necessity of removing a nanoscale layer of air-deposited (or smeared), 

homogeneous contamination in order to analyze the underlying OM and minerals (Fadel et al, 

in prep, chapter X of this thesis). After sputtering of the homogenous contaminant layer, the 

positive ions images of several hydrocarbon fragments correlated with the organic-rich laminae 

observed in SEM. However, the intensities of the positive organic fragments is higher in the 

aluminum-rich laminae (blue arrows in Fig. 2.10) than in the laminae that appear devoid of 
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aluminum (green arrows in Fig. 2.10). These intensities contrast strongly with those observed 

in negative ion mode (Fig. 2.10G), where organic fragments are more intense in the OM-rich, 

Al-poor laminae. The positive ion ratios calculated on these two types of organic matter are 

equivalent. The C₄H₇⁺/C₇H₇⁺ ratios are 2.40 for the OM rich lamina (green arrow in Fig. 2.10), 

2.46 for the OM-Al rich lamina (blue arrow). Ratios of organic ion intensities over inorganic 

ions are also equivalent: C₄H₇⁺/Al⁺ of 0.018 for OM-rich laminae, 0.017 for OM-Al rich 

laminae; C₇H₇⁺/Al⁺ of 0.007 for OM-rich laminae, 0.007 for OM-Al rich laminae; C₄H₇⁺/Ca⁺ 

of 0.094 for OM-rich laminae, 0.093 for OM-Al-rich; and C₇H₇⁺/Ca⁺ of 0.039 for OM rich and 

0.038 for OM-Al-rich laminae. Based on these ratios of ions intensities from these apparently 

two different types of organic matter, we show that this heterogeneity is only due to a lower 

total ion intensity in the OM-rich laminae relative to the OM-Al-rich laminae during ToF-SIMS 

analyses. This suggests that a matrix effect, possibly linked with the presence of clay minerals, 

enhances the signal of OM in the OM-Al-rich laminae. In order to obtain significant signal for 

identification and semi-quantification, we decided to group these two types of organic matter 

and refer them as Orbagnoux lamina OM in tables and spectra. The spectrum (Fig. 2.11) used 

for the calculation of the diverse ratios was reconstructed from an area of interest (ROI) of 200 

x 200 µm² within the organic lamina. 

The Orbagnoux lamina spectrum is displayed in Fig. 2.11. At high mass the spectrum 

reveals a fragment series of unsaturated ions. Moreover, unsaturated ions peaks are present: 

C6H5
+, C7H7

+, C9H7
+, C10H8

+, C14H10
+ and C16H10

+ ions (green arrows in Fig. 2.11). Ions 

attributed to saturated fragments, C2H5
+, C4H7

+ and C5H9
+ ions, are relatively abundant (red 

arrows in Fig. 2.11).  
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Fig. 2.10. Orbagnoux sample surface analyses. (A) BSE image. Black square: ToF SIMS aera 

analysed; red square: Region of interest used to reconstruct spectrum; white square: Position 

of EDXS maps. OM appears in black, Ca-carbonate in light grey. (B-E) Elemental EDXS maps 

of calcium (B), aluminum (C), sulfur (D) and silicon (E). (F) Positive ion images of various 

inorganic (Ca+, Al+, Si+) and organic (C2H5
+, C4H7

+, C6H5
+, C7H7

+, C10H8
+, C14H10

+, 

C16H10
+) ions. (G) Negative ion images of various organic ions (Cn

- and CnH
- ions). The blue 

arrows indicate the position of the aluminum/OM rich lamina; the green arrows, the OM-rich 

lamina and orange arrows, the veins. 

At low mass, between 0–200 u., the Orbagnoux laminae spectrum shows the following 

fragmentation pattern for hydrocarbon ions. First, the C2H3
+ ions dominated the C2Hy

+ 
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fragments representing (40% of the series intensity), while the saturated C2H5
+ ions accounted 

for 38% of the series intensity (Table 4). For the C3Hy
+ fragments, 49% of the series intensity 

is generated by the saturated C3H5
+ and 34% by the unsaturated C3H3

+ (Table 4). For the C4Hn
+, 

the intensity of C4H3
+, C4H5

+ and C4H7
+ ions represent equally ~23% of the signal, showing no 

clear dominance of fragment with a low or high H/C ratio (Table 4). In contrast, the C5Hy
+ 

fragments show a dominance of ions characterized by a H/C<1 (Fig. 2.3B, Table 4). The same 

trend is observed for C6Hy
+ fragment with the C6H2

+, C6H3
+ ions representing 11% and 14% of 

the series intensity (Table 4) whereas C6H5
+ ion accounted for 36%. Alike, the C7Hy

+ series is 

dominated by the C7H7
+ ion (tropylium) while C7H2

+, C7H3
+ and C7H5

+ fragments with a low 

H/C represent a significant part (42% of the series intensity) (Fig. 2.4B and Table 4). The same 

fragmentation pattern is observed for the C8Hy
+ fragments showing the domination of 

unsaturated ions (C8H6
+ and C8H7

+). The C8H2
+, C8H3

+ also represent a significant part of the 

C8Hy
+ signal (19% and 15% respectively) (Table 4). Again, an unsaturated ion (C9H7

+) 

represent the main intensity of the C9Hy
+ series signal and fragment with a low H/C (C3H2

+, 

C9H3
+) represent an important part (24%) of the C9Hy

+ fragment series (Table 4). 

All the ratios showing the relative importance of saturated over unsaturated CnHy
+ 

fragments C3H5
+/ C3H3

+, C₄H₇⁺/C₆H₅⁺, C₄H₇⁺/C₇H₇⁺, C₅H₉⁺/C₇H₇⁺, R4 to R9 and Rali/aro 

compare better the ratios measured in the PAH standard than in the aliphatic standard (Table 3, 

Fig. 2.8). Only the C2H5
+/ C2H3

+ ratio displays a value of 0.96 that is intermediate between 

phenanthrene (0.3) and nonadecanone (1.48). This suggests that OM in this lamina is highly 

unsaturated compared to a purely aliphatic molecule. Only the fragments with a small carbon 

number are highly saturated, as indicated by the high C2H5
+/ C2H3

+. This suggests that the 

Orbagnoux laminae OM is enriched in short aliphatic chains compared to long aliphatic chains. 

Moreover, a strong decrease of saturation indexes is observed from R4 to R9 with a pattern that 

is very similar to that observed in the PAH (Figs. 2.8E versus 2.8C and 2.8D). Nevertheless, 

the saturation indicators R4-R9 and the ratio Rali/aro are still an order of magnitude higher in the 

Orbagnoux laminae than in the PAH reference (phenanthrene). Altogether, these indicators 

point to a macromolecular structure where aliphatic side-chains are present, but in a relatively 

low abundance compared to unsaturated, likely aromatic structures.  

In negative mode, the ions images of the hydrocarbon fragments (Cn
–, CnH

–) are 

different from those obtained in positive mode (Figs. 2.10F versus 2.10G). Here, the negative 

ions images indicate that the organic fragment signal is higher in the OM-rich lamina than in 

the OM-Al laminae. The negative ions images are consistent with the SEM observations (Fig. 

2.10D and G). The Cn
–/C2

– ratios on the different OM laminae from the different areas are 
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relatively low (Fig. 2.5A). Moreover, the CnH
–/Cn

– ratios obtained in the four analysed areas of 

the sample (Fig. 2.9) are close to unity for the even carbon fragments and 0.3 for the odd carbon 

fragments (Fig. 2.5B). The laminae also contains C2S
– and C2SH– (Fig. 2.11 and Supplementary 

Tables in Annexe). The C2S
–/ C2

– ratio is 0.07 for the Orbagnoux lamina shown in Figure 2.10G. 

Table 4. Values of intensity from CnHy⁺ ions from the Orbagnoux lamina, Orbagnoux veins 

and Strelley Pool OM. Relative percentage of CnHi
+ calculated as in table 1 

 

Orbagnoux 
lamina 

Relative 
percentage 
of CnHi

+    
Orbagnoux 
veins 

Relative 
percentage 
of CnHi

+    
Strelley 
Pool OM 

Relative 
percentage 
of CnHi

+  

C₂H⁺ 787 2,1%   85 0,8%   4 0,5% 
C₂H₂⁺ 3475 9,3%   559 5,0%   48 5,6% 
C₂H₃⁺ 15150 40,4%   4235 38,2%   372 43,4% 
C₂H₄⁺ 2646 7,1%   640 5,8%   49 5,7% 
C₂H₅⁺ 14471 38,6%   5391 48,6%   288 33,6% 
C₂H₆⁺ 977 2,6%   172 1,6%   97 11,3% 

C₃H₂⁺ 4110 6,3%   534 2,2%   53 3,1% 
C₃H₃⁺ 22061 34,0%   4563 19,2%   448 26,4% 
C₃H₄⁺ 2808 4,3%   366 1,5%   47 2,8% 
C₃H₅⁺ 32205 49,7%   10511 44,3%   557 32,8% 
C₃H₆⁺ 2506 3,9%   812 3,4%   228 13,4% 
C₃H₇⁺ 772 1,2%   6704 28,2%   159 9,4% 
C₃H₈⁺ 387 0,6%   246 1,0%   208 12,2% 

C₄H₂⁺ 3581 8,4%   673 4,9%   41 4,7% 
C₄H₃⁺ 9642 22,6%   1921 14,0%   148 17,1% 
C₄H₄⁺ 3025 7,1%   621 4,5%   50 5,8% 
C₄H₅⁺ 10507 24,6%   2350 17,1%   211 24,4% 
C₄H₆⁺ 1520 3,6%   447 3,3%   36 4,2% 
C₄H₇⁺ 10100 23,7%   5935 43,2%   244 28,2% 
C₄H₈⁺ 951 2,2%   468 3,4%   91 10,5% 
C₄H₉⁺ 3340 7,8%   1334 9,7%   43 5,0% 

C₅H₂⁺ 2717 10,5%   446 6,9%   37 8,3% 
C₅H₃⁺ 8280 32,0%   1131 17,4%   99 22,2% 
C₅H₄⁺ 1180 4,6%   203 3,1%   23 5,2% 
C₅H₅⁺ 5546 21,5%   1057 16,3%   102 22,9% 
C₅H₆⁺ 1354 5,2%   279 4,3%   30 6,7% 
C₅H₇⁺ 3752 14,5%   1239 19,1%   73 16,4% 
C₅H₈⁺ 503 1,9%   180 2,8%   24 5,4% 
C₅H₉⁺ 2197 8,5%   1808 27,9%   48 10,8% 
C₅H₁₀⁺ 308 1,2%   143 2,2%   10 2,2% 

C₆H₂⁺ 2567 11,5%   389 7,3%   38 7,9% 
C₆H₃⁺ 3165 14,2%   505 9,4%   45 9,3% 
C₆H₄⁺ 1134 5,1%   211 3,9%   13 2,7% 
C₆H₅⁺ 8007 36,0%   1810 33,8%   197 40,8% 
C₆H₆⁺ 2169 9,8%   430 8,0%   36 7,5% 
C₆H₇⁺ 2337 10,5%   614 11,5%   51 10,6% 
C₆H₈⁺ 461 2,1%   138 2,6%   18 3,7% 
C₆H₉⁺ 1560 7,0%   766 14,3%   51 10,6% 
C₆H₁₀⁺ 183 0,8%   89 1,7%   14 2,9% 
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C₆H₁₁⁺ 574 2,6%   361 6,7%   14 2,9% 
C₆H₁₂⁺ 80 0,4%   47 0,9%   6 1,2% 

C₇H₂⁺ 1946 14,0%   212 6,4%   23 3,9% 
C₇H₃⁺ 2640 19,0%   334 10,1%   29 4,9% 
C₇H₄⁺ 576 4,1%   94 2,9%   271 45,5% 
C₇H₅⁺ 1347 9,7%   279 8,5%   39 6,5% 
C₇H₆⁺ 390 2,8%   70 2,1%   17 2,9% 
C₇H₇⁺ 4630 33,3%   1278 38,8%   120 20,1% 
C₇H₈⁺ 638 4,6%   184 5,6%   17 2,9% 
C₇H₉⁺ 684 4,9%   228 6,9%   23 3,9% 
C₇H₁₀⁺ 192 1,4%   42 1,3%   14 2,3% 
C₇H₁₁⁺ 653 4,7%   368 11,2%   26 4,4% 
C₇H₁₂⁺ 83 0,6%   39 1,2%   8 1,3% 
C₇H₁₃⁺ 144 1,0%   169 5,1%   9 1,5% 

C₈H₂⁺ 1580 19,2%   187 10,7%   8 4,3% 
C₈H₃⁺ 1299 15,8%   159 9,1%   14 7,6% 
C₈H₄⁺ 270 3,3%   35 2,0%   8 4,3% 
C₈H₅⁺ 533 6,5%   73 4,2%   9 4,9% 
C₈H₆⁺ 1123 13,7%   193 11,0%   19 10,3% 
C₈H₇⁺ 1095 13,3%   214 12,2%   25 13,6% 
C₈H₈⁺ 390 4,7%   102 5,8%   13 7,1% 
C₈H₉⁺ 1151 14,0%   447 25,5%   30 16,3% 
C₈H₁₀⁺ 199 2,4%   70 4,0%   11 6,0% 
C₈H₁₁⁺ 232 2,8%   77 4,4%   16 8,7% 
C₈H₁₂⁺ 90 1,1%   22 1,3%   11 6,0% 
C₈H₁₃⁺ 169 2,1%   120 6,9%   12 6,5% 
C₈H₁₄⁺ 35 0,4%   17 1,0%   6 3,3% 
C₈H₁₅⁺ 47 0,6%   35 2,0%   2 1,1% 

C₉H₂⁺ 1018 11,7%   143 7,5%   8 4,0% 
C₉H₃⁺ 1109 12,8%   146 7,6%   17 8,6% 
C₉H₄⁺ 185 2,1%   34 1,8%   4 2,0% 
C₉H₅⁺ 518 6,0%   64 3,3%   12 6,1% 
C₉H₆⁺ 323 3,7%   53 2,8%   11 5,6% 
C₉H₇⁺ 3312 38,1%   729 38,0%   66 33,3% 
C₉H₈⁺ 672 7,7%   134 7,0%   19 9,6% 
C₉H₉⁺ 566 6,5%   172 9,0%   20 10,1% 
C₉H₁₀⁺ 195 2,2%   56 2,9%   10 5,1% 
C₉H₁₁⁺ 412 4,7%   240 12,5%   9 4,5% 
C₉H₁₂⁺ 115 1,3%   48 2,5%   3 1,5% 
C₉H₁₃⁺ 107 1,2%   34 1,8%   8 4,0% 
C₉H₁₄⁺ 72 0,8%   5 0,3%   5 2,5% 
C₉H₁₅⁺ 67 0,8%   45 2,3%   4 2,0% 
C₉H₁₆⁺ 3 0,0%   9 0,5%   1 0,5% 
C₉H₁₇⁺ 9 0,1%   6 0,3%   1 0,5% 
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Fig. 2.11. ToF SIMS spectra of the Orbagnoux lamina OM in bunched mode after sputtering. Upper spectrum: positive mode. Red arrows indicat the presence 

of saturated ions fragments (typical of n-alkanes chains). Green arrows point the presence of unsaturated fragments (likely generated by aromatics) Green 

brackets: PAH fragment series. Lower spectrum: negative mode. *: Cs+ peaks due to the presence of Cesium in the chamber. 
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Fig. 2.12. ToF SIMS spectra of the Orbagnoux veins in bunched mode after sputtering. Upper: spectrum: positive mode. Red arrows indicate the presence of 

saturated ions fragments (typical of n-alkanes chain). Green arrows point the presence of unsaturated fragments (likely generetad by aromatics). Green brackets: 

PAH fragment series. Lower spectrum: negative mode. *: Cs+ peaks due to the presence of Cesium in the chamber.

Ion counts 
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The positive and negative images show also some correlated heterogeneities. In the 

positive mode, veins (orange arrow in Fig. 2.10) appears enriched in saturated hydrocarbon 

fragments (C2H5
+ and C4H7

-). The Orbagnoux veins spectrum displays the same fragments at 

high mass as previously observed for the laminae (C6H5
+, C7H7

+, C9H7
+, C10H8

+, C14H10
+ and 

C16H10
+ ions) together with the PAH fragments series (Fig. 2.12). Saturated fragments are more 

abundant in the veins than in the laminae, as indicated by all the positive ion ratio 

(C₂H₅⁺/C₂H₃⁺, C₃H₅⁺/C₃H₃⁺, C₄H₇⁺/C₆H₅⁺, C₄H₇⁺/C₇H₇⁺,  C₅H₉⁺/C₇H₇⁺, R1-R9 and Rali/aro) 

shown in Table 3 and Fig. 2.8. This higher content of saturated hydrocarbon fragments is also 

supported by the patterns of fragmentation. For the C2Hy
+ series, the dominant peak is C2H5

+ 

(48% of the series intensity), followed by C2H3
+ (38%) (Table 4). Similarly, the C3Hy

+ 

fragments are dominated by C3H5
+ (44%) and C3H7

+ (28%) ions (Table 4). In the veins, the 

distribution of the C4Hn
+ and C5Hn

+ fragments also indicate the domination of fragment with a 

H/C>1: C4H7
++ C4H9

+ ions representing 52% of the C4Hy
+ signal and C5H7

+ + C5H9
+ ions, 46% 

of the C5Hn
+ total intensity (Table 4). The higher abundance of saturated ions with H/C>1 

(relative to those with H/C≤1) in the veins compared to the laminae is best seen with the C5Hy+ 

(Fig. 2.3B) and C7Hy
+ (Fig. 2.4B) series. For all CnHy

+ with n=6-9, the predominant ions in the 

veins are the same as those in the laminae (C6H5
+, C7H7

+, C8H9
+ and C9H7

+) (Table 4). However, 

fragments of these series with H/C>1 such as C6H9
+, C7H11

+, C8H13
+, and C9H11

+ are much more 

abundant in the veins.  

In negative mode, the Cn
–/C2

– ratios in the Orbagnoux veins are low and close to the 

values from the adjacent laminae, with the exception of C3
–/C2

– that is higher in the veins (Fig. 

2.5A). In the veins, the CnH
–/Cn

– ratio values for even carbon ions are close to 2 and for odd 

carbon number close to 0.5 (Fig. 2.5B). In contrast, CnH
–/Cn

– in the laminae are all inferior to 

1.24 (though with a similar even/odd distribution). C2S
– ion is also detected within the veins, 

with a C2S
–/ C2

– ratio of 0.06 that is similar to that in the adjacent laminae (0.07). 
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1.1.1 Strelley Pool OM 

 

Fig. 2.13. Optical (A-B) and ToF-SIMS (C) images of the Strelley Pool Formation chert 

sample. (A) Photomicrograph showing a general view of the clastic grains in transmitted light. 

(B) Phomicrograph of the OM clasts analyzed with ToF-SIMS. (C) Various ToF-SIMS ion 

images from the area boxed in (B). Starting from the top left image: positive ion signal images 

of Si+, C2H5
+, C2H5

+*= normalized to the total signal, C4H7
+, C4H7

+ *=normalized to the total 

signal, C7H4
+, C6H5

+, C7H7
+, C10H8

+, C14H10
+, C16H10

+, and negative ion images of SiO2
–, C2

–

, C2H
–, C4

–, C4H
–, C8

–, and C8H
–. 

The Strelley Pool Formation chert is characterized by the accumulation of siliciclastic 

and volcanoclastic sediment (Fig. 2.13A) interspersed with elongated OM grains. These grains 

are probably parts of microbial mats formed in the ocean column or in nearby environment that 

A B 

C 
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accumulated with the sediment and silicified (Allwood et al., 2006a, 2007). The OM analyzed 

in ToF-SIMS is shown in Figure 2.13B. The Si+ ion image shows that the OM grain is embedded 

within the chert matrix. Moreover, the Si+ ion image shows a higher intensity on the right than 

on the left of the OM. Such variation of the intensity shows the charge effect build-up during 

the analysis of an isolating material (here quartz). The TOF-SIMS images of small hydrocarbon 

fragments (C2H5
+, C4H7

+) were normalized by the total ion image (pixel-by-pixel division) to 

remove this secondary ion yield effect.  

In positive mode, the spectrum of Strelley Pool OM shows the presence of relatively 

high peaks of unsaturated fragments (C6H5
+, C7H7

+, C9H7
+, C10H8

+, C14H10
+ and C16H10

+ ions) 

as well as fragment series of unsaturated ions (Fig. 2.14). The spectrum also contains peaks 

generated by saturated molecules (red arrows in Fig. 2.14): C2H5
+, C4H7

+ and C5H9
+. The 

saturation indexes C2H5
+/C2H3

+ (0.77), C3H5
+/C3H3

+ (1.23), C₄H₇⁺/C₇H₇⁺ (2.03), C₅H₉⁺/C₇H₇⁺ 

(0.40), C₄H₇⁺/C₆H₅⁺ (1.24) and the Rali/aro of 1.87 (Table 3), are all smaller than those recorded 

in the Orbagnoux laminae. 

The strongest peak of the C2Hy
+ series is C2H3

+ (43% of series) intensity, followed by 

C2H5
+ (33%) (Table 4). Interestingly, the highly hydrogenated C2H6

+ fragments represent a 

significant part of the C2Hy
+signal (11%), whereas much lower proportions were measured in 

the Orbagnoux laminae (2.6%) and in the nonadecanone (1.69% of the series). A possible 

interpretation is the abundance of short aliphatic side chains with one or two carbons in the 

kerogen. Breaking of these short chains yields CH3· and C2H5· radicals, which will abundantly 

generate C2H6
+ fragments by hydrogenation and/or recombination. Conversely, in the long 

aliphatic chains of Orbagnoux and of the nonadecanone, the abundance of -CH2- groups relative 

to terminal -CH3 groups would likely generate abundant CH2· and C2H4· radicals, which after 

hydrogenation and/or recombination mainly yield C2H5
+ fragments. The C3Hy

+ series is 

dominated by C3H5
+, like in Orbagnoux. However, the highly hydrogenated fragment C3H8

+ is 

relatively abundant in this series (12.2%) compared to its abundance in the Orbagnoux laminae 

(0.6%) and in the nonadecanone (3.1%) (Table 4), similarly pointing to a higher relative 

abundance of propyl- or isopropyl- chains in the kerogen. The C4Hy
+ fragments are dominated 

by C4H7
+and C4H5

+. The highly hydrogenated fragment C4H9
+ is relatively less abundant in the 

C4Hy
+ series (4.98%) compared to the Orbagnoux laminae (7.8%) and nonadecanone (24.3%). 

Similarly, the highly saturated fragment C5H10
+ (2.24%) is close to that in Orbagnoux laminae 

(1.19%) and lower than in nonadecanone (5.4%). The same trend can be observed for C6H11
+ 

and C7Hy
+ with y≥11. In contrast, C8Hy

+ with y≥11, and C9Hy
+ with y≥11 commonly are a few 

times higher than in Orbagnoux but all intensities for the C8Hy
+ and C9Hy

+ series are very low, 
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close to the detection limit. Fragmentation patterns for these series as well as the R8 and R9 

ratio in the Strelley Pool OM (Table 3 and Fig. 2.8E) should be considered with care, as 

counting errors and extremely faint chamber contamination can become significant at such low 

count rates. The C7Hy+ series show a distinctive distribution (Fig. 2.4C), strongly dominated by 

C7H4
+ (45% of the series) and C7H7

+ (Fig. 2.4C, Table 4). Consequently, while R4-R6 are 

higher in the Strelley Pool OM than in the Orbagnoux laminae, the R7 ratio is lower in the 

former (Table 3, Fig. 2.8E). Interestingly, C7H4
+ and C7H7

+ are relatively in low abundance 

relative to C7H3
+ in phenanthrene. The two former ions were likely generated by aromatic 

structures with short, aliphatic side chains, which are absent in phananthrene. The lower R7 

ratio in the Strelley Pool OM compared to Orbagnoux’s laminae is consistent with the presence 

of shorter aliphatic side chains grafted onto aromatics. 

In negative mode, the spectrum shows the presence of silicon fragments (SixOy
– ions) 

from the chert matrix embedding the OM. The intensity of the negative ion image of SiO2
– ions 

is more homogeneous than the Si+ ion image, although increased intensity is observed in the 

vicinity of organic matter (Fig. 2.13C), similar to dynamic NanoSIMS images of 12C– and 28Si– 

(Oehler et al., 2009). The Cn
–/C2

– ratio values are low, close to the values obtained for the 

phenanthrene standard (Fig. 2.5A), and systematically lower than those recorded in Orbagnoux, 

again pointing to a more aromatic structure with shorter aliphatic chains in Strelley Pool OM 

compared to the latter. The CnH
–/Cn

– ratio values are also low and range between 0.23 and 1.07 

(Fig. 2.5B). Finally, sulfur is detected in the Strelley Pool OM with a C2S
–/ C2

– of 0.011. 
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Fig. 2.14. ToF SIMS spectra of the Strelley Pool Chert OM in bunched mode, after sputtering. Upper spectrum: positive mode. Red arrows indicate the 

presence of saturated ions fragments (typical of n-alkanes chains). Green arrows point the presence of unsaturated fragments (typical of aromatics). Green 

brackets: PAH fragment series. Lower spectrum: negative mode. 
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5 Discussion 

5.1 Standard fractionation 

5.1.1 The impact of low dose sputtering. 

The calculation of ion dose indicates that the static limit is reached rapidly by the Ar+ 

sputtering. Keeping the PIDD below the static limit appears important for reducing the 

molecular damage on the surface and obtaining detailed information on molecular structures 

during ToF-SIMS analysis. Although the sputtering causes damages and takes away the 

possibilities to performed static SIMS especially with monoatomic ions, but its offers the 

possibilities to perform depth profiles, 3D imaging and remove surface contamination to make 

analysis on “clean” surface (Thiel and Sjövall, 2014). However, our observations on standards 

and previous studies using low energy monoatomic ion beam show the possibility to perform 

molecular analyses with sputtering or depth profiling with monoatomic ion beam (i.e. with Cs+ 

: Cramer et al., (2008); Mine et al., (2007) and with Ar+: Fadel et al, in prep, see chapter 2). 

Moreover, the low energy of the ion beam (250 eV) used during sputtering is expected to cause 

minimal molecular damage to the sub-surface as the low energy is deposited close to the surface 

and minimal molecular damages deep into the material. The relatively low damage caused by 

low energy ions at the sub surface has been modeled and studied by comparison of damage 

generated by impact of 15keV Au3
+ and cluster C60

+ ions (Russo et al., 2007; Vickerman and 

Gilmore, 2011). These studies indicate that the low energy of each carbon atom in C60
+ 

(~250eV, i.e. 15keV/60) induced less damage to the surface compared to the high energy of 

each gold atom in Au3
+ (5keV, i.e. 15keV/3) (Russo et al., 2007; Vickerman and Gilmore, 

2011). Moreover, the different ratios (C4H7
+/C14H10

+ and C4H7
+/C6H5

+ in Fig. 2.1) indicate 

clearly that the signal of unexpected saturated ion from the phenanthrene is reduced 

significantly by the sputtering. On the opposite, the 2-nonadecanone show that ions generated 

before and after sputtering were characterized by an increase of saturated ion signals. These 

differences on calculated ratios from these two different standards indicate that surface 

contamination was removed by the low energy Ar+ sputtering with relatively low damages on 

the sub surface of analyzed material. However, the used of monoatomic ion for sputtering have 

induced a decrease of ion yield especially for high mass molecule (i.e. the parent ion M+ and 

associated ions) (Belu et al., 2003; Thiel and Sjovall, 2011; Vickerman and Gilmore, 2011). In 

particular, we observed that CnHy
+ fragments with n>7 are relatively depleted in H (Fig. 2.8C 

and Table 1) compared to smaller fragments in 2-nonadecanone, a molecule that comprises a 
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chain of sixteen CH2 groups. This indicates that our analytical conditions strip a larger 

proportion of H atoms from larger fragments compared to smaller ones. 

5.1.2 The 2-nonadecanone standard 

The 2-nonadecanone standard was analyzed to understand the fragmentation pattern of 

long aliphatic chains after Ar+ sputtering and under Bi3
+ analysis beam. In positive mode at low 

mass, the pattern of C2Hy
+, C3Hy

+, C4Hy
+and C5Hy

+ ion series with the dominance of ions with 

a H/C>1 (Fig. 2.2 and Table 1), is similar to the peak distribution of aliphatic standards reported 

in the previous studies using 11 keV Cs+, 15 keV In+, and 15 keV Ga+ ions (Spool, 2004; 

Toporski and Steele, 2004). Moreover, the different ratios introduced here clearly indicate the 

predominance of saturated fragments over unsaturated fragment (Table 3, Figs. 2.3A, 2.4A, and 

2.8A-B). For fragments with n<6, CnH2n+1
+ and/or CnH2n-1

+ fragments dominate (Table 1). In 

contrast, the predominance of ions with H/C>1 for the CnHy
+ fragments with 6≤n≤9 is notable, 

with a dominance of CnH2n-3
+ ions, but some ions with H/C~1 are relatively significant (Table 

1, Figs. 2.3A versus 4A). The distribution pattern of the C7Hy
+ ions illustrates this generation 

of unsaturated ions, in particular with the tropylium ion (C7H7
+), from a saturated molecule 

(Fig. 2.3A). Dehydrogenation and rearrangement of fragments under the ion beam 

bombardment are proposed to explain the presence of such medium to low H/C fragments 

(Delcorte et al., 1995). Although these phenomena are observed under our experimental 

condition in particular for carbon numbers ≥6, we only have a relatively low abundance of 

unsaturated fragments with carbon numbers <6 generated by long chain aliphatic molecules 

(Table 1). As reported by Spool (2004); Toporski and Steele  (2004), parent ions with long 

carbon chains typical of n-alkanes appear difficult due to the low count at high mass. Thus the 

presence of n-alkanes is best seen with saturated fragments with carbon numbers <6 in our 

condition but the detection of long carbon chains appears difficult due to the difficulty to ionize 

long-chain aliphatic hydrocarbons (Spool, 2004; Thiel and Sjövall, 2014).  

In negative mode and at low mass, the nonadecanone standard spectrum shows the 

presence of Cn
– and CnH

– at low mass. The presence of these types of ions can be explained the 

production of fragments with a very low H/C from the molecule under the ToF-SIMS. 

Moreover, the spectrum shows the significant presence of CnHy
– fragments with a number of 

hydrogen (y) that is comprised between 1 and 3 (Fig 2.2). The graph of the Cn
–/C2

– indicates 

that aliphatic molecule generates a significant amount of Cn
– fragments with high carbon 

numbers (Fig. 2.5A). Moreover, semi-quantification with negative ion ratio (based C2H
–/C2

–) 

have already been used to quantify the aliphatic or aromatic character of asphaltenes, graphite 
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and carbon blacks (Larachi et al., 2004). Hence, the high CnH
–/Cn

– values obtained from the 2-

nonadecanone is due to its high H/C value and the presence of a long aliphatic chain (Fig. 2.5B). 

5.1.3 PAH standards 

In positive mode, the spectrum of phenanthrene standard shows the presence of the 

parent ions with a series of peaks due to the loss or capture of protons (Fig. 2.6). This association 

of several peaks with the parent ion is typical of PAHs (Delcorte et al., 1 997; Sakamoto et al., 

2004; Toporski and Steele, 2004). Moreover, the presence of PAH fragments series produced 

by CH fragment loss is also well established in PAH (Sakamoto et al., 2004).  

At low mass, the strongest peaks are not the same as those observed by Toporski and 

Steele (2004) using Ga+ for analysis. In our case, the C2H5
+, C3H5

+, C4H7
+and C5H9

+ ions are 

not predominant (Fig. 2.7). The presence of these peaks has been attributed to the possibility to 

produce high H/C fragments from aromatic species during ToF SIMS analysis or to 

contaminations such as solvent residues and/or absorbed alkanes (Sakamoto et al., 2004; Steele 

et al., 2001; Toporski and Steele, 2004). These saturated compounds are removed after Ar+ 

sputtering (Fig. 2.1), and not just fragmented away (as they are well preserved in the 

nonadecanone after sputtering). Hence, high abundance of such saturated fragments can be 

attributed to airborne contamination and the adsorption of saturated molecules (possibly n-

alkanes). Moreover, the fragments with very low H/C ratios are predominant: C4H3
+, C5H3

+, 

C6H2
+, C7H3

+ and C8H2
+ with clear patterns of rapid signal decrease with increasing carbon 

number in the different CnHy
+ series. (Fig. 2.3A, 2.4A and Table 1) This predominance of the 

unsaturated fragments is also supported by the very low values obtained from all saturation 

indexes of Table 3. Thus, fragments listed above are indicative of PAHs and aromatics species. 

Interestingly, peaks attributed to the ions C6H5
+ and C7H7

+ which are usually attributed to 

aromatic species (Spool, 2004; Thiel and Sjövall, 2014; Toporski and Steele, 2004) are not 

predominant. A possible reason for this might be that these fragments originate mainly from 

mono-aromatic groups, and those fragments are less expressed in PAH and/or alkylated PAH. 

The ratios (C₄H₇⁺/C₆H₅⁺, C₄H₇⁺/C₇H₇⁺, C₅H₉⁺/C₇H₇⁺ in Table 3) based on these aromatic ions 

and saturated fragments have been introduced to address the aromaticity or aliphaticity of 

polymers (Petrat et al., 1994). Although such ratios based on two ions can appear useful to 

determine the aromatic content of organic matter, the production of low H/C fragments (i.e; 

C7H7
+) by alkanes due to dehydrogenation as seen above in the 2-nonadecanone standard, and 

the relative low presence of these ions in the phenanthrene standard show the limitation of the 

use of these simple ratios. Ratio based on the lowest mass hydrocarbon fragments (C₂H₅⁺/C₂H₃⁺ 
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and C₃H₅⁺/C₃H₃⁺), and the ratio C4H7
+/C6H5

+ (see section 4.14.) also appear useful to investigate 

the relative aromaticity and aliphaticity of an unknown (macro)molecule (Table 3). Ratio based 

on the sum of aliphatic-derived ions and aromatic-derived ions can also be used with more 

confidence (Rali/aro, Fig. 2.8B, which is 40 times higher in the 2-nonadecanone than in the 

phenanthrene). Moreover, constraining the presence of saturated or unsaturated molecules from 

a sample with low mass fragments can be based on the patterns of the different CnHy
+ series 

(Figs. 2.3 and 2.4) and/or the ratios based on these series (R4 to R9, Table 3). Here, we show 

the possibility to determine the presence of aromatics with ToF-SIMS analysis using low mass 

fragments. Moreover, due to the relative stability of aromatics, the parent PAHs ions can be 

detected and identified in positive mode (Spool, 2004; Thiel and Sjövall, 2014; Toporski and 

Steele, 2004). 

In negative mode, the parent ion of phenanthrene is absent. Moreover, Cn
– fragments 

show a predominance of C2
– ions and low Cn

–/C2
– for n>2 (Fig. 2.5). Conversely to the long 

chain hydrocarbons, the PAH standard produces Cn
– chains with a low number of carbon 

(maximum for 2 carbons). In the CnH
– series, the phenanthrene standard displays low CnH

-/Cn
- 

compared to the 2-nonadecanone as expected due to its lower H/C ratio (Larachi et al., 2004). 

Moreover, CnH2
– fragments have very low intensities or are absent; and the CnHy

– fragments 

with higher number of hydrogen (y>3) are also absent. Interestingly, the data obtained from the 

deuterated anthracene (Fig. 2.8 and Table 2) and the absence of isotopic exchange with the GC-

MS analysis indicates that the production of these CnH
– ions can be due to the capture of 

hydrogen by Cn
– ions rather than the preservation of original C–H bonds. 

5.2 Orbagnoux heterogeneity 

The Orbagnoux rocks from the bituminous laminites present the accumulation of highly 

aliphatic OM in dark lamina. This OM is characterized by a high atomic H/C ratio of 1.44 

(Mongenot et al., 1997, 1999). FTIR spectra reported from previous studies and measured in 

our sample using reflectance FTIR (not shown) show the presence of aliphatic moieties 

(Mongenot et al., 1997). The aliphatic character is also confirmed by the high values of the 

hydrogen index (Espitalie et al., 1985) (780 to 960 mg hydrocarbons per g) from the different 

subfacies of the bituminous laminites (Mongenot et al., 1999; Tribovillard et al., 2000). The 

study of isolated OM have also indicated that this OM is composed of gel-like nanometric 

amorphous sulfur rich organic particles (Mongenot et al., 1997). The homogenous high sulfur 

content within the different subfacies has played a major role in the preservation of the organic 

matter present in the laminae. Moreover the analyses of the bitumen and of pyrolysis products 
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also indicated that most of the aliphatic OM derived from the sulfurization of cyanobacterial 

and algal lipids that are labile molecules (Mongenot et al., 1997; Van Kaam-Peters and 

Sinninghe Damsté, 1997). 

In positive mode, the images show higher signal of hydrocarbons in the Al-rich laminae 

(blue arrow in Fig. 2.10) while the signal from the organic rich lamina is substantially lower 

(green arrow in Fig 2.10). However, several ratios (based on organic and inorganic ions, not 

shown) indicated that the organic matter present in these two types of lamina has the same 

composition. This observation indicates a strong and variable interference of the matrix with 

the total organic signal (as reported by Lindgren et al. (2014, 2012)) and the difficulty to ionize 

and extract ions from the kerogen (after Ar+ sputtering). The C2H5
+ and C4H7

+ ion images 

confirmed the homogenous distribution of aliphatic compounds in the laminae (Fig 2.10 F), and 

their relative importance in the spectrum reconstructed from the Orbagnoux laminae (Fig. 2.11). 

The pattern of CnHy
– series from the Orbagnoux laminae also confirmed the importance of 

unsaturated fragment (Figs. 2.3A, 2.4A; Table 4). These unsaturated fragments (Figs. 2.3B, 

2.4B), the presence of the series of unsaturated fragments and the attribution of several peaks 

to PAHs (C10H8
+, C14H10

+ and C16H10
+) with their associated peaks (due to the loss or capture 

of proton) (Fig. 2.11) indicate that the OM surface of the Orbagnoux laminae contains aromatic 

molecules. Accordingly, previous studies have shown the presence of aromatic moieties with 

solid-state 13C-nuclear magnetic resonance from Orbagnoux kerogen (Mongenot et al., 1997, 

1999). Among these aromatic-derived fragments C7H7
+ dominate strongly (Fig. 2.11). The 

strong dominance of the C7H7
+ signal in the C7Hy

+ series and the weak signal of C7Hy
+ with 

y>7 (Fig. 2.4B) supports that C7H7
+ ions come from single aromatic rings (Hook and Scurr, 

2016), possibly alkylated, rather than stripping of H from long aliphatic chains (c.f. Fig. 2.4A). 

A second type of organic matter is easily recognized in positive ion image of C2H5
+ and 

C4H7
+ fragments (orange arrow in Fig. 2.10F) in veins cutting across the carbonate of the 

Orbagnoux stromatolite and possibly also present patches. However, organic matter in these 

veins was not visible in SEM EDX-S map (Fig. 2.10D), indicating that it can be only detected 

with sensitive techniques such as ToF-SIMS. Similar to the adjacent laminae, the veins also 

contain aliphatic and aromatic molecules (red and green arrows on the spectrum reconstructed 

from this area in Fig. 2.12). However, compared to the laminae, these veins are enriched in 

highly saturated hydrocarbons. All the different saturation indexes and the ratio of aliphatic 

ions/ aromatics ions show the predominance of saturated fragments in positive mode (Fig. 2.8A-

B, Table 3). This higher abundance of saturated fragments within the veins is also confirmed 

by the distribution of the different CnHy
+ series (Figs. 2.3, 2.4 and Table 4). Importantly, from 
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both Orbagnoux veins and laminae, the CnHy
+ series with 6≤n≤9 show the predominance of the 

C6H5
+, C7H7

+, C8H9
+ and C9H7

+ ions (respectively) that are generated by aromatics species 

(Toporski and Steele, 2004) but also by the dehydrogenation of saturated molecules (Delcorte 

et al., 1995). Hence, for these latter series, making semi-quantification based only on the 

distribution of the ions requires to ignore ions that can be produced by either aromatics or 

dehydrogenation of aliphatics, that is C9H7
+ with H/C~1. Altogether, the positive ion ToF-SIMS 

data indicate that the aliphaticity of the veins OM is superior to the lamina OM. However, the 

origin of this OM present within the veins is unknow. This highly aliphatic OM in veins and in 

patches in the carbonates may represent parts of the bitumen fraction of the Orbagnoux sample 

(19% of the TOC reported by Van Kaam-Peters and Sinninghe Damsté (1997)). They may be 

in their original place in these veins and patches. Alternatively, such bitumen could have been 

dissolved from the kerogen-rich laminae in the dichloromethane/methanol (DCM/MeOH) 

solution during the first cleaning procedure and migrated and/or remained in the small open 

veins and porosities of the carbonate layers. After 2 hours of cleaning in DCM/MeOH, the 

solvent solution displayed a yellow-brownish color due to the dissolution of the bitumen 

composed mainly of polar compounds comprising sulfur-bound alkanes and hopanoids (Van 

Kaam-Peters and Sinninghe Damsté, 1997). These observations show the possibility to find 

micro-scale molecular heterogeneities within a sample and to semi-quantify the 

aliphaticity/aromaticity of different organic matter with low mass fragments present in a sample 

at the micro-scale, in positive mode. 

In negative mode, the Cn
– and CnH

– ion images indicate that the production of negative 

hydrocarbon fragments from the kerogen is relatively unaffected by matrix effects (Fig. 2.10G) 

compared to the positive ions. Similar to the positive ion, the negative ions images display more 

hydrogenated fragments in the veins compared to the laminae. The higher abundance of 

hydrogenated fragments in veins is also confirmed by the CnH
–/Cn

– ratio graph (Fig. 2.5B). 

Such negative ion ratios have been used to constrain the aromaticity of OM (Larachi et al., 

2004) and indicates that the OM present in the lamina is less aliphatic than that in the veins. 

However, the Cn
–/C2

– ratios in veins are very similar to those in laminae, suggesting a similar 

origin (Fig. 2.5A). If the aliphatic molecules are indeed more readily ionized than the aromatic 

structures, leading to negative ion signal that is dominated by fragments of the latter (Fig. 2.5A, 

phenanthrene versus nonadecanone), then the veins may contain an increased abundance of 

aliphatic molecular structures of the same composition as those detected in the laminae. 

Moreover, the spectra from lamina and vein show the presence of sulfur bound to OM (C2S
– 

ion), which come from organic sulfur compounds described previously (Mongenot et al., 1997, 

1999; Van Kaam-Peters and Sinninghe Damsté, 1997). The similar C2S
–/ C2

– ratios in the veins 
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and in the laminae (0.06 and 0.07, respectively) suggest that OM in veins and lamina probably 

have the same concentration of S. Such concentration of sulfur indicates that OM in veins is 

not an exogenous contaminant. Moreover, the ratio of 2-methylthiophene over toluene ratios 

reported by Van Kaam-Peters and Sinninghe Damsté, (1997) indicates that the asphaltene and 

kerogen have quite similar S-organic content suggesting that the bitumen part of the kerogen 

may have similar C/Sorga ratio. Therefore, these different negative ratios appear to confirm that 

the OM in the veins (and also possibly in porous patches) of the carbonates probably represents 

an indigenous bitumen fraction. 

5.3 Strelley Pool OM 

The laminated kerogen grains present here comes from member 4 of the Strelley Pool 

Formation. This member is composed of quartzites formed by the silicification of siliciclastic 

and/or volcanoclastic sediments. These quartzites contain OM grains, which have been 

interpreted as the remains of allochthonous microbial mats formed in the ocean or in a nearby 

platform?? environment (Allwood et al., 2006a, 2007). The organic matter present within 

members 3 and 4 has been studied in depth by Marshall et al. (2007) using Raman and FTIR 

spectroscopies, solid-state 13C nuclear magnetic resonance spectroscopy and hydropyrolysis 

(HyPy) followed by GC-MS. Bulk analyses indicated that the total organic carbon content is 

low (0.08 to 0.022 wt%) and the OM has low atomic H/C ratios (ranging from the 0.02 to 0.46). 

These elemental values and investigations of the OM thermal maturity based on Raman 

Spectroscopy (Allwood et al., 2006b) indicate that the OM is highly mature. 

The positive ion images and the spectrum obtained from this highly mature kerogen 

indicate the difficulty to obtain ToF-SIMS signal with our experimental conditions. The low 

signal intensity shown in the spectrum (Fig. 2.14) may be due to matrix and charging effects 

caused by the surrounding material (here quartz). Such matrix/charging effects are well 

illustrated by the heterogeneity of the Si+ ion image (Fig. 2.13C). We also observed distortion 

of ion images around coarse pyrite crystals in the quartz matrix (not shown). These matrix 

effects have also required to normalize some positive ion image (i.e. C2H5
+ and C4H7

+) to total 

ion counts to visualize realistic distributions of hydrocarbon fragments (Fig. 2.13C). 

Nevertheless, molecular information has been obtained from these OM clasts. In positive mode, 

C10H8
+, C14H10

+ and C16H10
+ ions are detected from the kerogen that can be attributed to PAHs 

(respectively possible naphthalene, anthracene/phenanthrene and pyrene molecules). 

Moreover, the presence of series of unsaturated fragments (green bracket in Fig. 2.14) supports 

the presence of PAHs. This observation is in agreement with the HyPy GC-MS data reported 
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by Marshall et al. (2007) that indicated that 90% of the carbons are aromatic, with phenanthrene 

and pyrene as major components. However, positive ion images and the spectrum also show 

the presence of saturated fragments (C2H5
+, C4H7

+ and C5H9
+), which indicate that short 

aliphatic structures are likely present in the Strelley Pool kerogen (Figs. 2.13C, 14). The relative 

high abundance of such small aliphatic structures in the Strelley Pool OM is also confirmed by 

the different indexes of saturation and the aliphatic ions/ aromatics ions ratios (Table 3), which 

are generally higher than in the phenanthrene standard (with the exception of C4H7
+/C7H7

+ and 

C5H9
+/C7H7

+, which are smaller). The presence of abundant aliphatic molecules has been 

reported from organic matter hosted in older cherts from the Pilbara (Apex Chert and Dresser 

Fm in the Warrawoona group) by Derenne et al. (2008) and Skrzypczak et al. (2005). Based on 

Raman spectroscopy of OM, it has been proposed that the Apex Chert OM may possibly contain 

some late exogenous organic matter (Marshall et al., 2012; Sforna et al., 2014). The Dresser 

Formation OM is, however, less mature than the Strelley Pool OM, as indicated by Raman 

spectra (Lepot et al. personal communication, Delarue et al., 2016), and unexpectedly low 

aromatic content detected with 13C NMR (Delarue et al., 2016). In contrast, the presence of 

abundant long chain of aliphatic molecules in kerogen in members 3-4 of the Strelley Pool 

Formation is unexpected as discussed by Marshall et al. (2007). Hydropyrolysates of Strelley 

Pool OM displayed 1-7 rings PAHs with side-chains dominated by one and two carbon alkyl 

groups and small amounts of 3+ carbon alkyl side-chains (Marshall et al., 2007). The presence 

PAHs with short alkyl side-chains in the Strelley Pool kerogen likely explains the relative 

abundances of C2H6
+ and C3H8

+ fragments and the relative high R4 to R6 ratio values (Table 

3) obtained from the CnHy
+ series. Interestingly, the C7Hy

+ series is dominated by C₇H4⁺ ions 

(Fig. 2.4C), which lowers the value of the R7 ratio (Table 3). In contrast, the non-alkylated 

phenanthrene pattern is dominated by C7Hy
+ ions with y<4, suggesting that the C7H4

+-

dominated pattern results of additional alkyl side chains. The high intensity of this unsaturated 

fragment remains peculiar and the nature of the molecule leading to the production of this ion 

remain unknown to our knowledge for our ToF-SIMS setting. We only investigated the 

fragmentation patterns of non-alkylated PAH and long chain aliphatic standards and the low 

mass fragmentation patterns of alkylated-PAHs and small aliphatics remain unknown under our 

ToF-SIMS conditions and should be investigated in future studies.  

The saturation indexes R4-R6, R8 and R9 are higher in the Strelley Pool kerogen than 

in Orbagnoux kerogen laminae, but lower than the Orbagnoux veins bitumen (Table 3). These 

ratio globally suggest that a higher level of saturation is observed in the Strelley Pool CnHy
+ 

fragments. Interestingly, hydropyrolysis also liberated n-C14 to n-C20 alkanes in concentrations 

of 0.3 wt% of the Strelley Pool kerogen matrix, which have been interpreted as bitumen trapped 
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in micropores of the kerogen that could not be accessed by organic solvents (Marshall et al., 

2007). In contrast, the kerogen from the Orbagnoux laminae may have lost most of alkanes 

at/near its surface, as indicated by the important extraction in the solvents and de-lamination of 

kerogen layers when the solvent extraction was too long. However, the very low ToF-SIMS 

total signal on the Strelley Pool OM, conjugated with the very low counts used to calculate R8 

and R9 suggest that care should be taken with using these ToF-SIMS data to infer preservation 

of long chain alkanes. At such low count rates, faint possible traces of preparation contaminants 

and re-deposition of volatile contaminants (Fadel et al., in prep, chapter 2 of this thesis) during 

ToF-SIMS may be difficult to rule out. 

The production of negative ions from the Strelley Pool OM is more effective than that 

of positive ions. This observation confirmed the problem of the positive ion production due to 

sediment interference (charge/matrix effect, low rate of ionization), while the negative ion 

production appears less affected by such problems. Thus, the facility to produce negative ions 

compared to the positive ions from kerogen with ToF SIMS is confirmed for both Orbagnoux 

and Strelley Pool OM. 

Here, the Cn
–/C2

– ratio values of the Strelley Pool OM are slightly higher than those 

reported from the phenanthrene standard (Fig. 2.5A). This suggests that the kerogen from the 

SPF sample is mainly composed of small PAHs, which appears coherent with the 

hydropyrolysis-GC-MS data of Marshall et al. (2007). In particular, Cn
–/C2

– are systematically 

lower than in Orbagnoux, consistent with less alkylated and/or more condensed aromatic 

structures. In addition, the CnH
–/Cn

– ratio values, and in particular the C6H
-/C6

- and C8H
-/C8

- 

values are lower than those in the phenanthrene standard (Fig. 2.5B). 

5.4 Semi-quantification between different kerogen 

Our observations on Orbagnoux sample show the possibility to derive information on 

the structure of kerogen and bitumen using semi-quantifications. Such semi-quantification have 

been reported possible for ToF-SIMS analyses of fossil plants (Abbott et al., 2018), asphaltenes 

(Larachi et al., 2004), exhaust particles (Popovicheva et al., 2017). These difficulties are also 

enhanced by the presence of PAHs with small alkyl chains in the Strelley Pool OM, which 

might produce saturated ions. Despite these difficulties, some ratios indicate that the aromaticity 

of the Strelley Pool OM is higher than the Orbagnoux lamina. Indeed, Rali/aro and the low-mass 

ratios (C2H5
+/ C2H3

+, C3H5
+/C3H3

+, C4H7
+/C6H5

+, C4H7
+/C7H7

+) indicate that the Strelley Pool 

OM is more aromatic than the Orbagnoux laminae (Fig. 2.8A-B and Table 3). Interestingly, all 
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the ratio values indicate that the putative Orbagnoux bitumen present in the veins is highly 

aliphatic compared to the two-kerogen analyzed. 

Semi-quantification is also informative in negative mode using the Cn
–/C2

– and CnH
–

/Cn
– ratios (Fig. 2.5) as well as the RCn

– ratio. Analysis of a deuterated PAH indicated that C–

H– are largely produced through recombination with hydrogen. The CnH
– fragments from 

polyaromatic macromolecules are thus likely proportional to the H/C ratio, which in turn is 

indicative of the maturity of the kerogen. The most pronounced difference in CnH
– ratios 

between nonadecanone (at H/C=2) and phenanthrene (H/C=0.71) is seen for C2H
–/C2

–. This 

ratio is lower in the Strelley Pool OM than in the Orbagnoux laminae, consistent with a lower 

H/C. Similarly, the Cn
–/C2

– ratios show most pronounced differences for n>5. All the Cn
–/C2

– 

with n>5 that we measured are smaller in the Strelley Pool OM than in Orbagnoux (Fig. 2.5), 

again consistent with a more aromatic nature and/or smaller aliphatic chains. The close 

similarity of the Cn
–/C2

– pattern in the Strelley Pool OM and phenanthrene standard argues for 

a similar PAH-dominated composition. We introduce the RCn
– ratio (equation 8). This ratio is 

lower in the Strelley Pool OM (0.07) than in Orbagnoux laminae (0.23). Surprisingly, this ratio 

is intermediate (0.17) in the Orbagnoux veins, when all other indexes indicate a higher aliphatic 

content in these veins. 

Finally, C2S
–/ C2

– ratios obtained from the Orbagnoux sample (0.07 for the lamina, 0.06 

for the vein), and the Strelley Pool OM (0.01) indicate that the sulfur bound to the organic 

matter is much higher in the Orbagnoux sample than in the SPF sample consistent with the 

important sulfurization of the OM in Orbagnoux (Mongenot et al., 2000; Sugitani et al., 2015a). 

Conclusion and perspectives 

ToF SIMS investigations show the possibility to perform molecular analysis on kerogen, 

after low energy Ar+ sputtering, which is necessary to remove surface contamination. The low 

mass fragment distribution of a PAH and a highly saturated molecule show the possibility to 

constrain the aromatic and aliphatic character of unknown OM using a combination of positive 

and negative ion modes. Importantly, the aliphatic standard shows the possibility to produce 

low-mass unsaturated molecules, which are usually used to constrain the presence of aromatics 

molecule. This observation indicates the importance to investigate the distribution of hydrogen 

in hydrocarbon series at various, constant carbon numbers. Such semi-quantifications 

performed on the Orbagnoux sample distinguished the aliphatic/aromatic contents from the 
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laminae and veins, which contain respectively the kerogen and possible bitumen part of the 

Orbagnoux OM. Similarly, our positive ion analyses indicate that the mature Strelley Pool OM 

grains are composed of PAHs with a relative important alkylation of these aromatic molecules, 

in positive mode. With the negative ions, semi-quantifications support the highly aromatic 

character of the Strelley Pool OM. Semi-quantification based on different negative and positive 

ions show that the higher aromaticity and lower hydrogenation and sulfuration of the Strelley 

Pool OM compared to the Orbagnoux lamina. This work shows the possibility to constrain the 

nature of fossil organic matter at the scale of microbial laminae. In a perspective work, future 

investigations are required to know the precise fragmentation patterns of other organic 

compound such as alkylate-PAHs, short alkanes, branched alkanes, and alkenes using our 

analytical setup. Further ToF-SIMS analysis using cluster ions (Arn, C60, CH4n) for sputtering, 

may permit to increase the ion yield and perform molecular investigations limiting 

fragmentation at higher mass.  
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Abstract 

The lower flake conglomerates of the Draken Formation, Spitsbergen, contain 

highly diverse and well-preserved assemblages of Neoproterozoic Bitter Springs-like 

microfossils. These assemblages are preserved in cherty lenses and are composed 

principally of filamentous microfossils interpreted as cyanobacterial sheaths forming 

microbial mats. The silicified mats also contain diverse fossils of benthic and/or 

allochthonous (possible planktonic) microorganisms. Here, we characterized the 

ultrastructure of various microfossils with Scanning transmission electron microscopy 

(STEM) on Focused ion beam (FIB) ultrathin sections, and we documented the 

composition of the organic matter forming the microfossils with Raman spectroscopy and 

Scanning transmission X-ray microscopy (STXM). Using these techniques, microfossils 

could not be distinguished based on molecular structure, which is highly aromatic, likely 

due to the high maturity of their kerogen. Despite this poor molecular preservation, 

organic ultrastructures and nano-quartz crystallization patterns from the different types 

of microfossil help identify sheaths, cells walls, and internal (intracellular ± collapsed 

membranes) organic material. We show that crystallization of micrometric quartz lead to 

extensive condensation and displacement of organic matter in the studied microfossils. 

The nano-scale observation made on well preserved cells of a bacterial filament indicates 

that even if the cellular wall structure is degraded, the limit of the cell structure can be 

preserved by nano-quartz crystals forming a ghost structure. The diverse benthic 

coccoidal microfossils allowed us to derive criteria to constrain the nature of some 

envelopes. In Chroococcales microfossil, the sheath structure is always preserved as an 

outer envelope of variable thickness. We also characterized internal nano-organic 

structures of microbenthic organisms (Gloeodiniopsis), which could not be identified with 

optical observations. These internal structures probably represent internal membranes 

(such as thylakoid) and/or cellular membranes that could have thickened through 

diagenetic polymerization. Moreover, our ultrastructure observations of internal 

membrane of a Sphaerophycus interpreted as cellular membranes based on optical 

observation permits to reassign this structure as internal sheath structure. The 

Synodophycus microfossil appear composed of organic membranes similar to the F-

membranes of Pleurocapsalean cyanobacteria. For the first time, the ultrastructure of 

cyanobacterial Polybessurus microfossil forming large stalk structure (jetted structure) 

were investigated. These large microfossils have an ultrastructure composed of several 

sheath layers looking similar to sheaths of Chroococcales microfossils. Nanoanalysis of an 

unjetted small Polybessurus indicates that inner sheath structure is composed of thinner 
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layers, which are probably characteristic of earliest stages of the stalk formation. 

Moreover, this unjetted microfossil contain probable cellular membranes and thylakoid 

membranes non-observable with optical microscope. We report also an unusual wall 

ultrastructure forming thick (~1µm) organic pillar structure from simple spheroidal 

Myxococccoides (possible planktonic microorganisms). If this structure is the original 

feature of the microfossil, this pillar fabric might be the remain of eukaryote wall 

structure or cyanobacterial sheath/akinetes membranes. Finnaly, we investigated for the 

first time the nanostructure of organic matter in vase-shaped microfossils (VSM, 

eukaryotic microfossil). The wall structure is composed of two layers: an inner thin layer 

and a thicker organic outer layer forming a reticulated envelope. Our analysis has led to 

describe new nanostructure which cannot be recognized with optical observations, 

constrain the nature of several organic ultrastructures of highly mature microfossils. Such 

studied have permit to defined taxonomic and taphonomic criteria, which can be applied 

on other unidentified or putative microfossils in paleo-Proterozoic or Archean rocks. 

1 Introduction 

The first three billion years of the life history on Earth were dominated by prokaryotic 

life (Brocks et al., 2017; Knoll et al., 2016). In attempt to demonstrate traces of life in Archean 

rocks many studies have focused on the reference microfossils from the Paleoproterozoic (2.45–

1.6 Ga) to define criteria of biogenicity. After the first rise of free oxygen in the atmosphere 

(the Great Oxygenation Event, 2.45–2.2Ga, Lyons et al., 2014), Gunflint-type assemblages 

dominate the fossil record between 2.45–1.7 Ga and have been extensively studied to address 

prokaryotic metabolism/diversity at this time (Barghoorn and Tyler, 1965; Fadel et al., 2017; 

Guo et al., 2018; Javaux and Lepot, 2018; Knoll et al., 1988; Knoll and Barghoorn, 1976; Lekele 

Baghekema et al., 2017; Lepot et al., 2017; Wacey et al., 2013). During the mid-Proterozoic, 

eukaryotes were present but remained at a low diversity (Knoll et al., 2006) and cyanobacteria 

remained the main primary photosynthetic producers in an ocean characterized by locally 

euxinic/ferruginous conditions in the water column and weakly oxygenated surface water and 

atmosphere (Brocks et al., 2017; Lyons et al., 2014). This Mesoproterozoic (1.7-1.0 Ga) statu 

quo of cyanobacterial domination over phototrophic eukaryote was maintained by chemical 

conditions such as the low concentration of biologically important trace metals (Anbar and 

Knoll, 2002), low phosphate fluxes into the ocean (Reinhard et al., 2016). Such low nutrient 

conditions favored small-sized phototrophic organisms (e.g. cyanobacteria) that have a high 

surface-to-volume ratio allowing efficient diffusion-controlled uptake of trace nutrients (Irwin 
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et al., 2006). This biogeochemical states were probably maintained by a low primary productive 

of photosynthetic microorganism and production of oxygen, which reduces the flux of 

phosphate and maintained the development of deep euxinic water until the end of the Tonian 

(or the pre-Sturtian) (0.75–0.72 Ga) periods (Anbar and Knoll, 2002; Brocks et al., 2017; 

Butterfield, 2015; Derry, 2015; Laakso and Schrag, 2014; Reinhard et al., 2016). Although 

bacteria dominated the pre-Sturtian environment, lot of studies were conducted to document 

Tonian and younger organic-walled microfossils extracted for palynological studies, which are 

possibly eukaryotes. The organic-walled microfossils were actively studied to find criteria to 

constrain the eukaryotic/prokaryotic nature of organic-walled microfossil based on the 

ultrastructure (Agić et al., 2015; Arouri et al., 1999, 2000; Javaux et al., 2004, 2003; Willman, 

2009). Thus, diverse eukaryotic microfossils were reported from Tonian and younger rocks 

(Battison and Brasier, 2012; Beghin et al., 2017; Butterfield, 2004, 2005a, 2005b; Cohen and 

Knoll, 2012; Knoll et al., 2006; Lamb et al., 2009; Pang et al., 2013; Porter et al., 2003; 

Vorob’eva et al., 2015). These include at least a few populations assigned with confidence to 

extant eukaryotic clades (example of the vase-shaped microfossils: (Porter et al., 2003). The 

end of the Tonian (and the pre-Sturtian part of the subsequent Cryogenian period) corresponds 

to the preservation of Bitter Springs-type assemblage, which are dominated by bacterial mats 

(mainly cyanobacteria) from limited shallow-water/supratidal carbonate environments 

(Butterfield, 2003). The first well-documented case of this microfossil type assemblage comes 

from the Bitter Springs formation, central Australia (Barghoorn and Schopf, 1965; Schopf, 

1968). This spectacular and well-preserved assemblage of filamentous and spheroidal 

microfossils occurred in cherts (rocks composed of more than 90% of quartz). Similar 

assemblages were also found in other Neoproterozoic rocks (Green et al., 1989; Knoll, 1982; 

Knoll et al., 1991; Schopf, 1968; Schopf and Blacic, 1971; Sergeev and Schopf, 2010). Due to 

the excellent preservation of these microfossils of these type of assemblage, their biogenicity is 

well established. Compared to Meso-and Paleoproterozoic microfossils, a smaller number of 

nanoscale and microscale textural and chemical characterization were performed on this type 

microfossil assemblages (Foucher and Westall, 2013; Igisu et al., 2009; Lemelle et al., 2008; 

Oehler, 1976; Oehler, 1977; Oehler et al., 2006; Williford et al., 2013). These studies 

contributed to define criterion of biogenicity and taxonomic indicators that could be used for 

older microfossils. Isotope microanalyses could distinguish eukaryotic acritarchs 

(Leiosphaerida crassa) from colonial cyanobacteria (Myxococcoides sp.) (Williford et al., 

2013). The aliphaticity analyzed with infrared spectroscopy has been used to infer the bacterial 

nature of Bitter Springs Fm microfossils (Igisu et al., 2009). Microscale heterogeneities in N/C 

in Bitter Springs Fm microfossils suggested that fossil sheath polysaccharide could be 

distinguished from cell wall peptidoglycan (Oehler et al., 2006). Organic sulfur, possibly 
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derived from proteinaceous material, was detected in Draken Fm microfossils (Lemelle et al., 

2008). The ultrastructure of Bitter Springs Fm microfossils has been investigated after 

palynological extraction and been used to propose distinctions between eukaryotic and 

prokaryotic cell walls, and to distinguish polysaccharide envelopes and possible intracellular 

contents (Oehler et al., 1976). Here, we investigate the ultrastructure and molecular structure of 

various microfossils of the well-preserved Bitter Springs-type assemblage from the 

Neoproterozoic lower flake conglomerate of the Draken Formation (Knoll et al., 1991). We 

show that the maturity of organic matter in the Draken microfossils is relatively high, higher 

than in the Bitter Springs Fm (cf.  Schopf et al., 2005) and comparable with the maturity of 

many Paleoproterozoic and Neoarchean microfossil assemblages. For the first time, we 

investigate the ultrastructure of a large number (13) of microfossils, spanning 9 morphospecies, 

at the nanoscale together with their mineral matrices. For the first time, we documented the 

ultrastructure of Polybessurus and Vase Shaped Microfossils. Moreover, our nanoscale 

investigations permit to characterize several nanostructures, which are not visible with optical 

observations. From these microfossils, we also documented the nature of the organic 

nanostructure based on comparison with modern bacteria. The characterization of the 

ultrastructure and nano-chemical data obtained from these prokaryotic and eukaryotic (e.g. vase 

shaped microfossil) microfossils can be useful for assessing microfossil assemblage of 

Proterozoic/Archean samples. 

2 Geological setting 

The studied microfossils come from the 700–800 My-old Draken Formation in the 

eastern part of the Svalbard archipelago. The Draken Formation belongs to the Neoproterozoic 

succession from the northeast Spitsbergen island that were affected by the Caledonian orogeny 

(the Silurian-Devonian Ny Friesland orogeny) (Gee and Page, 1994; Halverson et al., 2017, 

2007; Harland et al., 1992; Harland and Gayer, 1972; Lyberis and Manby, 1999). In the eastern 

province of the Svalbard (northeast Spitsbergen and northwestern Nordaustlandet islands), this 

Neoproterozoic succession is part of the Hecla Hoek Series (Harland and Wilson, 1956) and is 

exceptionally well preserved compared to the Neoproterozoic rocks in the southwestern 

province (Bjørnerud, 2010; Halverson et al., 2017; Harland et al., 1992). Moreover, the 

similarity between the Neoproterozoic stratigraphy of the eastern part of the Svalbard and East 

Greenland Caledonides is cited as evidence that both were deposited in a contiguous basin 

forming the East Greenland–East Svalbard platform, which was part of the eastern Laurentia 

(Halverson et al., 2017; Harland and Gayer, 1972; Hoffman et al., 2012). The Neoproterozoic 
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strata of the northeastern Spitsbergen are subdivided into the Veteranen, Akademikerbreen and 

Polarisbreen groups. 

The Veteranan Group is composed of siliciclastic sediments (mixed of sandstone, 

siltstone and shale) and minor carbonates deposited predominantly and possibly entirely within 

a marginal marine environment (Wilson, 1958). The Veteranen Group is constrained to be 

younger than 940 Ma based on the age of underlying equivalent group in Nordaustlandet 

(variably the Meyerbukta Formation or the Galtedalen group) and detrital zircon (Johansson et 

al., 2005, 2000; Sandelin et al., 2001). 

The Akademikerbreen Group conformably overlies the Veteranen Group and 

comprises, in ascending order, the Grusdievbreen, Svanbergfjellet, Draken and Backlundtoppen 

formations. This group is up to 1900 m thick, 650 km long and contains mostly carbonates 

rocks with only minor sandstone, siltstone and shale (Knoll and Swett, 1990; Wilson, 1961). 

The Akademikerbreen limestones and dolomites accumulated in a carbonate ramp in tropical 

latitudes, during a subsidence phase (Knoll and Swett, 1990; Maloof et al., 2006). The 

Grusdievbreen formation reaches ~600 m in thickness and is composed of two informal 

members (upper and lower). The base of this formation is mostly composed of fine dolomitic 

siltstone settled during the establishment of the storm-dominate carbonate ramp and the upper 

part of medium-bedded calcilutite to grainstone (Halverson et al., 2007). The overlying 

Svanbergfjellet formation (~600 m thick) is dominated by limestone ribbon rocks with abundant 

isolated microbial laminae and stromatolites. This formation is composed of four informal 

members (Knoll and Swett, 1990; Wilson, 1961). The overlying Draken Formation is 150-250 

m thick and composed principally of dolomitic intraformational conglomerates, isolated 

microbial laminae and grainstones (Knoll et al., 1991). The contact between the Draken 

Formation and the overlying, ~500 m thick Backlundtoppen Formation is transitional. The latter 

comprises limestones and dolomites, with oolitic/pisolitic grainstone, dolomite clastic 

grainstone, stromatolites and several microfossil assemblages (Knoll et al., 1989; Wilson, 

1961). Finally the Polarisbreen group overlies the Akademikerbreen Group and is composed a 

mixed of carbonate-siliclastics rocks with two diamictites units, which probably represents the 

Sturtian and Marionan glaciations (Halverson et al., 2007, 2004; Hoffman et al., 2012). 

The Draken Formation is mainly composed of dolomite (principally intraclastic 

doloarenite, dolorudite and interbedded dolomicrites). The middle third of the formation 

comprises frequent oolites and oncolites while the upper part of the formation is composed of 

stromatolites with tepee structures, which are associated with thin intraclastic dolomites and 
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dolomicrites (Knoll et al., 1991). Microfossils are preserved in several lithologies (carbonates, 

shale). However, the well preserved Draken microfossils are present in early diagenetic chert 

forming black (organic-rich) tabular shards. These black chert shards are comprised in an 

unusual lithology, termed flake conglomerate by Wilson (1961), which is composed of 

intraclastic dolomicirite round clasts within carbonate rocks. Large dolomite euhedra are also 

common together with silicified mud clasts. The black chert shards were interpreted as silicified 

fragment of microbial mats (Fairchild et al., 1991; Knoll, 1982; Knoll et al., 1991). The 

presence of bends and perturbations of mat laminations in these shards suggest that mats 

remained flexible during the conglomerate deposition and imply that the silicification occurred 

rapidly (Knoll, 2003, 1982; Knoll et al., 1991; Wilson, 1961). 

The Draken conglomerate were inferred to be deposited in a protected lagoon (Fairchild 

et al., 1991; Knoll et al., 1991). The microbial mats developed subtidally in a quiet shallow 

environment. However, storms occasionally breached the barrier, ripping up the mats, the 

fragments of which deposited with carbonate mud clasts. Organic matter degradation in mat 

fragments ceased rapidly with the burial caused by storms and early silicification, which 

resulted in the delicate preservation of microfossils. The alternation of these quiet and turbulent 

deposition settings lead to the formation of the Draken Conglomerate. Moreover, a series of 

five subfacies was recognized from the diversity of microfossils permineralized in cherts and 

were associated with a deposit environment (ranging from subtital to supratidal condition) (see 

table 1 in Fairchild et al 1991, or Table 9 in Knoll et 1991). The first biofacies is the 

Melanocyrillium biofacies which is named from the vase -shaped microfossils present in this 

assemblage (Fairchild et al., 1991; Knoll et al., 1991). This assemblage can contain acritarchs, 

Myxococcoides and is characteristic of subtidal, lagoonal environment. The second biofacies is 

composed of filaments Siphonophycus (septatum) mat builders associated with auxiliary 

Salome svalbardensis. This subfacies, characteristic of lower intertidal or transitional lagoon 

contains also diverse micro-benthic taxa and common allochthonous Myxococcoides. (Fairchild 

et al., 1991; Knoll et al., 1991). The third biofacies is composed of thin-walled Siphonophycus 

(inormatum), which are the main mat builders and comes from the intertidal zone of the lagoon. 

Like the second biofacies, the mats builders are associated with diverse micro-benthic taxa and 

common allochthonous Myxococcoides spp (Fairchild et al., 1991; Knoll et al., 1991). The 

fourth biofacies are composed of thick-walled Siphonophycus (inormatum), characteristic of 

the upper intertidal zone. This biofacies contains few micro-benthic and allochthonous 

microfossils (Fairchild et al., 1991; Knoll et al., 1991). The final biofacies is composed of 

Siphonophycus (kestron) filaments and is characteristic of upper intertidal to supratidal zone. 

Micro-benthic and allochthonous taxa are absent (or rare if present) (Fairchild et al., 1991; 
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Knoll et al., 1991). Here, all the studied microfossils come from the Lower flake conglomerate 

assemblage, which contains the best preserved and most diverse fossils from the biofacies 1, 2 

and 3, within cherty lenses. Cherty lenses containing the biofacies 4 and 5 are rare. The samples 

containing microfossils present here come from the Polarisbreen Vettene area, north east part  

of Spisbergen island (Knoll et al., 1991). The samples studied are labelled P4353-1B, -5A; -

6A; -11A (Knoll et al., 1991). 

3 Methods 

3.1 Semi-thin sections 

All observations and analyses were carried out on 400–500 mm thick, polished 

uncovered semi-thin sections prepared following the procedure described in Fadel et al. (in 

prep, see chapter 2 of this thesis). The advantage of these semi-thin sections is that their 

preparation and observation do not require gluing of the section onto a slide with epoxy. In 

addition, the semi-thin sections were rinsed with organic solvents (acetone, ethanol, followed 

by HPLC grade dichloromethane and methanol) to remove labile molecules in zones close to 

the surface that are open to fluids. Therefore, we expect to analyze only insoluble, indigenous 

organic matter in our preparations. 

3.2 Optical microscopy 

Optical petrography and microfossils localization were carried out using an Olympus 

BX60 microscope (LOG, Université de Lille) under bright-field transmitted light and reflected 

light. Photomicrographs from single focal planes were combined into ‘‘multiplane images” 

using a weighted average algorithm (CombineZP software by Alan Hadley) in order to fully 

describe each microfossil and microfossil clusters (Bercovici et al., 2009). Photomicrographs 

of microfossils are multiplane images, unless otherwise specified. The obtained image were 

used to locate microfossils at/near the surface of the semi-thin section for further microfossils 

analysis: Raman spectroscopy, Scanning Electron Microscopy (SEM) and Transmitted Electron 

Microscopy (TEM) observations on the same microfossils. 
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3.3 Raman spectroscopy 

Raman spectra of microfossils were obtained using a LabRam HR800UV Raman 

microspectrometer (Horiba Jobin Yvon) (at LOG, Université de Lille). The spectra were 

acquired with a 532 nm laser focused through an Olympus BX41 microscope with 50× objective 

(long working distance NA =0.75) during 1–2 min. In order to avoid artifacts, spectra were 

obtained in focus 1–2 µm below the surface of thin sections and filters were used to limit the 

laser power to less than 1 mW (point spectra) on the surface of the thin section. The 

backscattered Raman signal was dispersed by a grating (1800 lines/mm) and analyzed with a 

front-illuminated CCD detector. 

3.4 Scanning electron microscopy and focused ion beam  

SEM images were recorded on gold-palladium coated (~20 nm-thick deposit) thin 

sections using a FEI Quanta 200 (at LOG, Université de Lille) SEM. The secondary electron 

images (SE) revealed the topographic features that located targets for the preparation of 

ultrathin sections of microfossils with focused ion beam (FIB). FIB sections were prepared with 

a FEI strata Dual-Beam 235 FIB (at IEMN, Lille) for Transmitted Electron Microscopy. During 

the FIB section preparation, the top surface of each region of interest was protected with 

platinum strip ~25 mm long and ~2 mm thick. Material on each side of the region of interest 

was removed by a gallium (Ga+) ion beam (30 kV, 7 nA). Then, FIB sections were lifted out 

and attached onto a copper TEM grid by depositing platinum at the contact(s) between the 

section and the grid. The section was thinned to ~150–200 nm using beam with decreasing 

current (1 nA to 300 pA and 100 pA) grazing on each side of the section. Finally, the plasma-

redeposited amorphous material was removed by scanning the section with a 5 kV ion beam at 

an angle of 4–7° with the section surface. 

3.5 Scanning transmitted electron microscopy 

STEM analyses were performed on the FIB sections on a FEI TITAN Themis 300 TEM 

(CCM, Université de Lille) operated at 80 kV. The FIB sections were inserted into the 

microscope using a cryo-transfer holder (model 914, Gatan) cooled by liquid N2 (-172°C). 

Liquid N2 was added after 3 hours, to allow the recovery of microscope vacuum and avoid 

formation of frost on the FIB sections. The microscope is equipped with a monochromator and 

a Cs probe corrector. For high-angle annular dark-field (HAADF) image acquisition, the spot 
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size was #8 (producing a screen current of ∼ 50-90 pA) and the camera length was 91 mm. For 

dark field images, the same parameters were used but the camera length was 285 mm. The 

contrasts in STEM HAADF images are only influenced by the atomic weight of elements, 

whereas STEM dark field images are more influenced by diffraction contrasts. Elemental 

distributions were mapping using a Super-X EDXS (Energy Dispersive X-ray Spectrometry) 

detector (formed by four SSD detectors integrated to the S-TWIN objective lens), which is 

sensitive to light-weight elements. This detector allowed us to produce EDXS mappings of the 

sample in the same horizontal position as that used to record all STEM images. 

3.6 XANES –STXM 

STXM analyses were performed at the Diamond Light Source beamline I08-SXM and 

the Canadian Light Source beamline 10ID-1 (SM). The I08-SXM beamline uses radiation 

ranging from 250 to 4400 eV, generated by an Apple II type ondulator. The X-ray source is 

optimized to enable studies exploiting linearly or circularly polarized radiation. The intensity 

of the X-rays transmitted through the sample is directly measured using a photodiode. STXM 

was used to perform high resolution (~ 30 nm) spectromicroscopy at the carbon K-edge (energy 

range 275–295 eV) to image the distribution of organic matter and characterize the carbon 

chemistry in X-ray absorption near-edge spectroscopy (XANES) spectra. We recorded XANES 

hyperspectral stacks used a spectral resolution of 0.1 eV between 275 and 295 eV and counting 

times of 3–5 milliseconds per pixel. XANES hyperspectral stacks of nitrogen were also 

acquired (375–450 eV, 0.5 eV step). XANES stack data were normalized to the absorption of 

the background. Aromatic carbon maps were obtained by subtraction of X-ray transmission 

images recorded in mapstacks (using 15 ms/pixel to improve contrasts) at 285.1 eV 

(aromatics)—280.1 eV (pre-edge absorption ‘baseline’). Preliminary analysis was also 

performed on one microfossil at the Canadian Light Source (CLS) SM beamline 10-ID1 

(Kaznatcheev et al., 2007) (chamber back-filled with He instead of vacuum; PMT detector, 

inferred flux in the 106 photons.cm-2 order of magnitude, spatial resolution <25 nm, dwell time 

≤2 ms). Alignment of images of stacks, extraction of XANES spectra and aromatic carbon maps 

were obtained using the aXis2000 software available on 

http://unicorn.mcmaster.ca/aXis2000.html. 
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4 Results 

4.1 Microfossil assemblage 

4.1.1 Microfossils assemblage 

The microfossil assemblages present here come from the lower flake conglomerate of 

the Draken formation. (Fig.3.1 and supplementary Fig.3.1)   
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Fig 3.1. General view of cherty lenses containing diverse assmeblage. A. Assemblage of 

microfossils with vase-shaped microfossils (arrows) and various Myxococcoides spheroids 

from lagoonal setting. B. Higly diverse cherty lenses containing various allochthonous and 

microbenthic microfossils (arrow: Polybessurus). C. Microbial mats composed of 

Siphonophycus filaments associated with highly diverse micro-benthic microfossils and 

allochthonous (probably planktonic) microfossils. D. Small fragment of chert shards containing 

abondant microbenthic and allochtnous microfossils. E. Microbial mat shard of Siphonophycus 

(inormatum) associated with allochtonous Myxococcoides microfossils. F.Microbial mats only 

composed of Siphonophicos spetatum. (Samples: A: P4353-1B ;B: P4353-6A ;C: P4353-5A 

;D:P4353-11A ;E:P4353-1B ;F: P4353-6A). 

Microfossils in the cherty lenses are highly diverse with 42 microfossil morphospecies, 

for which the distribution and taxonomy have been characterized by Knoll, 1982 and Knoll et 

al., 1991. Moreover, the different assemblages present within the cherts comprise mostly 

different types of filaments (tubular filaments, likely fossil of polysaccharide sheaths, with 

variable diameter ranging between ~5 and ~15µm) interpreted as mat-forming filamentous 

cyanobacteria (Figs. 3.1. C,E,F). These microbial mats can be associated with a high variety of 

well-preserved microfossils, which were interpreted as microbenthic organisms and 

allochthonous microorganisms (probably planktonic). Interestingly, the diversity of these 

microbenthic and allochthonous organisms is highly important in cherty lenses with low 

abundance of filamentous microorganisms (compare cherts in Fig. 3.1A-D vs 3.1F-E). 

However, the distribution of these microbenthic or allochthonous microfossils is non-

homogenous and they can occur as isolated in some cherty lenses. These well preserved 

microfossil assemblage are also associated with pyrite crystals (also reported by Foucher and 

Westall, 2013 and Lemelle et al., 2008). 

4.1.2 Geothermometry of the carbonaceous material 

The excellent morphological preservation of the microfossils as structured carbonaceous 

remains has been highlighted with Raman mapping by Foucher & Westall (2013). All 

microfossil displayed similar Raman spectra with five main bands between 1000 and 2000 cm−1 

that are related to kerogen (Fig. 3.2). This indicated that the different microfossils present in 

the assemblage are composed of kerogen. Based on peak fitting decomposition the Raman 

spectra of organic matter, the calculated peak metamorphism temperature of the kerogen is 

285°C ± 30°C (Fig. 3.2) [Fitting used: method F of Kouketsu et al. (2014), using equation: 

T(°C)= – 2.15 FWHM-D1+478 with a measured full width at half maximum of the D1 band at 

ca. 1350 cm-1 FWHM-D1 of 95 cm-1]. 
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The XANES spectrum obtained at Diamond from organic matter of microfossils appear 

to be only composed of aromatic molecules (Fig. 3.3E). Moreover, the absence of distinct N K-

edge the XANES hyperspectral data obtained show the absence of nitrogen (N) (not show). In 

contrast, the CLS spectrum obtained from a microfossil indicates a faint signal of C=O bonds 

(bands at 287.5eV indicative of ketone C=O, and bands at 287.5 eV of carboxylic C=O see 

supplementary Fig. 3.2). In the CLS spectrum, a weak signal of N at the N K-edge 

(supplementary Fig. 3.2) was detected not only on the wall structure of the microfossil but 

everywhere on the FIB section, suggesting that an inorganic N contaminant adsorbed on the 

thin section. We note that we analysed comparatively volumes of organic carbon at Diamond 

(e.g. Fig. 3.3D), whereas only nanoparticles were analysed at CLS (Supplementary Fig. 3.2). 

At such small amounts of carbon, the CLS spectral data are more prone to show the overprint 

of faint contaminations. The N and C=O bands detected at CLS may thus have come from the 

fossil or may represent a normalization artefact, or a contaminant on the FIB section. This 

contaminant, if it exists, was not detected at Diamond, possibly because: i) other FIB sections 

were not contaminated prior to STXM analysis, ii) better vacuum conditions at Diamond 

(compared to He-backfilled chamber at CLS) preventing in situ beam-deposition of 

contaminants (e.g. Leontowich and Hitchcock, 2012), iii) radiation damage quickly altered 

fragile contaminants. Alternatively, these differences in spectral signatures between the 

Diamond and CLS data could come from intrinsic heterogeneities among Draken microfossils. 

However, we note that we searched for C K edge XANES heterogeneities among 12 different 

morphospecies of Draken microfossils using hyperspectral maps of mapstacks: all these 

analyses (not shown) pointed to a highly aromatic organic matter depleted in oxygen-bearing 

functional groups. Because the photon dose was higher at Diamond, a small amount of C=O as 

detected at CLS, may have been obliterated by radiation damage, altough it remains difficult to 

demonstrate. Irrespective of the possible presence of C=O and N-bearing functional groups, 

both datasets (Diamond and CLS, Supplementary Fig. 3.2) point to a highly aromatic 

composition that could have been produced by radiation damage alone. 
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Fig.3.2. Raman spectra of kerogen obtained from a microfossil and its deconvolution in five 

bands. The vibrational bands at ~1350cm-1 (D bands) and 1600cm-1 (G bands) established the 

carbonaceous composition of the microfossil. Centers of the band: D1: 1348cm–1; D2: 1606cm–

1; D3: 1480 cm–1 ; D4: 1244cm–1 and G: 1580cm–1. 

4.1.3 Filamentous microfossils 

4.1.3.1  Siphonophycus 

The filaments present in the lower flake conglomerate were interpreted as sheath of 

filamentous cyanobacteria by Knoll 1982 and Knoll et al 1991. These filaments include several 

species of Siphonophycus filaments based on cross sectional diameter, abundance and 

distribution within cherty lenses. They form mat assemblages with the other well-preserved 

microfossils (mat-dwellers or allochthonous microfossils). Here the ultrastructure of a ~5 µm 

diameter filament (probably S. inornatum) with internal material was investigated (specimen 

1). This filament occured in a cherty lens displaying a high diversity of microfossils (mat 

dwellers and allochthonous material, see Table 5 in Knoll et al. 1991). Interestingly, the content 

of organic matter within the specimen 1 microfossil (Fig. 3.3A) is high and prominently appears 

as a thick central organic thread that is absent in other filaments of similar total diameter 

occurring near this filament (see Supplementary Fig. 3.3). A longitudinal FIB section was 
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prepared for the filament specimen 1 (Fig. 3.2A) and a transversal section on empty sheath 

filaments (Supplementary Fig. 3.3). The FIB sections reveal that the quartz surrounding the 

filaments are nanocrystals (~100–200 nm in diameter) (Fig. 3.3B and Supplementary Fig. 3.3). 

The outer limit of the filament specimen 1 is defined by a thin layer of organic matter (Fig. 

3.3A-D). Quartz nanocrystals also found inside and throughout (i.e. impregnating) this thin 

outer layer. In contrast, larger quartz crystals (up to ~3 µm in diameter) outline the thick central 

organic thread. 

Two Siphonophycus filaments with similar diameters (specimens 2 and 3) display a ~1 

µm thick zone interspersed with granular organic material that correspond to the apparently 

smooth sheath wall seen in optical microscopy (Supplementary Fig. 3.3). Specimen 2 displays 

a solitary, relatively coarse central organic grain. 

 

Fig. 3.3. Siphonophycus filaments specimen 1. A. Photomicrograph in transmitted light (Red 

line: FIB section position). B. STEM dark field image of the FIB section showing the presence 

of coarse quartz-crystals within the filaments and surrounding quartz nano-crystals. C. HAADF 

image of the FIB sections showing the distribution of the organic matter (in dark) and quartz 

(grey). D. Map aromatic carbon of the FIB section. E. C K edge spectrum obtain form the large 

central carbon particle of the filaments (Note that the spectrum is slightly shifted by -0.3 eV). 

Arrows: pink= central thread, yellow= outermost organic layer, blue = migration of the central 

thread at the interface between micro and nano-quartz. (Sample: P4353-11A) 
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4.1.3.2 Salome Svalbardensis 

Salome Svalbardensis is a rare type of filament composed of a trichome (chain of disc-

shaped cells ~2 µm long and ~6-15 µm wide with a multilayered sheath. The sheath structure 

includes an inner sheath with a cross section of 8-16µm. This inner sheath is surrounded by up 

to eight distinct outer sheath layers with cross sections ranging between 23 and 65 µm. 

However, the partial degradation of trichome or sheath structures makes the identification of 

this morphospecies difficult in some case such as the microfossil illustrated as S. Svalbardensis 

by Knoll (1982, pl. 3 fig.2) which was reassigned to Polybessurus bipartitus after reexamination 

(Knoll et al., 1991). The combination of multilayered sheath with a partly preserved trichome 

composed of disc-shaped cells, which is not observed in Polybessurus and other filaments with 

single-layer sheath, is considered diagnostic of Salome Svalbardensis (see pl. 3 fig.1 Knoll 

1982) Considering other filamentous microfossils, this sheath structure surrounding a trichome 

was only observed within this morphospecies (references). Based on morphological comparison 

with modern oscillatorian cyanobacteria (Lyngbya aestuarii: Geitler, 1932), this microfossil 

morphospecies likely is cyanobacterial in origin (Knoll, 1982). One longitudinal FIB section 

was prepared in such a trichome. In the studied microfossil, the multiple sheath layers are 

diffuse and difficult to recognize due to low quantity of organic matter (Fig. 3.4A) and due to 

interspersed nanopyrites (that are also found in the surrounding matrix). Individual disc-shaped 

cells are heterogeneously preserved along the filament (Fig. 3.4A), and are often replaced by 

large tubes and clots of organic matter (see left part of the filament in Fig. 3.4A). In this context, 

it is difficult to determine if the tubular brownish material (arrows in Fig. 3.4A) represents an 

inner sheath material or degraded cellular material. Although the outer limit of the filaments is 

not visible within the prepared FIB section, the limit of the disc shaped cells within the sheath 

structure is distinct (Fig. 3.4D-G). Organic matter within the cells occurs as 200-600 nm large 

particles that are apparently randomly distributed. Diffuse clouds of organic nanoparticles are 

present between the well-defined cells. Interestingly, these nanoparticles are less abundant 

(absent?) in the sheath-region above the cells in Fig. 3.4D-E.  

The quartz between the cells and within the sheath structure comprises nanocrystals of 

~100–300 µm in diameter. The quartz within the disc-shaped cells are slightly larger (ranging 

from ~300 nm to 1 µm in diameter). Interestingly, some quartz crystals at the inner border of 

the cell structures seem to follow (elongate) the shape of the cells and sometimes define the 

border of the cell structure where carbon is absent (see white arrows in Fig. 3.4E-G). 
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Fig. 3.4. Salome Svalbardensis microfossil. A. Photomicrograph in transmitted light (Red line: 

FIB section position; arrows: internal organic material). B. High contrast photomicrograph of 

the microfossil. Here white arrows outline the multiple organic sheath layers, and red arrows 

outline locally enrichments in nano-pyrites. C. Dark field STEM image of the FIB section 

showing the heterogenous distribution of quartz nano-crystals. D. HAADF image of the FIB 

sections showing the distribution of the organic matter forming disc-shaped cells (in dark) and 

quartz (grey). E. EDX map of the carbon (C) from the region boxed in D. White arrow: limit of 

cell devoid of carbon. Note that sub-vertical lines in C-D are an artifact of the FIB preparation 

process (where preferential FIB etching occurred along vertical lines starting just below 

organic inclusions). The enrichment in carbon along a vertical line at the left of E (red arrow 

in the leftmost cell of E) also likely results of a step-in thickness in the FIB section (see 

corresponding zone in D); this possible analytical artefact needs further verification. F. Zoom 
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on the region boxed in C. The white arrows indicate the sharp contact between quartz crystals 

inside and outside the cell. G. EDX map of the carbon zoom. The white arrows indicate the 

position of sharp contact between quartz crystals inside and outside the cell and devoid of 

carbon. (Sample: P4353-1B) 

4.1.4 Coccoidal microfossils 

Unicellular and colonial coccoids, associated the filaments in microbial mats, are highly 

diverse (Knoll 1982, Knoll et al., 1991). We have prepared FIB sections of five microfossil 

morphospecies.  

4.1.4.1 Gloeodiniopsis mikros 

Gloeodiniopsis genus microfossils were firstly described from the Bitter Springs 

Formations. The type specie (G. lamellosa) consists of large inner wall structures organized in 

monads, dyad or tetrads (~12.5µm in diameter) surrounded by thick 4-6 concentric outer layers 

(Schopf 1968). Spheroids with multilamellated walls/envelopes have conventionally been 

ascribed to Gloeodiniopsis (Schopf 1968) but the state of preservation of the inner and outer 

structures can be variable due to partial degradation (Knoll and Golubic, 1979). The Draken 

material contain several Gloeodiniopsis morphspecies, including G. Mikros. The latter is the 

smallest morphospecies of genus Gloeodiniopsis (Knoll, 1982). This microfossil abundant in 

S. inormatum mat shards is composed of spheroidal smooth-walled inner vesicles (~3 µm in 

diameter) of optically dense organic matter, interpreted as cell remnants, enclosed in an external 

envelope (~8 µm in diameter) (Fig. 3.5A) interpreted as a polysaccharide capsule (Knoll, 1982, 

Knoll et al. 1991). External envelop contains only one, two or four vesicles following a simple 

divisional pattern. The cyanobacterial affinity of G. mikros has been inferred by Knoll (1982) 

based on similarity of size, morphology and division pattern with modern Chroococcaceae, 

especially the genus Chroococcus (i.e. C. minutus: Geitler, 1932) and Gloecapsa. While the 

specimens observed are composed of single layered sheath, the assignment of the microfossils 

present in the Fig. 3.5A and supplementary Fig. 3.4 is based on the size, the wall-texture of 

inner vesicles and the organization of similar microfossils in dyads/tetrads in the shards where 

microfossils are hosted. Moreover, the specimens studied have similar size and morphologies 

with the G. mikros population reported in previous studies (see fig.17 2-11 in Knoll et al. 1991). 

One FIB section was prepared through a cell dyad of G. mikros but only one cell structure was 

thinned to high electron transparency and analyzed (Fig. 3.5B-D). A second FIB section was 

prepared in a monad of G. Mikros (Supplementary Fig. 3.4). 
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The FIB section shows that the quartz crystals within or outside the microfossil are 

~200–500 nm in diameter (Fig. 3.5B). In the dark-field image (Fig. 3.5B), the inner vesicle 

display appears homogenously darker suggesting that it is populated by coarser, single quartz 

crystals or similarly-oriented nanocrystals. The envelope comprises a peripheral band of 

organic matter, ~0.5–1 µm in thickness composed of multiple small (<100 nm in diameter) 

organic matter grains (Fig. 3.5C-D, red arrows). Contrary to the external envelop, the border of 

inner vesicle is relatively well defined by a thin layer of organic matter (<100 nm thick). 

Moreover, the organic matter within the vesicles is not randomly dispersed within the vesicles 

but formed thin layers (white arrows in Fig. 3.5C–D). The zone between the peripheral band 

and the inner vesicle is depleted in organic matter (green arrows in Fig. 3.5C-D). A monad (also 

attributed to Gloeodiniopsis mikros) also shows a similar ultrastructure (Supplementary Fig. 

3.4). This unicell microfossil is also composed a ~1-µm thick outer envelope of organic 

nanograins, an intermediate zone depleted in organic matter, and an inner vesicle. The latter 

displays an outer organic wall (~ 1-nm thick) with thinner (~ 200 nm) internal organic layers. 

 

Fig. 3.5. Gloeodiniopsis microfossils. A. Photomicrograph in transmitted light (Red line: FIB 

section position). B. STEM dark field image of one cell from the FIB section showing the 

presence of quartz nano-crystals within and outside the microfossil. C. HAADF image of one 

from the FIB sections showing the distribution of the organic matter (in dark) and quartz (grey). 

The white crystal is probably pyrite (need further verification). D. Map aromatic carbon of one 
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cell from the FIB section. The white arrows indicate the organic layers in the inner vesicle. The 

white arrows in C-D indicate the position of thin continuous organic matter layers. The red 

arrows highlight a ~ 0.5–1 µm large peripheral band of organic matter nanoparticles. The 

green arrows highlight an intermediate zone depleted in organic matter. (Sample: P4353-11A) 

4.1.4.2 Sphaerophycus 

A second dyad of coccoidal microfossils was also analyzed. This dyad is composed of 

inner spheroidal vesicles (~5 µm in diameter) surrounded by a single common envelope. We 

assigned this microfossil to Sphaerophycus (?) medium rather than Gloeodiniopsis mikros due 

to the higher relative volume of the inner vesicle compared to the envelope, the granular texture 

of the inner vesicles (Fig. 3.6A versus 3.5A) and the presence of similar specimens containing 

more than four inner vesicles in the vicinity of the analyzed microfossils (shard of Fig. 3.1D). 

The morphological similarity with the extant genus Aphanocapsa and the binary 

division/fission patterns of other Sphaerophycus microfossils argue for a cyanobacterial origin 

(Knoll, 1982). One FIB section was prepared through the two inner vesicles and their enclosing 

envelope (Fig. 3.6A). Again, the microfossil is associated with quartz nanocrystals (~200–

400nm in diameter). Moreover, regions of adjacent quartz nanocrystals display the same darker 

diffraction contrast suggesting that they have the same orientation at a border of the outer 

envelope (white arrow in Fig. 3.6B). The dyad is enclosed in an outermost envelope formed by 

a discontinuous cloud (~1-µm thick) of organic particles smaller than 100 nm (Fig. 3.6C-D). 

Each vesicle of the dyad is outlined by another similar, more internal, discontinuous envelope 

(Fig. 3.6C-D), a feature that further distinguishes this microfossil from the Gloeodiniopsis dyad 

(Fig. 3.5). Moreover, the vesicle to the right diplays an innermost layer of organic matter formed 

by a single layer of organic particles >200 nm in thickness (white arrows in Fig. 3.6C-D). This 

innermost layer is absent in the left vesicle. In contrast, the latter contains a small patch 

composed of nanometric organic matter particles (grey arrows in Fig. 3.6C-D).  
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Fig. 3.6. Sphaerophycus dyad. A. Photomicrograph in transmitted light (Red line: FIB section 

position). B. STEM dark field image of the FIB section showing the presence of quartz nano-

crystals within and outside the microfossil. White arrowhead indicates the position of quartz 

crystals within the organic layer having the same diffraction contrast. C. HAADF image of one 

from the FIB sections showing the distribution of the organic matter (in black) and quartz 

(grey). D. Map aromatic carbon of one cell from the FIB section. The regular oblique white 

streaks along the red line are an analytical artefact of the synchrotron analysis. In C and D, 

the white arrowheads indicate the position of an innermost layer in the right part of the dyad 

and the grey arrowheads show the position of an internal organic patch in the left part of the 

dyad. (Sample: P4353-11A) 

4.1.4.3 Synodophycus 

Synodophycus microfossils were first reported by Knoll (1982). The type species 

Synodphycus euthemos consists of large pluricellular colony composed of 16 to 64 small 

vesicles (4–7 µm in cross-sectional diameter). The wall structure of the individual vesicles is 

thin while the envelope of the colony appears dense (Fig. 3.7A). Synodophycus euthemos has 

been interpreted as the fossil of Pleurocapsalean cyanobacteria (Waterbury and Stanier, 1978) 

based on the (uncommon) presence in some vesicles of inner 1–2 µm vesicles interpreted as 

baeocytes formed by multiple fission in enlarged cells (Knoll et al., 1991). One FIB section was 

prepared on a Synodophycus microfossil. Although the fossil studied here lacks the smaller 

innermost vesicles diagnostic of baeocytes, the relatively large size of the cells, their small 

number in the colony, the outer envelope and the presence of this microfossil within a S. 

inormatum mats shard links them best with Synodophycus euthemos and contrasts with trather 
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than the other colonial microfossil common in the Draken Formation that is Coniunctiophycus 

(incertae cedis, Knoll et al., 1991), which aggregate more numerous but smaller cells.  

The quartz crystals within and out of the colony are ~200–500 nm in diameter (Fig. 

3.7B). The outer layer of the colony is composed of a <1 µm thick discontinuous layer, which 

contains small organic matter grains (<100 nm in diameter). The structure forming each vesicle 

in the envelope is also composed of organic matter nanograins forming a thiner (<500 nm) layer 

(Fig. 3.7C-D). Moreover, the internal and outer layers and envelop layer are for most parts 

continuous, that is the limit between the internal and outer layers is undefinable. In addition, 

triple junctions formed by the intersection of two internal layers and the external layer are 

commonly populated by organic matter forming a local thickening (white arrows in the Fig. 

3.7C-D). 

 

Fig. 3.7. Synodophycus euthemos. A. Photomicrograph in transmitted light (Red line: FIB 

section position). B. Dark field STEM image of the FIB section showing the presence of quartz 

nano-crystals within and outside the microfossil. C. HAADF image of the FIB section showing 

the distribution of the organic matter (in dark) and quartz (grey). The white arrows indicate 

the accumulation of kerogen at the junction of the external envelop and internal cell walls. D. 

Map aromatic carbon of one cell from the region boxed in C. The white arrows indicate the 

accumulation of kerogen at the junction of the outer envelope and internal cell walls. (Sample: 

P4353-11A) 
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4.1.4.4 Polybessurus 

Finally, FIB sections were also prepared on relatively isolated large Polybessurus genus 

microfossils. These microfossils are composed of organic thick-walled, multi laminated stalks 

with cup-shaped morphology formed by unidirectional (vertical) secretion of polysaccharides 

(Green et al., 1987). Polybessurus have been interpreted as cyanobacteria based on their 

unequivocal similarity with modern cyanobacteria (Cyanostylon) forming crust on tidal flats of 

the Bahamas (Green et al., 1987; Knoll, 2003; Knoll et al., 1991). Two FIB sections were 

prepared on Polybessurus microfossils. A FIB section made on a smaller unjetted (circular 

concentric sheath structure) Polybessurus microfossil shows that the microfossil is also 

permineralized in nano-quartz (200-400nm in diameter) (Fig. 3.8A). The microfossil comprises 

more than seven concentric spherical envelopes. The two-three innermost envelopes display 

more abundant organic matter nanograins than the following, thinner envelopes (Fig. 3.8C-D). 

The innermost layers display triple junctions (red arrows in Fig. 3.8) indicating that the 2-3 

discontinuous layers observed in the FIB section result from one to two infolded envelopes. 

The inter-envelope spaces often display small clots of organic matter. A sub-rounded structure, 

possibly an invagination of the innermost envelope, can also be seen together with small clots 

at the center of the structure. Another FIB section was prepared on a large thick-walled, multi-

laminated vesicle. The ultrastructure of this microfossil shows that the external wall of the 

vesicle is composed of small granular organic matter and permineralized in nanoquartz 

(Supplementary Fig. 3.5). 
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Fig. 3.8. Unjetted Polybessurus specimen 1. A. Photomicrograph of the microfossil in 

transmitted light (green line: position of the FIB section through the sheath structure of the 

stalk and the cell membrane). B. STEM dark field image of the FIB sections showing the 

distribution of nano-quartz crystals. Note that the large dark zone correspond to holes caused 

by FIB damage. C. Map aromatic carbon showing the distribution of the internal organic 

material, the cell membranes and external sheath composing the early stalk. Blue arrow : 

internal layered organic material ; green bracket : set of thicker internal layers ; red arrows : 

triple junctions suggesting infolding of the internal layer set ; yellow bracket : set of thinner 

external layers. D. HAADF image of the of the FIB sections. Carbon appears in dark and quartz 

in grey. Pyrite appears in bright white. (sample: P4353-6A) 

4.1.4.5 Myxococcoides 

The different microfossil assemblages present in the cherty lenses contain remains of 

various allochthonous microorganisms. The majority of these allochthonous microfossils are 

spheroidal microorganisms of the genus Myxococcoides (Knoll et al., 1991). These spheroidal 

microfossils (10 to 20 µm in diameter) are randomly dispersed in the different microbial 

assemblages and occur as isolated or colonies (Fig. 3.9A and Supplementary Fig.3.6). These 

microfossils are composed of dense thick walls and can contain internal material including 

pyrite crystals (e.g. Supplementary Fig. 3.6). Two FIB sections were prepared on this type of 
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microfossil (Fig.3.9A; Supplementary Fig. 3.6). The quartz present inside and outside the 

microfossils are nano-crystals (~100-400nm in diameter) (Fig. 3.9C, Supplementary Fig. 3.6D). 

The wall structure of these microfossils forms a well-defined ~1-µm thick layer characterized 

by a series of organic columns oriented in a sub-radial fashion (Figs. 3.9B, E-H). This layer is 

sometimes surrounded by an additional outer layer of nanograins of organic matter (see white 

arrows in Fig. 3.9F). The thick wall structure of these microfossil is composed of thick organic 

grains having columnar shape and forming “bridges” from the inner limit to the outer limit of 

the wall structure. Fe-rich minerals such as pyrite and probably iron-carbonates with margins 

enriched in barium occur inside the cells (Fig. 3.9D, Supplementary Fig. 3.6). The internal Fe-

minerals are sometimes coated and/or closely associated with organic matter nanograins (Fig. 

3.9D-E). 

 

Fig. 3.9. Myxococcoides. A. Photomicrograph in transmitted light (Red line: FIB section 

position in specimen 1). B-E. Specimen 1. F-G. Specimen 2 (see supplementary Fig. 3.4). B. 

HAADF image of the FIB section cut along the line in (A) showing the distribution of organic 

matter (in dark), quartz (grey) and carbonate/iron sulfide (white). C. Dark field STEM image 

of the FIB section showing the presence of internal carbonate crystals with an iron sulfide core 

(white crystals). D. EDX map of the showing the white crystal present within the microfossil. 

Blue: iron + carbon, magenta: barium + iron + carbon, white: sulfur + iron, yellow: carbon. 

(see Supplementary Fig. 3.7 for spectra) E. EDX map of the carbon (yellow) present in the FIB 

section. F. EDX map of the zone boxed in E showing the carbon distribution of the outer wall 

structure. The white arrows indicate the position of an outer layer of carbon. G. HAADF image 

of FIB section from specimen 2 (dark: organic matter, grey: quartz). The white cubic crystals 

present within the cells are iron sulfide (EDX spectrum in Supplementary Fig. 3.4). H. Aomatic 

carbon map (STXM) of the FIB section from microfossil present in F. (A-F: sample P4353-1B; 

G-H: sample P4353-11A) 
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4.1.5 Vase-shaped microfossils 

Rare vase-shaped microfossils (VSM) are also present in some cherty lenses. We have 

found one cherty lens containing this type of microfossil associated with spheroidal microfossils 

(mostly Myxococcoides) in the semi-thin sections we prepared. These large microfossils (~80–

120 µm in diameter) consist of vesicles with well-defined apertures (Fig. 3.10A) and are 

composed of organic matter, which appears granular under the optical microscope in 

longitudinal thin section (Fig. 3.10A) or reticulate in a transversal section close to the bottom 

of the vase shape (Fig. 3.11A). The interior of the microfossils is composed of quartz that is not 

stained black by organic particles and/or pyrites, in contrast with the quartz embedding the 

microfossil (Fig. 3.11A). Two FIB sections reveal that the organic walls of two VSM are 

composed of two layers. One internal layer is composed of small organic matter grains (<300 

nm in diameter) (Figs. 3.10C-D, 3.11C-E). This layer is impregnated with nanoquartz (200 to 

400 nm in diameter), similar to the internal and external parts of the microfossil. This layer can 

be associated with rare iron minerals, which are probably iron oxides based on EDXS spectra 

(not shown) and map (Fig. 3.10E-F). A thicker outer layer of organic matter is irregular and 

appears to pinch and swell irregularly between micrometric quartz crystals (Figs. 3.10B-D and 

3.11B-E). Micrometric quartz crystals also locally extend outside the microfossils (see white 

arrows in the Figs. 3.10B and 3.11B). 
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Fig. 3.10. Vase shaped microfossil specimen 1. A. Single plane  photomicrograph in 

transmitted light 2 µm below the surface (Red line: FIB section position). B. STEM dark field 

image of the FIB section showing the presence of coarse quartz crystals associated with the 

wall structure of the microfossil. The white arrow indicate the position of coarse quartz outside 

of the microfossil wall. C. HAADF image of the FIB sections showing the distribution of the 

organic matter (in dark) and quartz (grey). D. Map aromatic carbon map of the region in the 

lower box in C. E. HAADF image of the region in the upper box in C. F. EDX map of F showing 

the distribution of iron (blue) and carbon (yellow). (Sample: P4353-1B) 
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Fig. 3.11. Vase shaped microfossil specimen 2. A. Photomicrograph in transmitted light (Red 

line: FIB section position). The combination of multiple focal planes shows the reticulate 

texture of the organic wall. B. STEM dark field image of the FIB section showing the presence 

of coarse quartz crystals associated with the wall structure of the microfossil. The white arrow 

indicates the position of coarse quartz spreading out of the microfossil wall. C. HAADF image 

of the FIB section showing the distribution of the organic matter (in dark) and quartz (grey). 

D-E. EDX maps of carbon (yellow) in the regions in the upper and lower boxes in C, 

respectively. (Sample: P4353-1B) 

5 Discussion 

5.1 Organic matter maturity 

The Raman data indicate that the microfossils entered the metamorphism window and 

are over mature (with a peak metamorphism temperature of 285°C ± 30°C) (Fig. 3.2). While 

the assemblages from the lower flake conglomerate contains great diversity of well-preserved 

microorganisms (Fig. 3.1), the microfossil maturity is well above that of the Paleoproterozoic 

microfossils from the Gunflint Formation (Alleon et al., 2016b), and Mesoproterozoic 

microfossils from the Gaoyuzhaung Formation (Guo et al., 2018, ~215°C), and us closer to that 

of the Paleoproterozoic microfossils the Francevillian FC formation (Lekele Baghekema et al., 

2017, 296°C) and the Turee Creek Formation (Fadel et al., 2017, 300°C). Based on the Raman 

Index of Preservation of Schopf et al., (2005) and the smaller D3 and D4 bands of the Draken 

microfossil Raman spectra, we can also infer that the Draken microfossils are significantly more 
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mature than the Bitter Springs Formation microfossils. The latter are indeed better preserved 

than the Gunflint Microfossils (Schopf et al., 2005). The Draken microfossils thus display an 

organic matter maturity that is commonly observed in Paleoproterozoic microfossils as well as 

in Neoarchean rocks (Lepot et al., 2008). Moreover, the XANES data show the predominance 

of aromatic moieties, thus confirming the high maturity of the Draken microfossils. However, 

the XANES spectra obtained at CLS (see supplementary Fig. 3.2) from a microfossil indicate 

that C=O bonds could be preserved. Irrespective of the small C=O contribution in spectra 

recorded at CLS, this unexpected result of a mostly aromatic polymer suggests that the 

molecular maturity of our Draken microfossils is significantly higher than that of the >1 billion 

year older (but less mature, as indicated by Raman spectroscopy) microfossils of the Gunflint 

Formation that display more abundant N- and O-bearing functional groups (Alleon et al., 

2016b). The homogeneous XANES signature recorded at Diamond could not offer fingerprints 

to distinguish the precursors of the different microfossil morphospecies, which is likely the 

result of high molecular maturity. 

5.2 Taphonomy and taxonomy of the microfossils 

All the microfossils present here are embedded and filled by nanoquartz contrasting with 

the larger quartz crystals observed in other rocks with better organic Raman index of 

preservation (Schopf et al, 2005). Indeed, some acritarchs from the ca. 650 million years old 

Chichkan Formation display micrometric internal crystals (Kempe et al., 2005) not seen here 

in Draken, and larger submicrometric to micrometric quartz crystals observed in some samples 

of the Gunflint Iron Formation (Lepot et al., 2017, but see Wacey et al., 2012). Although the 

Raman and XANES spectroscopy indicate that the microfossils present in the cherty lenses are 

highly mature in terms of molecular composition, the small size of the quartz crystals allowed 

for perseveration of a high variety of ultrastructures that could not be resolved solely using 

optical microscopy. 

5.2.1 Filamentous microfossils 

5.2.1.1 Siphonophycus 

The vast majority of filamentous microfossils present within the different Draken 

assemblages were interpreted as the remains of cyanobacterial sheath and are classified based 

on their cross-sectional diameter (Knoll, 1982; Schopf, 1968; Yun, 1981). The Siphonophycus 

filament specimen 1 (Fig. 3.3) shows a higher content of organic matter compared to 
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Siphonophycus specimen 2 (Supplementary Fig. 3.2). Moreover, the filament specimen 1 shows 

nanometric and micrometric quartz crystals (Fig. 3.3B) while the quartz present in specimen 2 

are only nanograins (Supplementary Fig. 3.3). These differences of quartz mineralogy, organic 

matter texture, and the close spatial distribution of these microfossils (distance between the 

different filamentous microfossils is less than 500 µm) indicate that the taphonomy of 

microfossils can be highly variable at the microscale. 

Here the microfossil specimen 1 shows that the quartz in the central part is coarser than 

the quartz around the microfossil. Such quartz distribution can be explained by the infilling of 

the microfossil interior after the formation of the surrounding matrix (Campbell et al., 2015; 

Konhauser et al., 2004; Lynne et al., 2005). The structure of the filament specimen 1 can be 

explained in (at least) three fashions. First, the outermost thin layer of organic matter could 

represent the remnant of the sheath, while the dense and irregular inner organic thread could 

correspond to collapsed cell material. Accordingly, Siphonophycus specimens 2 and 3 appear 

to display better-preserved empty sheaths (under the optical microscope) but display the same 

nanogranular texture and similar density of organic nanograins as the outermost thin layer in 

specimen 1. Second, the inner thread could correspond to collapsed cell±sheath material as 

observed in modern taphonomic experiments (Bartley, 1996). We argue that this central thread 

is unlikely to have formed by a collapsed Siphonophycus sheath material only, as empty sheaths 

in other specimens (2 and 3, Supplementary Fig. 3.3) do not appear to contain sufficient organic 

material to account for such a thick thread. The outermost thin layer could represent organic 

matter that migrated from the central thread (Knoll et al., 1988). Indeed, some organic matter 

appear to have migrated from the central thread between the micrometric quartz grains to rest 

at the interface between micro- and nano-quartz (blue arrow in Fig. 3.3). However, the 

outermost thin layer is fully surrounded by nanoquartz and there is no evidence of organic 

matter migration in the nanoquartz area between the microquartz and this outer layer (e.g. 

between the yellow and pink arrows in Fig. 3.3). Third, the central organic thread could 

represent bitumen that could have migrated in the open porosity left after decay of the cells. 

However, the absence of bitumen clots elsewhere in the chert flake argues against this process. 

Altogether, our observations support the interpretation that the central thread represents 

decayed cell material whereas the thin outer layer represents a remnant of a polysaccharide 

sheath.  

The cellular material were still preserved after peripheral encrustation of the 

microorganism as observed for modern bacteria, which are first encrusted externally and/or 

within the polysaccharide sheath by metastable opal before crystallization of quartz(Jones et 
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al., 1998; Konhauser et al., 2004b; Lalonde et al., 2005; Phoenix et al., 2000; Westall et al., 

1995). The contacts between the coarser quartz crystals and the central organic thread do not 

show the “sawtooth-like” pattern described by Wacey et al. (2012) and Lekele Baghekema et 

al., (2017), which has been interpreted by the latter authors as the effect of recrystallization of 

microquartz after nanoquartz. Thus, it appears that the morphology of the quartz microcrystals 

associated with the central thread was not controlled by the texture of the internal organic 

matter. Rather, the geopolymer forming the central thread likely polymerized and/or migrated 

locally between the microquartz crystals. 

Thus, the living and/or decaying microorganism probably lowered the rate of quartz 

crystallization as observed in modern fossilization experiment (Alleon et al., 2016a) during the 

initial encrustation of the inner and outer surfaces of the sheath material. In contrast, late 

silicification occurred in a local porosity after the cell death and lysis, ultimately leading to the 

formation of coarser quartz crystal. Moreover, the difference of organic and quartz structures 

between microfossils present in the same cherty lens (Fig. 3.3 versus Supplementary Fig. 3.3) 

exemplifies the heterogeneity of organic decay and silicification. Such taphonomic difference 

can be explained by different timing of polymerization and crystallization of the silica. Foucher 

and Westall (2013) proposed that some microorganisms were encrusted in situ in microbial 

mats by silica while other were free of silica before the transport and deposition of the microbial 

mat flakes in the peritidal environment. This early silicification may have affected preferentially 

the decaying microorganisms of the mats. More pervasive silicification carried on after the 

deposition of the microbial mats within the lagoon (Foucher and Westall, 2013), possibly 

helped by burial in sediment. This can explain the different state of preservation of the 

microfossils even within the same cherty lens. 

5.2.1.2 Salome Svalbardendis 

The Salome Svalbardendis microfossil with a distinct trichome structure shows an 

ultrastructure that differs from Siphonophycus (Fig. 3.4D-G). The similarity of quartz grains 

size from cells and sheath suggests that early silicification was pervasive of all ultrastructures. 

This might have prevented (in Salome) the coarse condensation (in the shape of thick central 

threads and grains) observed Siphonophycus specimens 1 and 3 (Fig. 3.3C and Supplementary 

Fig. 3.3). However, the coarser (but still sub-micrometric) quartz grains within the cells and the 

sharp contacts of cells quartz grains with nano-grains from the sheath suggests that two early 

crystallization episodes have occurred in this Salome microfossil (Fig. 3.5 C, F). The sheath 

was likely silicified first and a second silicification episode permineralized the cells (Fig. 3.5A). 
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It is well established that polysaccharide sheath and wall ultrastructures are more resistant than 

cellular bacterial membrane and intracellular contents (Bartley, 1996; Campbell et al., 2015; 

Chalansonnet et al., 1988; Jones et al., 2001; Lepot et al., 2014). Organic matter within the cells 

was dispersed randomly as grains (Fig. 3.5D-G). The wall/envelope/membrane of the cells are 

not preserved. The texture of inner organic grains is similar to that observed in a Paleolyngbya 

(cyanobacterial) microfossil studied by demineralization and TEM (Oehler, 1976). 

Furthermore, despite the absence of preservation of the cell walls, the nano-quartz crystals 

present within the cell sometimes form a ghost wall structure, apparently a cast of the wall 

without preservation of organic matter (Fig. 3.5 E-G, arrows). Thus, the outer cells wall was 

first encrusted by silica due to the preferential hydrogen bond formation between the hydroxyl 

groups of silicic acid and cell wall molecules (Orange et al., 2009). After the lysis of the cells, 

the wall was obliterated and condensation of the cellular organic matter inside the cell structure 

was likely associated with the second cell-infilling silicification episode. This Salome 

microfossils indicates that the preservation of the cellular contents of filamentous 

cyanobacterial organisms is possible during rapid silicification processes. In our case the 

silicification episodes of the sheaths and cells have probably occurred quite simultaneously and 

rapidly after the deposition of bacterial mats to prevent the extensive condensation and 

complete loss of ultrastructures. 

5.2.2 Benthic coccoidal microfossils 

The microfossils associated with the Draken filaments mats-builders were interpreted 

as bacterial microfossils (Knoll, 1982; Knoll et al., 1991). These microfossils are composed of 

various and multiple vesicles and/or envelopes. The nature of this organic layer can be inferred 

based on the optical observation. However, examination of the ultrastructure of these 

microfossils provides additional features to identify these ultrastructures and understand the 

post-mortem and diagenetic processes that occurred during the fossilization of this type of 

microfossils. 

5.2.2.1 Gloeodiniopsis 

Gloeodiniopsis microfossils are interpreted as the remain of small spheroid 

cyanobacteria (from Chroococcales order) based on their size (inner vesicles diameter <5µm), 

on the simple smooth-walled structure of the internal vesicles observed under optical 

microscopy, and their organization in monads, dyads and tetrads following binary division 

patterns within envelops (Knoll et al., 1991; Schopf, 1968). Examination of its ultrastructure 
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indicates that the outer layer present within the Gloeodiniopsis microfossils is composed of 

small organic matter particles (<100 nm) embedded in nanoquartz matrix (Fig. 3.5B-C). This 

organic matter particles formed broad (up to ~1 µm) homogenously granular layer with a 

variable thickness (Fig. 3.5C-D). The presence of broad homogenous outer layers composed of 

small organic grains was also observed in microfossils (Glenobotrydion coccoids) of the Bitter 

Springs Formation by Oehler, (1976), who interpreted these organic matter particles as the 

remain of mucilaginous envelops (sheath) or extracellular polymeric substances (EPS) 

produced by the micro-organisms. Thus, in our case the outer layer of the Gloeodiniopsis 

microfossil can be the remain of a sheath encapsulating the cells, an ultrastructure that can be 

silicified early while the cells are still viable (Oehler, 1976; Phoenix et al., 2000; Westall et al., 

1995). The organic internal material present within sheath from the specimen1 (dyad) and 2 

(monad) shows a different structure (Fig. 3.5C-D, Supplementary Fig. 3.4). The inner vesicles, 

which appear composed of only smooth wall structure under light microscopy, have more 

irregular and complex ultrastructure. In Gloeodiniopsis specimen 1, the inner structure is 

laminated. It could represent a multiple lamination, or an infolded segment of a single layered 

structure that was cut multiple times in the thickness of the FIB section (cf. Oehler 1976). This 

interpretation is also supported by observation of the specimen 2 (Supplementary Fig. 3.4). In 

the monad specimen 2, the inner structure displays a relatively thicker layer encompassing a 

web of thinner layers. Thinner layers are also observed in the most central part of specimen 1 

(Fig. 3.5). The ultrastructure of the internal layers is more continuous and distinct of the broad 

cloud of granular organic matter forming the sheath. As such, they may likely represent the cell 

walls and/or internal membrane(s) of the bacteria preserved through rapid silicification of the 

microorganism (Oehler, 1976; Westall et al., 1995). However, the thickness of these internal 

layers is larger than cell walls or internal membranes observed on modern cyanobacteria 

(Liberton et al., 2006; van de Meene et al., 2006). In our case, the thicker organic layers may 

be formed by the condensation of the cellular membranes with various internal organic material 

adjacent to the plasma membrane in modern cyanobacteria, such as thylakoid membranes 

(formerly hosts to photosynthetic pigments), glycogen granules, ribosomes, and/or lipid bodies 

(Frain et al., 2016; Liberton et al., 2006; van de Meene et al., 2006). Similarly, the innermost 

two sub-spherical objects in specimen 1 and the thinner web-like membranes in specimen 2 

may likely represent intracellular membranes, possibly thylakoid membranes condensed with 

other internal organic materials. Indeed, thylakoid membranes are highly resistant to fast 

bacterial lysis (Daft and Stewart, 1973) and long term burial diagenesis (Lepot et al., 2014; 

Pacton et al., 2008) These putative internal membranes could not be distinguished with the 

optical microscope (Fig. 3.5A). In addition, dark-field STEM imaging (Fig. 3.5B) show that the 

texture of the internal membranes is not correlated with the texture of the host nanoquartz, 
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supporting that migration at crystal boundaries could not have templated their distribution in 

the microfossil. 

5.2.2.2 Sphaerophycus 

The Sphaerophycus microfossils are also interpreted as a Chroococcales cyanobacteria 

based on their size, their simple shape morphology, simple granular-wall structure of the 

internal vesicles and cellular organization following binary division/fission (Knoll, 1982; Knoll 

et al., 1991). The microfossils analyzed here shows a different ultrastructure compared to the 

Gloeodinospsis microfossils. The outer layer is also composed of homogenous small organic 

particles (Fig. 3.6C-D) and probably represent remain of the sheath structure based on 

observation made on Bitter Spring Formation microfossils by Oehler (1976). The two layers 

enclosed in this outer envelope show a similar texture (Fig. 3.6C). Based on this similarity, 

these inner layers delimitating the inner vesicles may also represent a sheath structure. 

Moreover, the presence of some quartz grains within the sheath that have probably the same 

orientation suggest that the silicification have been controlled by the presence of the organic 

matter in the multi-laminar sheath (white arrow in the Fig. 3.6B).  

Interestingly, a third, innermost layer occurs within the right cell of the microfossil. This 

innermost layer is thinner and less granular than the inferred sheath layers, hence it is probably 

the remains of the cell envelope (wall±membrane) of the microorganism (Oehler 1976). 

Moreover, the left cell did not preserve an envelope but shows a small internal patch of organic 

nano-granules (grey arrow in Fig. 3.5C-D), which are not present or not cut by the FIB foil 

within the right cell. This organic structure might represent the remains of internal organic 

material of the cell and/or condensed organic membranes (Oehler 1976). The preservation of 

internal organic material appears surprising in a cell where the cell wall has not been preserved. 

However, microbial lysis experiments (Daft and Stewart, 1973) and buried sediments (Lepot et 

al., 2014; Pacton et al., 2008) have shown that some intracellular contents such as 

cyanobacterial thylakoids may be preserved without preservation of surrounding cell wall 

and/or cytoplasmic membranes. The distinct ultrastructures observed in two different cells of 

the Sphaerophycus microfossil show the difficulty to constrain the nature of the layers of 

organic matter present in coccoidal Precambrian microfossils due to the possible condensation 

of various organic material (membrane, cellular material) from the micro-organism during lysis 

and silicification. Although multiple layers could be seen with the optical microscope (Fig. 

3.6A), the limits in lateral resolution >500 nm and the depth of field >600 nm of X100, NA0.9 
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optical objectives do not allow to resolve their ultrastructural differences. The distinct textures 

of the sheath layers and the internal cell wall could be distinguished with STEM. 

5.2.2.3 Synodophycus 

The Synodophycus microfossil analyzed here was identified by a low number (less than 

64) of large inner vesicles (~4-7µm) forming an ellipsoidal colony (<40µm in diameter). 

Synodophycus were interpreted as colonies of Pleurocapsalean cyanobacteria (Xenococcacceae 

family) based on the presence of baeocytes formed by cell enlargement and multiple fission 

from the type specimen identified by Knoll et al. (1991). The discontinuous granular texture of 

the organic layers is reminiscent of that of the sheaths surrounding the coccoid microfossil 

discussed above. However, the organic layers observed in Synodophyus are relatively poor in 

organic matter grains and may represent a different type of ultrastructure such as cell walls. 

Here, we interpret all the organic layers as the remnants of F-layers, that is the fibrillar cell 

walls of Pleurocapsan cyanobacteria. The fused and indistinct contacts between cells and the 

apparently fused contact between internal and external layers, and the presence of organic 

matter at triple junction (Fig. 3.7) are all consistent with F-layers of Pleurocapsan 

cyanobacteria (Waterbury and Stanier, 1978). Nevertheless, we note that fused cell walls have 

also been observed in non-Pleurocapsalean Bitter Springs Formation microfossils (Oehler 

1976). 

5.2.2.4 Polybessurus  

Based on comparisons of their size, stalk morphology/formation and environmental 

occurences, the Polybessurus microfossils are similar to the species of the extant genus 

Cyanostylon (Green et al., 1987). The Polybessurus are the remains of coccoidal 

Chroococcaceaen cyanobacterial unicells that "jetted" upward from the sediment surface by 

the highly unidirectional secretion of extracellular polysaccharide stalks (Green et al., 1987). 

The FIB section Polybessurus specimen 2 only intercepted the layered stalk, which displayed 

one or two thick layer(s) composed of organic matter nanograins and permineralized by nano-

quartz grains (Supplementary Fig. 3.5). This carbon distribution is coherent with the sheath 

structures observed in the other Chroococcaceaen microfossils Gloeodiniopsis and 

Sphaerophycus (Figs. 3.5-3.6). The FIB section of Polybessurus specimen 1 (Fig. 3.8) 

intercepted both the cell (inferred from optical microscopy) and stalk. In this specimen, all 

layers are thin compared to the sheaths of Gloeodiniopsis and Sphaerophycus. The two/three 

internal layers are well defined, while the outermost set of layers appears less continuous and 
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thinner than the internal layers. Such structure suggests that the internal layers could represent 

the wall of the cell during its early life cycle (see fig. 21 in Green et al., 1987). This wall appears 

unfolded and the layers observed in the FIB section may result of 1–2 envelopes at most. 

Ultrastructural data on the modern Cyanostylon is, to our knowledge, lacking to interpret these 

internal layers. Alternatively, these internal layers may represent sheaths and/or the innermost 

stalk-forming polysaccharide layers. The outer, thinner layers of organic certainly belong to the 

laminated polysaccharide structure during the earliest stages stalk formation (i.e. before vertical 

growth). Moreover, this Polybessurus shows organic content attached to (or invaginated from) 

the most internal organic layer. Such internal organic matter might represent the remains of 

intracellular material (Oehler, 1976; Oehler, 1977; Westall et al., 1995), possibly remains of 

thylakoid (photosynthetic) membranes as discussed above for Gloeodiniopsis microfossils. 

5.2.3 Myxococcoides spheroids. 

The fossil genus Myxococcoides may comprise algae and/or (cyano)bacteria. Defining 

Myxococcoides microfossils as eukaryote or prokaryote is difficult due to their simple shape 

(Knoll et al., 1991). The FIB sections of Myxococcoides observed here are different from the 

spheroidal microfossil observed by TEM by Foucher and Westall 2013. The ultrastructure of 

this previous analyzed Myxococcoides is composed of a thin continuous wall structure (<200 

nm thick) and an internal organic material which are respectively interpreted as the membrane 

and the cytoplasm of the microorganism. In all the microfossils, the quartz grains out and within 

the microfossils are similar indicating that the micro-organisms were rapidly silicified. The 

relatively thinner wall of this Myxococcoides (Foucher and Westall, 2013) could represent a 

(cyano)bacterial rather than eukaryotic cell wall (Oehler 1976). Myxococcoides minor of the 

Bitter Springs Formation displayed similar thin walls (Oehler, 1976; Schopf, 1970) and were 

accordingly interpreted as cyanobacteria. Interestingly, microscale C isotopes analyses have 

distinguished the isotopic composition of Myxocccoides sp. (δ13Corg = -22.6 ± 0.5 ‰) and 

closely associated Leiosphaerida crassa (δ13Corg = -28.9 ±1 ‰) in ~775 Ma cherts of the 

Chichkan Formation (Williford et al., 2013), consistent with the hypotheses that the former 

were cyanobacteria while the latter were eukaryotes. 

However, the ultrastructure of the Myxococcoides observed here reveals that the outer 

layer is much thicker (up to ~1 µm) than the aforementioned occurrences (Figs. 3.9 and 

Supplementary Fig. 3.6). The radial pillars of organic matter can be envisioned as taphonomic 

or primary features of the cells.  
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The organic matter forming this wall structure seems to fill the porosity present between 

the quartz grains comprising the wall structure. This structure might be caused by a first rapid 

encrustation by opal of the cell interior and exterior. Then, the space between the different cell 

membrane became impregnated with silica, giving the outer wall this structure with nanoscale 

migration of the organic material from the wall. The nano-quartz pillars may have formed 

between two originally distinct layers of organic matter such the membrane and/or various cell-

wall ultrastructures. Development of this columnar fabric might be caused by the capacity of 

the organic matter to slow the crystallization of quartz (Alleon et al., 2016a), possibly in specific 

crystallographic directions. Such taphonomic process might be related to that forming the 

indentation patterns reported by Wacey et al (2012) and Lekele Baghekema et al. (2017). 

Subsequently, organic matter could have migrated between the quartz pillars, fusing locally 

these two organic layers. Alternatively, silica may formed nanograins (30-200 nm) on the 

external surface of an organic layer, as observed on sheath structures of cyanobacteria (Benning 

et al., 2005; Konhauser et al., 2004; Phoenix et al., 2000).After the death of the microorganisms, 

the cell interior and exterior rapidly encrusted by amorphous silica, i.e. opal A (Herdianita et 

al., 2000; Lynne et al., 2005; Preston et al., 2008). Later during diagenesis, the organic matter 

from outer structures such as sheath/capsule and/or wall may have migrated and filled the 

spaces between the grains of the crust. Simultaneously, internal cellular material may 

condensed within the center of the silicified cell as observed in the Fig. 3.9E. However, the fact 

that most of the quartz pillars cut across the complete organic layer without organic remains at 

their base similar to the presumably migrated organic remains between the pillars appear 

difficult to reconcile with these taphonomic models. 

Alternatively, the pillared structure may be inherited from an original ultrastructure. In 

this scenario, the thickness of the microfossil outer wall could represent the original thickness 

of the micro-organism cell wall. The pillared quartz structure might be inherited from 

precipitation of silica in a porous ultrastructure such as the outer fibrillary wall layer of algae 

(Domozych, 2011; Domozych et al., 1992). Radially-developing fibers/pillars have also been 

observed in the envelope of cyanobacterial akinetes (Clark and Jensen, 1969; Lang, 1968) and 

in the sheath of filamentous cyanobacteria (Lang 1968). The amorphous organic matrix 

between fibers in filamentous cyanobacterial sheaths decays preferentially compared to the 

fibers (Daft and Stewart, 1973), possibly generating radially-oriented pore space favoring 

silicification in pillars. A very fine layer (~200 nm) of thin fibrils was also observed around 

unicellular cyanobacteria (Stanier, 1988). Bacteria may also form fibrillary extracellular 

polysaccharides (Costerton et al., 1981). Altogether, if assuming that the pillared organic 

structure of the studied Myxocccoides is inherited from an original ultrastructure, its thickness 
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and presence in relatively single rounded spheres may correlate best with fibrillary cell walls 

of eukaryotes. However, the dense internal layers of the cell wall such as the medium and inner 

layers (respectively 22 and 300 nm thick) reported by Domozych et al., (1992) are absent. They 

were probably affected by migration and/or lysis. Additional 3D analysis with FIB-SEM 

tomography (e.g. Wacey et al., 2013) or sequential FIB milling (Schiffbauer and Xiao, 2009) 

may help resolve the origin of this pillared ultrastructure. 

Interestingly, one Myxococcoides shows an outer, diffuse layer of small organic grains 

(< 200 nm) surrounding the pillared layer (Fig. 3.7G). As observed within the mat dwellers 

microfossils, these small organic grains might represent residue of sheath and/or secreted 

mucilage. Alternatively, the presence of these organic nanoparticles might be caused by post-

mortem outward displacement of organic matter from the wall structure (Knoll et al., 1988). 

However, should such displacement of organic matter from the wall structure have occurred, 

these small organic matter particles should also have migrated toward the inside of the cell, 

which displays the same quartz texture. Thus, the interpretation of these organic particles as 

remain of mucilage or an additional sheath or wall layer appears more coherent than 

displacement of organic matter during or after the crystallization of quartz. 

The presence of pyrite grains and other possible carbonate grains within the microfossils 

suggests that additional post mortem processes occurred in addition to lysis and silicification. 

In a Myxococcoides microfossil, internal organic matter patches are associated with probable 

iron carbonate, which have a core of iron sulfide. The simultaneous presence of organic matter 

and iron sulfide support the idea of heterotrophic sulfate-reducing bacterial activity. The iron 

carbonate present within the cells was probably induced by a lower activity of the sulfur 

reducing bacteria. Thus, the diagenetic iron could have reacted with organic matter to form iron 

carbonate through microbial or thermal iron reduction (Bernard et al., 2007; Hendry et al., 2000; 

Koehler et al., 2013; Posth et al., 2013). The peak metamorphism temperature of 285°C 

obtained from the Raman supports the possibility of thermal iron reduction. This presence of 

Fe-sulfide and possible Fe-carbonate indicates that anaerobic heterotrophic bacteria were active 

after the deposition of the mat flakes within the subtidal environment influenced by sea and 

pore-water. Interestingly, a low quantity of organic matter is preserved within one 

Myxococcoides cell (Fig. 3.9). As observed by Oehler (1976) and in other microfossils (Figs. 

3.5-3.6) described above, this organic matter patches may be the residues of internal material 

and membranes that have condensed after the lysis of the micro-organisms and silicification. 

Internal organic material may have fueled bacterial sulfate and/or iron reduction in these 

microfossils. 
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5.2.4 The organic envelopes of vase-shaped microfossils 

The VSM are well known in Neoproterozoic microfossil assemblages (Bosak et al., 

2011; Porter et al., 2003; Porter and Knoll, 2000; Strauss et al., 2014). Based on their size, 

complex morphologies, diversity and ecological distributions, VSM were interpreted as the 

remain of testate amoeba (unicellular eukaryotes: (Lee et al., 1985)) (Porter et al., 2003; Porter 

and Knoll, 2000). The modern amoeba are protist predators, hence the VSM are also interpreted 

to feed on bacteria and single cells eukaryotes present in Neoproterozoic environments. This 

predatory activity was also confirmed by the presence of perforation (probable trace of 

predatory and/or scavenging activity) on VSM microfossils (Porter et al., 2003). Here, the 

organic envelope of the VSM microfossil is preserved and not replaced by minerals (Figs. 

3.10D, 3.11C), unlike many other Neoproterozoic occurrences (Porter & Knoll 2000). The 

preservation of organic content of the VSM suggests that the eukaryote was well preserved due 

to rapid silicification. The nature of the organic envelope observed here is difficult to interpret 

in terms of primary ultrastructures of testate amoebae. Porter & Knoll (2000) argued that the 

walls of testate amoebae are composed of proteinaceous organic matter that is not expected to 

be preserved. Here, there is no evidence of preservation of agglutinated minerals (e.g. Bosak et 

al., 2011; Delaine et al., 2017). In case the test was composed of amorphous silica scale (e.g. 

Porter & Knoll 2000), these would have been recrystallized. Some agglutinating testate 

amoebae can form tests essentially with quartz (Armynot du Châtelet et al., 2015). However, 

the coarse quartz crystals associated with the organic envelop cannot be interpreted as 

agglutinated clastic material as they occur on both internal and external sides of the organic 

envelop (Figs. 3.10-3.11). Some parts of the VSM display a granular texture, which forms a 

reticulate structure (Fig. 3.11A). This texture is different from the honeycomb structure 

described by Porter and Knoll (2000). Indeed, the “honeycomb” VSM are composed of pyrite 

and the holes structures (imprints of the scales) are larger and more regular (Porter and Knoll, 

2000). The reticulate texture observed here may have been formed by hypothetically smaller 

scales, or by the imprint of the coarse diagenetic quartz crystals that have grown through the 

envelope. The granular organic matter envelope is composed of dense and large organic matter 

layer, which seems to fill the space of coarse quartz grains (Figs. 3.10B and 3.11B). 

Interestingly, the association of a thick organic thread with coarse quartz crystals in the VSM 

microfossil is reminiscent of that observed in filament specimen 1 (Fig. 3.2B). Such similarity 

between these different microfossils suggests that the wall structure of the VSM has been 

affected by similar diagenetic process (Note that the two microfossils are from different samples 

and microfossil assemblage types). Moreover, the presence of an internal layer of organic 

matter nanoparticles within the microfossil associated with nanoquartz grains suggest that parts 
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of wall structure were well preserved compared to the outer layer (Figs. 3.10B, 3.11C). 

However, this internal layer has a variable thickness (Figs. 3.10D-F versus 3.11D-E). In 

specimen 2 (Fig. 3.11), the outer envelope is also thinner than in specimen 1 (Fig. 3.10), which 

has a thicker outer envelope and a very thin inner layer of organic matter. As discussed for the 

filament specimen 2, it is unlikely that this innermost layer of nanoparticles embedded in 

nanoquartz formed through migration from the outer, thicker organic outer envelope, as 

nanoparticles would be expected in the nanoquartz lying outside the microfossil as well. The 

fact that the thicker outer envelope displays high amount of organic matter compared to the 

inner layer argues that the former could not have formed by migration of organic material from 

the former. Thus, altogether our observations suggest that two distinct envelope ultrastructures 

have been preserved in the two VSM. Nevertheless, we note that optical images show that the 

outer reticulated envelopes are highly heterogeneously in thickness and may locally be absent 

(Figs. 10A, 11A). This may be caused by heterogenous preservation and/or migration of organic 

matter. 

Finally, some iron minerals (possible iron oxides) are associated with the internal layer 

of the VSM. The presence of such minerals is not surprising as the organic wall of the VSM is 

generally not preserved and replaced by mineral (pyrite, carbonates, silica, iron 

oxides…)(Porter and Knoll, 2000). In the studied microfossils, however, it appears that the loss 

of the organic structures through anaerobic organic matter respiration and/or thermal diagenesis 

has been largely prevented by early silicification. 

Conclusions 

The spectroscopic signature of the insoluble organic matter of the Draken microfossils 

is highly mature, mostly aromatic. In spite of this high maturity, a degree of ultrastructural detail 

comparable to that observed in the much less mature Bitter Springs Formation microfossils can 

be observed in FIB sections. In addition, FIB section preparations preserve the petrographic 

link between organic matter and quartz, allowing us to address taphonomic processes. We 

describe ultrastructures of microfossils that have been interpreted previously as Chroococcales 

cyanobacteria (Gloeodiniopsis mikros, Sphaerophycus), Pleurocapsalean cyanobacteria 

(Synodophycus euthemos), sheathed filamentous cyanobacteria (Siphonophycus, Salome 

svalbardensis), incertae sedis (Myxococcoides), and vase-shaped amoebae. The nanoscale 

analysis of trichome from Salome svalbardensis indicate that the general shape of the cells is 

conserved within nanoquartz matrix, even as ghost structure, but the cell wall/ 
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envelop/membrane of the cells are not preserved. Our observations also show that the sheath 

structure of the Siphonophycus is always well preserved in nanoquartz matrix even if the 

filament appear degraded under light microscopy. For the Chroococcales cyanobacteria 

microfossils, the outer sheath structure identify with optical microscopy is preferentially 

preserved and have a characteristic ultrastructure. However, nano-scale examination of some 

internal layers of Sphaerophycus and interpreted as cell membrane with light microscopy 

indicates that these structures are additional sheath structure. This observation made on 

Sphaerophycus shows the importance of nano-scale analysis to assess the nature of organic 

structure. Moreover, based on comparisons with modern cyanobacteria, we try to constrain the 

nature of the dense internal vesicles present in Gloeodiniopsis mikros which appear hazardous 

(and probably impossible) with optical observations. The nano-scale analysis indicate that this 

inner vesicle is encloses internal layered structures. These layers may have formed during the 

condensation of internal cellular materials (pigments, ribosomes, lipids bodies, carboxysome) 

onto resistant thylakoid membranes. A thicker organic layer these internal layers and is 

interpreted as cell wall and/or internal membrane, also possibly affected by condensation of 

other molecules. The ultrastructural examination of Synodophycus euthemos microfossils also 

indicates that the wall structure, whose the nature is difficult to constrain with optical 

observations, are probably F-layers typical of Pleurocapsalean cyanobacteria. 

For the first time, the ultrastructure of Polybessurus microfossils is documented. The 

ultrastructure of stalk shows similar organic distribution as those observed in sheath structure 

of the other micro-benthic microfossils. Moreover, we documented the ultrastructure of an 

unjetted microfossil. Our observations show that the inner sheath structure is composed of 

thinner layers, which are probably characteristic of earliest stages of the stalk formation. The 

internal organic material present within the inner vesicle might represent the remain of 

thylakoid membranes as observed in Gloeodiniopsis mikros. 

The ultrastructure of Myxococcoides observed here reveals that the outer layer of this 

microfossil is composed of unusual radial pillars of organic matter. This unusual wall structure 

never observed by previous studies and only observable at the nano-scale, can be interpreted as 

taphonomic or taxonomic features of the cells. In the second case, it may represent eukaryotic 

cell-wall and/or structures of cyanobacterial sheaths or cyanobacterial akinetes. Finally, we 

examined the ultrastructure of vase-shaped microfossils for the first time. These eukaryotic 

microfossils are composed of two distinct organic layers: an inner layer composed of organic 

nanoparticles and a thicker organic outer layer forming a reticulated envelope at microscale.  
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Here the microfossils are all preserved in nano-quartz matrix suggesting that the organic 

structure are well preserved via rapid silicification processes. However, some ultrastructures of 

microfossils indicate that coarser quartz crystals are always associated with local displacement 

of organic matter. Such observations on well preserved microfossils give criteria to discuss the 

biogenicity, the nature of organic structure and the taphonomy on other unidentified or putative 

microfossils in paleo-Proterozoic or Archean rocks. 
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Supplementary figures 

 

Supplementary Fig 3.1. Sample P4353-6A. The arrows indicate the position of cherty lenses, 

which appear darker in the dolomitic matrix (grey material). 

 

Supplementary Fig 3.2. Left part: XANES spectra of Draken microfossils recorded at Diamond 

(black) and CLS (grey) (from different microstructures). Band #1 (285.2 eV) indicates aromatic 

carbon, band #2 (287.5 eV) indicates ketone C=O and band #3 (288.6 eV) indicates carboxylic 

C=O. Note that the grey spectrum is slightly shifted by -0.3 eV. Right part: XANES spectra of 

1 2 3 

eV eV 
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a Draken microfossil recorded  at CLS (Arrow: N-K-edge). Image on the rigth: map just below 

the carbon K-edge (270 eV) showing the location of carbon analyzed at CLS. 

 

Supplementary Fig. 3.3. Siphonophycus filament specimens 2 and 3. A. Photomicrograph of 

the filament in transmitted light (green line: position of the FIB section). B. STEM dark field 

image of the lateral FIB sections. The microfossils are permineralized by nano-quatrz. C. 

HAADF image of the FIB section showing the distribution of the carbon (dark) and quartz 

(grey). Note that the quartz region with a dashed outline is now amorphous or absent due to 

FIB damage. Outlined in red are the presumed sheath walls defined by a ~1 µm thick zone 

interspersed with granular organic material. A central zone includes a thick grain of organic 

matter is outlined in blue. (Sample: P4353-11A) 

 

Supplementary Fig. 3.4. Gloeodiniopsis mikros monad. A. Photomicrograph of the microfossil 

in transmitted light (green line: position of the FIB section). B. Secondary electron SEM image 

of the FIB section. C. Map aromatic carbon (STXM) showing the presence of a 0.7-µm thick 

A B 
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outer layer and an internal organic material. The inner vesicle displays a similar structure as 

observed in the dyad in Fig. 3.4. (Sample: P4353-11A) 

 

Supplementary Fig. 3.5. Polybessurus specimen 2. A. Photomicrograph of the microfossil in 

transmitted light (green line: position of the FIB section). B. HAADF image of the of the FIB 

sections. Carbon appears in dark and quartz in grey. C. STEM dark field image of the FIB 

sections showing the distribution of nano-quartz crystals. D. EDX map showing the distribution 

of carbon in yellow. Red lines: inner sheath structure. Rigth on the blue line: outer sheath 

structure of the microfossil. (Sample: P4353-A) 
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Supplementary Fig. 3.6. Myxococcoides microfossil specimen 2. A. Photomicrograph of the 

microfossil in transmitted light (green line: position of the FIB section). B. Map aromatic 

carbon showing columnar fabric of the cell wall. C. HAADF image of the of the FIB sections. 

Carbon appear in dark, quartz in grey and pyrite in white. D. STEM dark field image of the 

FIB sections showing the distribution of nano-quartz crystals. E. EDX spectra obtained from a 

pyrite grain (point by the arrow). (Sample: P4353-11A) 

 

Supplementary Fig. 3.7. EDX spectra from the minerals present in the Myxococcoides 

microfossil specimen 1. Blue spectrum: carbon+iron. Red spectrum: barium + iron + carbon. 

Grey spectrum: sulfur+iron 
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Chapitre IV 

Minéralisation de fer et taphonomie des 

microfossiles de 2,45-2,21 Milliard d’année du 

Turee Creek Group, Australie occidentale
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Présentation 

Il y a 2.3 milliards d’années, le Grand Bond d’Oxygénation (aussi appelé Grande 

Oxygénation) est un événement majeur dans l’histoire de la Terre et l’évolution de la biosphère. 

En effet avant ce Grand Bond, l’atmosphère de notre planète était bien différente de l’actuelle 

avec des teneurs en gaz à effet de serre importantes et l’absence de dioxygène. Dans ces 

conditions à priori hostiles, la vie ne se développe essentiellement sous forme de 

microorganismes (ex : bactéries) capables de vivre sans dioxygène. Ce serait à partir de ─2,9 

milliard d’années que des bactéries particulières, les cyanobactéries commencèrent à fixer le 

carbone du dioxyde de carbone atmosphérique et rejeter une molécule qui changea le cours de 

l’évolution : le dioxygène. Cependant, en raison de son aptitude à oxyder de nombreuses 

espèces chimiques, le dioxygène à peine produit, fut consommé par de nombreux réactifs, dont 

le fer qui était alors abondant dans les océans. Tout ce fer oxydé précipita sous forme d’oxydes 

de fer et forma des gisements de fer rubanées (Banded Iron Formation en anglais ou BIF) entre 

─3 et ─2,4 milliards d’années. Ce n’est que quand la production d’O2 a surpassé la quantité de 

réactifs (dont les ions Fe2+) que la concentration du dioxygène dans l’océan et l’atmosphère 

augmenta : c’est le Grand Bond d’Oxygénation.  

C’est dans ce contexte que se sont déposées les formations sédimentaires du Turee 

Creek (Australie). Dans ces formations, des microorganismes fossiles (ou microfossiles) 

associées à des minéraux ferrugineux ont été retrouvés au niveau de formations de fer rubanées. 

Ce nouvel assemblage a ainsi offert l’opportunité à une équipe de chercheurs de l’Université de 

Lille-CNRS (Laboratoire d’océanologie et de géosciences ; Unité matériaux et transformation 

; Institut d’électronique, de microélectronique et de nanotechnologie) et de l’Institut de 

Physique du Globe de Paris, d’étudier des microorganismes datant de cette période cruciale de 

l’évolution de notre planète. 

Les observations au microscope optique et Microscope Electronique à Balayage ont 

montré que ces microorganismes forment un réseau similaire à des toiles d’araignées typique 

de colonies bactériennes ayant été rapidement fossilisés par de la silice (SiO2). Bien que ces 

microfossiles bactériens soient de formes assez simples (principalement des filaments sans 

cellules préservées), nous avons pu mettre en évidence la présence de différentes morpho 

espèces plus ou moins associées avec des minéraux ferrugineux (voir Fig. 4.1). 
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Fig. 4.1. Photographie en microscopie optique de différentes morpho-espèces de microfossiles 

encroutés par des minéraux ferrugineux (avec une augmentation de l’encroutement par les 

cristaux de gauche vers la droite). Ces microfossiles sont préservés dans un chert (roche 

siliceuse) de Turee Creek. Barre d’échelle de 5 micromètres (5 millièmes de millimètres). 

Nos nano-analyses effectuées au Microscope Electronique à Transmission (Fig. 4.2) ont 

montré que la présence des cristaux ferrugineux a eu un impact négatif sur la préservation des 

parties organiques de certaines morpho espèces de microfossiles. De plus, la signature 

isotopique du Fer (56Fe/54Fe) des minéraux ferrugineux associés aux microfossiles indique que 

le fer a pris part à une réaction d’oxydation. Le couplage de ces observations suggère que 

certains de ces microorganismes étaient des bactéries oxydant du fer dans un environnement 

relativement profond riche en fer. 

 

Fig. 4.2. Image en microscopie STEM de deux morpho-espèces de microfossile. A gauche : la 

matière organique (en jaune) entourée par des cristaux de quartz, forme une fine paroi qui 

contenait les cellules bactériennes. A droite : autre morpho-espèce de microfossile dont la 
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matière organique (rares points jaunes) a été remplacée par des minéraux ferrugineux (en bleu 

et blanc) préservés dans du quartz (gris). Barre d’échelle : 2 micromètres.  

Enfin cet assemblage bactérien associé avec des formations de fer présente des 

similarités avec des microfossiles déjà décrits et issus d’autres strates de la formation de Turee 

Creek qui avaient été interprétés comme des bactéries métabolisant du soufre plutôt que du fer. 

Cela suggère que lors d’un changement d’environnement de ferrugineux à sulfuré, 

caractéristique du Grand Bond d’Oxygénation, les mêmes bactéries auraient pu adapter leur 

métabolisme, ou être remplacées par d’autres communautés bactériennes d’aspect relativement 

similaire.  
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Les microstructures organiques (microfossiles, tapis bactériens fossiles) représentent 

une part importante du registre fossile précambrien. Les études de ces microstructures ont 

apporté de nombreuses informations pour comprendre comment la vie microbienne a évolué au 

cours du précambrien. L’utilisation de nombreuses techniques d’analyse à micro- et nano-

échelles est nécessaire pour confirmer la nature biologique des microstructures organiques 

préservées dans les roches précambriennes. De même, ces diverses études ont aussi comme 

objectif de contraindre la nature et les métabolismes des micro-organismes préservés dans ces 

roches. Cependant, les propriétés moléculaires de ces microstructures organiques sont 

difficilement accessibles et nécessitent une quantité importante de matière organique. Ainsi la 

spectroscopie ionique secondaire à temps de vol (ToF SIMS), technique d’analyse d’extrême 

surface offre la possibilité d’obtenir de telles informations avec de faibles quantités de matière 

organique et sans détruire des échantillons précieux. 

L’un des premiers objectifs de cette thèse était de mettre au point un nouveau protocole 

de préparation d’échantillon permettant d’observer des microstructures organiques sensibles 

aux contaminations. La préparation de ces tranches épaisses sans résine permet d’observer des 

microstructures organiques préservées dans des roches siliceuses (cherts) en microscopie 

transmise optique. De plus l’absence de résine offre la possibilité de réaliser de nombreux 

nettoyages avec divers solvants organiques. Après ablation ionique à l’argon monoatomique 

permettant de retirer la nano-couche de contamination aérienne, les analyses ToF-SIMS ont 

montré la possibilité d’effectuer des analyses moléculaires sur des structures organiques 

préparées avec notre nouveau protocole. 

Ensuite, la caractérisation moléculaire et à micro-échelle du kérogène (partie insoluble 

de la matière organique) provenant de tapis microbiens fossiles phanérozoïques sulfurisés 

d’Orbagnoux et archéens de Strelley Pool a été effectuée à la ToF-SIMS. L’analyse de 

références purs de molécules aromatiques et aliphatiques était nécessaire afin de documenter 

les différents profils de fragmentations moléculaires et d’effectuer des semi-quantifications. En 

analysant les profils de fragmentations et divers rapports de fragments organiques, nous avons 

renseigné le caractère aliphatique et aromatiques de ces différents tapis microbiens fossiles. 

Grâce à cette méthodologie des micro-hétérogénéités présentes dans des veines ont été détectées 

dans les échantillons d’Orbagnoux et identifiés comme étant probablement la partie soluble, 

bitumineuse de la matière organique préservée dans ces tapis microbiens. Ces analyses et semi-

quantifications ont aussi mis en évidence le caractère plus aromatique de la matière organique 

présente dans les roches archéennes de Strelley Pool par rapport à celle préservée dans les tapis 

microbiens d’Orbagnoux plus récents. 
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Au cours de cette thèse, l’étude de la matière carbonée constituant des microfossiles de 

type Bitter Springs provenant de la formation de Draken, d’âge néoprotérozoïque et préservés 

dans des cherts a été menée à micro- et nano-échelle. Cet assemblage fossilifère est composé 

de nombreuses morpho-espèces de cyanobactéries et de probables eucaryotes dont la 

morphologie est exceptionnellement bien préservée. Cependant, la spectroscopie Raman 

indique que la matière organique composant ces microfossiles est très mature. Cette maturité a 

été confirmée par les analyses spectroscopiques effectuées à nano-échelles au synchrotron 

indiquant que les groupements aromatiques dominent. Malgré l’absence de signatures 

moléculaires diagnostiques et d’hétérogénéités moléculaires en spectroscopies Raman et 

XANES, les analyses ultrastructurales effectuées sur une grande variété de microfossiles ont 

apportés des informations sur la taxonomie et la taphonomie des microstructures préservées 

dans cet assemblage. Ainsi pour la première fois grâce ces observations à nano-échelle, les 

structures internes (membranes cellulaires internes présumées, probablement des thylakoïdes) 

de cyanobactéries fossiles de type chroococcales ont pu être observées et identifiées. 

L’ultrastructure des gaines formant les microfossiles cyanobactériens du genre Polybessurus a 

aussi été caractérisée pour la première fois. Les analyses à nano-échelles des parois de 

microfossiles sphéroïdes du genre Myxococcoides ont mis en évidence la présence d’une 

structure en piliers organiques jamais observés dans le registre fossile précambrien pouvant être 

d’origine eucaryote ou cyanobactérienne. Enfin, les observations à nano-échelle des 

microfossiles d’eucaryotes (amibes à thèques en forme de vase) ont montré que leurs parois 

sont formées de deux structures organiques distinctes : une paroi interne d’épaisseur variable 

difficilement observable en microscopie optique et une paroi dense formant une structure 

réticulée externe. De tels résultats et observations sont importants pour les futures investigations 

qui seront menées sur des microfossiles plus anciens datant de l’Archéen ou du 

Paléoprotérozoïque. 

Enfin, des microfossiles de type Gunflint provenant d’Australie (Turee Creek Group, 

2.3Ga) ont aussi été caractérisés à l’aide de nombreuses techniques. Cet assemblage de 

microfossiles est principalement composé de différentes morpho-espèces de filaments qui sont 

plus ou moins associées à des carbonates de fer. Les analyses à micro et nano-échelles ont mis 

en évidence l’impact de la formation des carbonates de fer sur la préservation des structures 

organiques composant ces microfossiles. La combinaison de ces observations avec les résultats 

obtenus sur les isotopes du fer suggère que ces microfossiles étaient des bactéries qui ont 

oxydées le fer au cours du grand bond d’oxydation. 
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Les travaux de caractérisation à micro et nano échelles effectués pendant cette thèse ont 

apporté de nombreuses informations sur les structures organiques préservées dans les 

différentes roches étudiées. En complément des différents rapports introduits sur les données 

obtenues à la ToF SIMS, des analyses statistiques (Analyses en Composantes Principales ou 

ACP) représentent le premier axe de travail à mener afin de trouver des facteurs de corrélation 

sur l’ensemble des données obtenues. Cependant, la caractérisation moléculaire des 

microfossiles précambriens à l’aide de la ToF SIMS n’a pas été menée à terme du fait de 

l’extrêmement faible intensité du signal du spectre de masse obtenu. Ces difficultés d’analyse 

inhérentes à la taille des microfossiles observés (aux parois souvent composées de nanograins 

de matière organique) pourront être franchies pour des fossiles aux structures organiques plus 

épaisses (exemples : certains palynomorphes, principalement eucaryotes). Ces analyses 

pourront être combinées à l’utilisation de clusters d’ions (Ar2500
+, (H2O)n

+, (CH4)n
+…) pour 

nettoyer la surface des échantillons sans perte de signal importante. Ceci représente une des 

perspectives les plus importantes de ces travaux de thèse. La recherche au synchrotron 

d’hétérogénéités préservées au sein des structures de microfossiles issues d’assemblages 

précambriens similaires semble aussi être une perspective intéressante pour contraindre la 

nature des ultrastructures observées ici. Ces analyses à micro- et nano-échelles pourront être 

complétés par l’étude de la composition isotopique (δ13C) de la matière organique composant 

les microfossiles par microsonde ionique afin d’identifier les différents métabolismes présents 

dans ces assemblages précambriens. Enfin, l’analyse 3D par microscopie confocale à laser ou 

l’imagerie 3D par microscopie électronique à balayage à faisceau d'ions focalisé (MEB-FIB) 

des microfossiles présents dans les formations de Draken, pourront compléter les observations 

effectuées sur les structures à nano échelle.  
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Nanonascale analysis of preservation of ca. 2.1 Ga old Francevillian microfossils, Gabon 
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ToF-SIMS Tables 

Nonadecanone ( C₁₉H₃₈O) positif ions 

Proposed 

formula Meas. m/z Calc. m/z δ (Da) Int. Rel. Int. (%) 

H⁺ 1.0098 1.0078 0.0020 28 0,028% 

C⁺ 11.9991 12.0000 -0.0009 2 0,002% 

CH⁺ 13.0078 13.0078 -0.0000 5 0,005% 

CH₂⁺ 14.0156 14.0157 -0.0001 11 0,011% 

CH₃⁺ 15.0242 15.0235 0.0008 53 0,054% 

C₂H₂⁺ 26.0146 26.0157 -0.0011 19 0,019% 

C₂H₃⁺ 27.0234 27.0235 -0.0000 486 0,494% 

C₂H₄⁺ 28.0313 28.0313 -0.0000 57 0,058% 

C₂H₅⁺ 29.0399 29.0391 0.0008 719 0,731% 

C₂H₆⁺ 30.0438 30.0469 -0.0032 22 0,022% 

CH₃O⁺ 31.0186 31.0184 0.0002 22 0,022% 

C₃H⁺ 37.0058 37.0078 -0.0021 2 0,002% 

C₃H₂⁺ 38.0137 38.0157 -0.0020 9 0,009% 

C₃H₃⁺ 39.0219 39.0235 -0.0015 354 0,360% 

C₃H₄⁺ 40.0282 40.0313 -0.0031 44 0,045% 

C₂HO⁺ 41.0078 41.0027 0.0050 57 0,058% 

C₃H₅⁺ 41.0385 41.0391 -0.0006 1062 1,080% 

C₃H₆⁺ 42.0443 42.0470 -0.0027 153 0,156% 

C₂H₃O⁺ 43.0194 43.0184 0.0010 1226 1,247% 

C₃H₇⁺ 43.0544 43.0548 -0.0004 282 0,287% 

C₂H₄O⁺ 44.0228 44.0262 -0.0035 46 0,047% 

C₃H₈⁺ 44.0583 44.0626 -0.0043 60 0,061% 

C₂H₅O⁺ 45.0355 45.0340 0.0014 179 0,182% 

C₄H₂⁺ 50.0116 50.0157 -0.0041 18 0,018% 

C₄H₃⁺ 51.0211 51.0235 -0.0023 70 0,071% 

C₄H₄⁺ 52.0290 52.0313 -0.0023 39 0,040% 

C₃HO⁺ 53.0050 53.0027 0.0023 12 0,012% 

C₄H₅⁺ 53.0366 53.0391 -0.0025 246 0,250% 

C₄H₆⁺ 54.0470 54.0470 0.0000 149 0,152% 

C₃H₃O⁺ 55.0179 55.0184 -0.0005 111 0,113% 

C₄H₇⁺ 55.0548 55.0548 0.0000 861 0,876% 

C₃H₄O⁺ 56.0218 56.0262 -0.0044 13 0,013% 

C₄H₈⁺ 56.0593 56.0626 -0.0033 145 0,147% 

C₃H₅O⁺ 57.0335 57.0340 -0.0005 62 0,063% 

C₄H₉⁺ 57.0717 57.0704 0.0013 490 0,498% 

C₃H₆O⁺ 58.0436 58.0419 0.0018 314 0,319% 

C₄H₁₀⁺ 58.0729 58.0782 -0.0054 54 0,055% 

C₃H₇O⁺ 59.0515 59.0497 0.0018 133 0,135% 

C₅H₃⁺ 63.0185 63.0235 -0.0050 26 0,026% 

C₅H₅⁺ 65.0353 65.0391 -0.0038 95 0,097% 

C₅H₆⁺ 66.0437 66.0469 -0.0032 46 0,047% 

C₅H₇⁺ 67.0540 67.0548 -0.0008 343 0,349% 
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C₄H₄O⁺ 68.0301 68.0262 0.0039 15 0,015% 

C₅H₈⁺ 68.0617 68.0626 -0.0009 111 0,113% 

C₄H₅O⁺ 69.0373 69.0340 0.0033 35 0,036% 

C₅H₉⁺ 69.0718 69.0704 0.0014 390 0,397% 

C₄H₆O⁺ 70.0404 70.0419 -0.0015 20 0,020% 

C₅H₁₀⁺ 70.0766 70.0782 -0.0017 56 0,057% 

C₄H₇O⁺ 71.0510 71.0497 0.0013 625 0,636% 

C₅H₁₁⁺ 71.0864 71.0861 0.0004 108 0,110% 

C₄H₈O⁺ 72.0563 72.0575 -0.0013 52 0,053% 

C₆H₅⁺ 77.0334 77.0391 -0.0057 91 0,093% 

C₆H₆⁺ 78.0405 78.0469 -0.0064 37 0,038% 

C₆H₇⁺ 79.0500 79.0548 -0.0048 132 0,134% 

C₆H₈⁺ 80.0562 80.0626 -0.0064 36 0,037% 

C₆H₉⁺ 81.0697 81.0704 -0.0007 214 0,218% 

C₆H₁₀⁺ 82.0838 82.0782 0.0056 56 0,057% 

C₅H₇O⁺ 83.0495 83.0497 -0.0002 53 0,054% 

C₆H₁₁⁺ 83.0899 83.0861 0.0038 168 0,171% 

C₅H₈O⁺ 84.0583 84.0575 0.0007 43 0,044% 

C₆H₁₂⁺ 84.0874 84.0939 -0.0065 21 0,021% 

C₅H₉O⁺ 85.0658 85.0653 0.0005 75 0,076% 

C₆H₁₃⁺ 85.1125 85.1017 0.0108 68 0,069% 

C₅H₁₀O⁺ 86.0660 86.0732 -0.0071 14 0,014% 

C₇H₇⁺ 91.0483 91.0548 -0.0064 95 0,097% 

C₇H₉⁺ 93.0725 93.0704 0.0020 51 0,052% 

C₇H₁₀⁺ 94.0833 94.0782 0.0051 19 0,019% 

C₇H₁₁⁺ 95.0878 95.0861 0.0017 120 0,122% 

C₇H₁₂⁺ 96.0982 96.0939 0.0043 34 0,035% 

C₆H₉O⁺ 97.0660 97.0653 0.0007 52 0,053% 

C₇H₁₃⁺ 97.1088 97.1017 0.0071 79 0,080% 

C₆H₁₀O⁺ 98.0716 98.0732 -0.0015 39 0,040% 

C₆H₁₁O⁺ 99.0791 99.0810 -0.0019 30 0,031% 

C₈H₉⁺ 105.0643 105.0704 -0.0062 32 0,033% 

C₈H₁₁⁺ 107.0846 107.0861 -0.0014 16 0,016% 

C₈H₁₃⁺ 109.1082 109.1017 0.0065 49 0,050% 

C₈H₁₄⁺ 110.1066 110.1095 -0.0029 14 0,014% 

C₇H₁₁O⁺ 111.0772 111.0810 -0.0038 28 0,028% 

C₇H₁₂O⁺ 112.0933 112.0888 0.0045 18 0,018% 

C₇H₁₃O⁺ 113.0966 113.0966 -0.0000 32 0,033% 

C₉H₈⁺ 116.0602 116.0626 -0.0024 13 0,013% 

C₉H₉⁺ 117.0662 117.0704 -0.0042 16 0,016% 

C₉H₁₅⁺ 123.1170 123.1174 -0.0004 11 0,011% 

C₉H₁₆⁺ 124.1235 124.1252 -0.0017 6 0,006% 

C₉H₁₇⁺ 125.1280 125.1330 -0.0051 9 0,009% 

C₈H₁₅O⁺ 127.1101 127.1123 -0.0022 16 0,016% 

C₁₀H₈⁺ 128.0530 128.0626 -0.0096 15 0,015% 

C₁₇H₃₅O⁺ 255.2584 255.2688 -0.0104 25 0,025% 
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C₁₈H₃₅O⁺ 267.2565 267.2688 -0.0123 33 0,034% 

C₁₈H₃₇O⁺ 269.2690 269.2844 -0.0155 22 0,022% 

C₁₉H₃₅O⁺ 279.2654 279.2688 -0.0034 13 0,013% 

C₁₉H₃₇O⁺ 281.2863 281.2844 0.0018 91 0,093% 

C₁₉H₃₈O⁺ 282.2930 282.2923 0.0007 45 0,046% 

C₁₉H₃₉O⁺ 283.2994 283.3001 -0.0007 406 0,413% 

C₁₉H₄₀O⁺ 284.2992 284.3079 -0.0087 126 0,128% 

C₁₉H₄₁O⁺ 285.3017 285.3157 -0.0140 19 0,019% 

C₂₀H₄₁O⁺ 297.3040 297.3157 -0.0117 27 0,027% 

C₂₁H₄₃O⁺ 311.3388 311.3314 0.0075 13 0,013% 

C₂₂H₄₃O⁺ 323.3038 323.3314 -0.0276 14 0,014% 

C₂₂H₄₅O⁺ 325.3057 325.3470 -0.0413 14 0,014% 

C₂₃H₄₇O⁺ 339.3235 339.3627 -0.0392 14 0,014% 

C₃₈H₇₃O₂⁺ 561.5497 561.5611 -0.0114 13 0,013% 

C₃₈H₇₅O₂⁺ 563.5970 563.5767 0.0203 49 0,050% 

C₃₈H₇₆O₂⁺ 564.5844 564.5845 -0.0001 34 0,035% 

C₃₈H₇₇O₃⁺ 565.5917 565.5924 -0.0007 93 0,095% 

C₃₈H₇₈O₂⁺ 566.6075 566.6002 0.0073 38 0,039% 

C₃₈H₇₉O₂⁺ 567.6240 567.6080 0.0160 13 0,013% 

Na⁺ 22.9921 22.9898 0.0024 180 0,183% 

K⁺ 38.9668 38.9637 0.0031 32 0,033% 

 

 

Nonadecanone ( C19H38O) negative ions 

Proposed 

formula Meas. m/z Calc. m/z δ (Da) Int. Rel. Int. (%) 

H⁻ 1.0080 1.0078 0.0002 3940 13,744% 

C⁻ 12.0002 12.0000 0.0002 83 0,290% 

CH⁻ 13.0079 13.0078 0.0001 267 0,931% 

CH₂⁻ 14.0158 14.0157 0.0002 61 0,213% 

CH₃⁻ 15.0239 15.0235 0.0005 7 0,024% 

O⁻ 15.9946 15.9949 -0.0004 50 0,174% 

HO⁻ 17.0022 17.0027 -0.0005 59 0,206% 

C₂⁻ 24.0000 24.0000 -0.0000 99 0,345% 

C₂H⁻ 25.0091 25.0078 0.0013 645 2,250% 

C₂H₂⁻ 26.0121 26.0157 -0.0036 21 0,073% 

C₂H₃⁻ 27.0269 27.0235 0.0034 12 0,042% 

C₃⁻ 36.0013 36.0000 0.0013 35 0,122% 

C₃H⁻ 37.0101 37.0078 0.0022 42 0,147% 

C₃H₂⁻ 38.0169 38.0157 0.0012 53 0,185% 

C₃H₃⁻ 39.0242 39.0235 0.0007 15 0,052% 

C₂O⁻ 39.9955 39.9949 0.0006 11 0,038% 

C₂HO⁻ 41.0059 41.0027 0.0031 145 0,506% 

C₂H₃O⁻ 43.0180 43.0184 -0.0004 20 0,070% 

C₄⁻ 48.0008 48.0000 0.0008 43 0,150% 
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C₄H⁻ 49.0100 49.0078 0.0022 223 0,778% 

C₄H₂⁻ 50.0143 50.0157 -0.0014 21 0,073% 

C₄H₃⁻ 51.0246 51.0235 0.0011 32 0,112% 

C₃H₃O⁻ 55.0191 55.0184 0.0008 7 0,024% 

C₃H₄O⁻ 56.0319 56.0262 0.0057 11 0,038% 

C₃H₅O⁻ 57.0395 57.0340 0.0055 53 0,185% 

C₂H₂O₂⁻ 58.0107 58.0055 0.0053 16 0,056% 

C₂H₃O₂⁻ 59.0140 59.0133 0.0007 28 0,098% 

C₅⁻ 60.0018 60.0000 0.0018 29 0,101% 

C₅H⁻ 61.0113 61.0078 0.0035 17 0,059% 

C₅H₂⁻ 62.0183 62.0157 0.0026 27 0,094% 

C₅H₃⁻ 63.0233 63.0235 -0.0002 20 0,070% 

C₅H₄⁻ 64.0300 64.0313 -0.0013 8 0,028% 

C₄HO⁻ 65.0094 65.0027 0.0066 12 0,042% 

C₄H₃O⁻ 67.0202 67.0184 0.0018 12 0,042% 

C₄H₅O⁻ 69.0399 69.0340 0.0059 20 0,070% 

C₆⁻ 72.0002 72.0000 0.0002 25 0,087% 

C₆H⁻ 73.0099 73.0078 0.0021 108 0,377% 

C₆H₂⁻ 74.0144 74.0156 -0.0013 9 0,031% 

C₇⁻ 84.0047 84.0000 0.0047 17 0,059% 

C₇H⁻ 85.0107 85.0078 0.0029 10 0,035% 

C₇H₂⁻ 86.0213 86.0156 0.0056 16 0,056% 

C₈⁻ 96.0004 96.0000 0.0004 13 0,045% 

C₈H⁻ 97.0088 97.0078 0.0009 36 0,126% 

C₉⁻ 107.9979 108.0000 -0.0021 8 0,028% 

C₉H⁻ 109.0026 109.0078 -0.0052 9 0,031% 

C₉H₂⁻ 110.0143 110.0156 -0.0014 9 0,031% 

C₁₀H⁻ 121.0045 128.0626 -7.0581 20 0,070% 

C₁₁H⁻ 133.0107 133.0078 0.0029 7 0,024% 

C₁₂H⁻ 145.0064 152.0626 -7.0562 6 0,021% 

C₁₇H₃₃O⁻ 253.2611 253.2531 0.0080 10 0,035% 

C₁₇H₃₅O⁻ 255.2196 255.2688 -0.0492 17 0,059% 

C₁₈H₃₃O⁻ 265.2540 265.2531 0.0009 6 0,021% 

C₁₈H₃₅O⁻ 267.2742 267.2688 0.0054 8 0,028% 

C₁₈H₃₇O⁻ 269.2645 269.2844 -0.0199 12 0,042% 

C₁₉H₃₅O⁻ 279.2808 279.2688 0.0120 13 0,045% 

C₁₉H₃₇O⁻ 281.2868 281.2844 0.0024 148 0,516% 

C₁₉H₃₈O⁻ 282.2899 282.2923 -0.0024 30 0,105% 

C₁₉H₃₉O⁻ 283.2759 283.3001 -0.0242 83 0,290% 

C₁₉H₄₀O⁻ 284.2767 284.3079 -0.0313 21 0,073% 

C₂₀H₃₉O⁻ 295.2916 295.3001 -0.0085 6 0,021% 

C₂₀H₄₁O⁻ 297.2718 297.3157 -0.0439 7 0,024% 
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Phenanthrene ( C₁₄H₁₀) positive ions 

Proposed 

formula Meas. m/z Calc. m/z δ (Da) Int. Rel. Int. (%) 

H⁺ 1.0077 1.0078 -0.0001 1116 0,315% 

C⁺ 11.9999 12.0000 -0.0001 247 0,070% 

CH⁺ 13.0079 13.0078 0.0000 211 0,060% 

CH₂⁺ 14.0156 14.0157 -0.0000 174 0,049% 

CH₃⁺ 15.0237 15.0235 0.0002 195 0,055% 

O⁺ 15.9953 15.9949 0.0004 43 0,012% 

C₂⁺ 23.9982 24.0000 -0.0018 31 0,009% 

C₂H⁺ 25.0073 25.0078 -0.0006 74 0,021% 

C₂H₂⁺ 26.0152 26.0157 -0.0005 407 0,115% 

C₂H₃⁺ 27.0236 27.0235 0.0001 633 0,179% 

C₂H₄⁺ 28.0307 28.0313 -0.0006 35 0,010% 

CHO⁺ 29.0025 29.0027 -0.0002 164 0,046% 

C₂H₅⁺ 29.0391 29.0391 -0.0000 193 0,054% 

CH₃O⁺ 31.0194 31.0184 0.0010 23 0,006% 

C₃H⁺ 37.0076 37.0078 -0.0002 177 0,050% 

C₃H⁺ 37.0076 37.0078 -0.0002 177 0,050% 

C₃H₂⁺ 38.0160 38.0157 0.0003 319 0,090% 

C₃H₂⁺ 38.0160 38.0157 0.0003 319 0,090% 

C₃H₃⁺ 39.0240 39.0235 0.0005 276 0,078% 

C₃H₄⁺ 40.0302 40.0313 -0.0011 52 0,015% 

C₃H₅⁺ 41.0393 41.0391 0.0002 309 0,087% 

C₃H₆⁺ 42.0430 42.0470 -0.0039 28 0,008% 

C₃H₇⁺ 43.0552 43.0548 0.0004 108 0,030% 

C₄H⁺ 49.0073 49.0078 -0.0005 54 0,015% 

C₄H₂⁺ 50.0159 50.0157 0.0003 509 0,144% 

C₄H₃⁺ 51.0248 51.0235 0.0013 700 0,198% 

C₄H₄⁺ 52.0314 52.0313 0.0001 128 0,036% 

C₄H₅⁺ 53.0401 53.0391 0.0010 118 0,033% 

C₄H₆⁺ 54.0453 54.0470 -0.0016 16 0,005% 

C₄H₇⁺ 55.0557 55.0548 0.0010 100 0,028% 

C₄H₉⁺ 57.0694 57.0704 -0.0011 30 0,008% 

C₅H⁺ 61.0085 61.0078 0.0007 94 0,027% 

C₅H₂⁺ 62.0167 62.0157 0.0011 376 0,106% 

C₅H₃⁺ 63.0253 63.0235 0.0018 667 0,188% 

C₅H₄⁺ 64.0311 64.0313 -0.0002 78 0,022% 

C₅H₅⁺ 65.0415 65.0391 0.0024 92 0,026% 

C₅H₇⁺ 67.0548 67.0548 0.0000 33 0,009% 

C₅H₈⁺ 68.0601 68.0626 -0.0025 5 0,001% 

C₅H₉⁺ 69.0762 69.0704 0.0058 17 0,005% 

C₆H⁺ 73.0083 73.0078 0.0005 28 0,008% 

C₆H₂⁺ 74.0169 74.0156 0.0013 378 0,107% 

C₆H₃⁺ 75.0243 75.0235 0.0009 373 0,105% 

C₆H₄⁺ 76.0323 76.0313 0.0010 110 0,031% 
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C₆H₅⁺ 77.0404 77.0391 0.0013 168 0,047% 

C₆H₆⁺ 78.0471 78.0469 0.0001 49 0,014% 

C₆H₈⁺ 80.0618 80.0626 -0.0008 6 0,002% 

C₆H₉⁺ 81.0755 81.0704 0.0051 13 0,004% 

C₇H⁺ 85.0100 85.0078 0.0022 38 0,011% 

C₇H₂⁺ 86.0170 86.0156 0.0014 188 0,053% 

C₇H₃⁺ 87.0248 87.0235 0.0013 279 0,079% 

C₇H₄⁺ 88.0313 88.0313 0.0000 54 0,015% 

C₇H₅⁺ 89.0401 89.0391 0.0009 95 0,027% 

C₇H₇⁺ 91.0554 91.0548 0.0006 47 0,013% 

C₈H₂⁺ 98.0160 98.0156 0.0003 144 0,041% 

C₈H₃⁺ 99.0251 99.0235 0.0016 106 0,030% 

C₈H₄⁺ 100.0361 100.0313 0.0048 26 0,007% 

C₈H₅⁺ 101.0409 101.0391 0.0018 44 0,012% 

C₈H₆⁺ 102.0464 102.0469 -0.0005 83 0,023% 

C₈H₇⁺ 103.0528 103.0548 -0.0020 24 0,007% 

C₉H₂⁺ 110.0149 110.0156 -0.0007 62 0,018% 

C₉H₃⁺ 111.0236 111.0235 0.0002 55 0,016% 

C₉H₄⁺ 112.0307 112.0313 -0.0006 11 0,003% 

C₉H₅⁺ 113.0400 113.0391 0.0009 58 0,016% 

C₉H₆⁺ 114.0479 114.0469 0.0010 26 0,007% 

C₉H₇⁺ 115.0572 115.0548 0.0024 140 0,040% 

C₉H₈⁺ 116.0575 116.0626 -0.0051 16 0,005% 

C₉H₉⁺ 117.0702 117.0704 -0.0002 4 0,001% 

C₉H₁₁⁺ 119.0893 119.0861 0.0032 2 0,001% 

C₁₀H₂⁺ 122.0143 122.0156 -0.0013 34 0,010% 

C₁₀H₃⁺ 123.0268 123.0235 0.0033 28 0,008% 

C₁₀H₆⁺ 126.0468 126.0469 -0.0001 132 0,037% 

C₁₀H₇⁺ 127.0555 127.0548 0.0007 73 0,021% 

C₁₀H₈⁺ 128.0637 128.0626 0.0011 76 0,021% 

C₁₁H₅⁺ 137.0386 137.0391 -0.0005 35 0,010% 

C₁₁H₆⁺ 138.0478 138.0470 0.0008 28 0,008% 

C₁₁H₇⁺ 139.0553 139.0548 0.0005 215 0,061% 

C₁₁H₈⁺ 140.0599 140.0626 -0.0027 31 0,009% 

C₁₁H₉⁺ 141.0709 141.0704 0.0005 48 0,014% 

C₁₂H₆⁺ 150.0468 150.0470 -0.0001 104 0,029% 

C₁₂H₇⁺ 151.0530 151.0548 -0.0018 155 0,044% 

C₁₂H₈⁺ 152.0624 152.0626 -0.0002 208 0,059% 

C₁₂H₉⁺ 153.0675 153.0704 -0.0029 42 0,012% 

C₁₃H₇⁺ 163.0541 163.0548 -0.0007 178 0,050% 

C₁₃H₉⁺ 165.0712 165.0704 0.0007 295 0,083% 

C₁₃H₁₀⁺ 166.0757 166.0782 -0.0026 56 0,016% 

C₁₄H₈⁺ 176.0645 176.0626 0.0019 347 0,098% 

C₁₄H₉⁺ 177.0617 177.0704 -0.0087 145 0,041% 

C₁₄H₁₀⁺ 178.0782 178.0782 -0.0000 1165 0,329% 

C₁₄H₁₁⁺ 179.0872 179.0861 0.0012 718 0,203% 
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C₁₄H₁₂⁺ 180.0943 180.0939 0.0004 104 0,029% 

C₁₄H₁₃⁺ 181.1058 181.1017 0.0040 30 0,008% 

C₁₅H₉⁺ 189.0691 189.0704 -0.0013 117 0,033% 

C₁₅H₁₀⁺ 190.0750 190.0782 -0.0032 29 0,008% 

C₁₅H₁₁⁺ 191.0888 191.0861 0.0027 53 0,015% 

C₁₆H₁₀⁺ 202.0780 202.0782 -0.0002 58 0,016% 

Na⁺ 22.9897 22.9898 -0.0001 23710 6,694% 

Mg⁺ 23.9845 23.9850 -0.0006 457 0,129% 

²⁵Mg⁺ 24.9856 24.9858 -0.0002 49 0,014% 

²⁶Mg⁺ 25.9822 25.9826 -0.0004 59 0,017% 

Al⁺ 26.9815 26.9815 -0.0000 2786 0,787% 

Si⁺ 27.9769 27.9769 -0.0001 13935 3,934% 

²⁹Si⁺ 28.9763 28.9765 -0.0002 848 0,239% 

SiH⁺ 28.9843 28.9848 -0.0004 3535 0,998% 

³⁰Si⁺ 29.9736 29.9738 -0.0001 535 0,151% 

K⁺ 38.9639 38.9637 0.0002 21271 6,005% 

Ca⁺ 39.9624 39.9626 -0.0002 5634 1,591% 

⁴¹K⁺ 40.9617 40.9618 -0.0002 2546 0,719% 

⁴²Ca⁺ 41.9583 41.9586 -0.0003 37 0,010% 

⁴⁴Ca⁺ 43.9558 43.9555 0.0003 98 0,028% 

SiOH⁺ 44.9799 44.9797 0.0002 4232 1,195% 

SiOH₂⁺ 45.9791 45.9875 -0.0084 261 0,074% 

 

Phenanthrene ( C₁₄H₁₀) negative ions 

Proposed 

formula Meas. m/z Calc. m/z δ (Da) Int. Rel. Int. (%) 

H⁻ 1.0088 1.0078 0.0009 18473 5,251% 

C⁻ 12.0009 12.0000 0.0009 2088 0,593% 

CH⁻ 13.0084 13.0078 0.0006 3341 0,950% 

CH₃⁻ 14.0164 14.0157 0.0007 178 0,051% 

O⁻ 15.9951 15.9949 0.0002 34833 9,901% 

OH⁻ 17.0031 17.0027 0.0004 17084 4,856% 

C₂⁻ 24.0005 24.0000 0.0005 5036 1,431% 

C₂H⁻ 25.0086 25.0078 0.0008 9203 2,616% 

CN⁻ 26.0039 26.0031 0.0008 661 0,188% 

S⁻ 31.9717 31.9721 -0.0003 212 0,060% 

O₂⁻ 31.9892 31.9898 -0.0006 816 0,232% 

HS⁻ 32.9806 32.9799 0.0007 43 0,012% 

HO₂⁻ 32.9975 32.9977 -0.0001 154 0,044% 

C₃⁻ 36.0008 36.0000 0.0008 819 0,233% 

C₃H⁻ 37.0087 37.0078 0.0009 371 0,105% 

C₃H₂⁻ 38.0170 38.0157 0.0014 113 0,032% 

C₂HO⁻ 41.0043 41.0027 0.0016 773 0,220% 

C₄⁻ 48.0005 48.0000 0.0005 889 0,253% 

C₄H⁻ 49.0089 49.0078 0.0011 1385 0,394% 

C₄H₂⁻ 50.0124 50.0157 -0.0033 72 0,020% 
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C₅⁻ 60.0019 60.0000 0.0019 194 0,055% 

C₅H⁻ 61.0091 61.0078 0.0013 128 0,036% 

C₅H₂⁻ 62.0171 62.0157 0.0015 77 0,022% 

C₆⁻ 72.0012 72.0000 0.0012 254 0,072% 

C₆H⁻ 73.0093 73.0078 0.0014 408 0,116% 

C₆H₂⁻ 74.0132 74.0156 -0.0024 37 0,011% 

C₇⁻ 84.0008 84.0000 0.0008 93 0,026% 

C₇H⁻ 85.0083 85.0078 0.0004 53 0,015% 

C₇H₂⁻ 86.0173 86.0156 0.0017 37 0,011% 

C₈⁻ 96.0009 96.0000 0.0009 91 0,026% 

C₈H⁻ 97.0092 97.0078 0.0014 130 0,037% 

C₉⁻ 107.9999 108.0000 -0.0001 31 0,009% 

C₉H⁻ 109.0047 109.0078 -0.0031 23 0,007% 

C₁₀⁻ 119.9999 120.0000 -0.0001 15 0,004% 

C₁₀H⁻ 121.0067 121.0078 -0.0011 42 0,012% 

C₁₂H⁻ 145.0085 145.0078 0.0007 16 0,005% 

Si⁻ 27.9765 27.9769 -0.0005 856 0,243% 

²⁹Si⁻ 28.9764 28.9765 -0.0001 43 0,012% 

SiH⁻ 28.9844 28.9848 -0.0004 616 0,175% 

SiH₂⁻ 29.9920 29.9926 -0.0006 85 0,024% 

Cl⁻ 34.9691 34.9689 0.0002 286 0,081% 

SiO₂⁻ 59.9668 59.9668 0.0000 8439 2,399% 

SiO₂H⁻ 60.9749 60.9746 0.0003 4135 1,175% 

SiO₃⁻ 75.9614 75.9617 -0.0003 4957 1,409% 

SiO₃H⁻ 76.9699 76.9695 0.0004 5745 1,633% 

SiO₃H₂⁻ 77.9676 77.9773 -0.0097 391 0,111% 

Si₃O₂H₃⁻ 118.9370 118.9441 -0.0071 207 0,059% 

Si₂O₄⁻ 119.9334 119.9335 -0.0001 310 0,088% 

Si₂O₄H⁻ 120.9412 120.9413 -0.0001 363 0,103% 

Si₂O₄H₂⁻ 121.9380 121.9492 -0.0111 61 0,017% 

Si₂O₅⁻ 135.9273 135.9284 -0.0011 478 0,136% 

Si₂O₅H⁻ 136.9360 136.9363 -0.0002 1231 0,350% 

Si₂O₅H₂⁻ 137.9342 137.9441 -0.0098 156 0,044% 

Si₂O₅H₃⁻ 138.9335 138.9519 -0.0184 108 0,031% 

Si₄O₄H₃⁻ 178.9046 178.9108 -0.0062 149 0,042% 

Si₃O₃⁻ 179.9003 179.9003 0.0000 67 0,019% 

Si₃O₃H⁻ 180.9082 180.9081 0.0001 81 0,023% 

Si₃O₇⁻ 195.8895 195.8952 -0.0056 103 0,029% 

Si₃O₇H⁻ 196.9023 196.9030 -0.0007 360 0,102% 

Si₄O₉H⁻ 256.8683 256.8698 -0.0015 75 0,021% 
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Anthracène D₁₀ ( C₁₄D₁₀) negative ions 

Proposed 

formula Meas. m/z Calc. m/z δ (Da) Int. Rel. Int. (%) 

H⁻ 1.0077 1.0078 -0.0002 6655 11,681% 

D⁻ 2.0142 2.0141 0.0001 1216 2,134% 

C⁻ 12.0004 12.0000 0.0004 1108 1,945% 

CH⁻ 13.0081 13.0078 0.0003 1275 2,238% 

CD⁻ 14.0145 14.0141 0.0004 560 0,983% 

C₂⁻ 23.9999 24.0000 -0.0001 3091 5,425% 

C₂H⁻ 25.0085 25.0078 0.0006 2856 5,013% 

C₂D⁻ 26.0145 26.0141 0.0004 1769 3,105% 

C₃⁻ 35.9997 36.0000 -0.0003 422 0,741% 

C₃H⁻ 37.0068 37.0078 -0.0010 59 0,104% 

C₃D⁻ 38.0146 38.0141 0.0005 69 0,121% 

C₄⁻ 47.9994 48.0000 -0.0006 571 1,002% 

C₄H⁻ 49.0081 49.0078 0.0003 228 0,400% 

C₄D⁻ 50.0144 50.0141 0.0003 283 0,497% 

C₅⁻ 60.0005 60.0000 0.0005 154 0,270% 

C₅H⁻ 61.0081 61.0078 0.0003 18 0,032% 

C₅D⁻ 62.0137 62.0141 -0.0004 20 0,035% 

C₆⁻ 72.0009 72.0000 0.0009 195 0,342% 

C₆H⁻ 73.0085 73.0078 0.0007 85 0,149% 

C₆D⁻ 74.0146 74.0141 0.0005 73 0,128% 

C₇⁻ 83.9992 84.0000 -0.0008 79 0,139% 

C₇H⁻ 85.0066 85.0078 -0.0012 6 0,011% 

C₇D⁻ 86.0174 86.0141 0.0033 11 0,019% 

C₈⁻ 96.0001 96.0000 0.0001 102 0,179% 

C₈H⁻ 97.0066 97.0078 -0.0013 47 0,082% 

C₈D⁻ 98.0152 98.0141 0.0011 44 0,077% 

C₉⁻ 108.0010 108.0000 0.0010 37 0,065% 

C₉H⁻ 109.0067 109.0078 -0.0011 15 0,026% 

C₉D⁻ 110.0099 110.0156 -0.0058 9 0,016% 

C₁₀⁻ 119.9998 120.0000 -0.0002 25 0,044% 

C₁₀H⁻ 121.0138 121.0078 0.0060 15 0,026% 

C₁₀D⁻ 122.0157 122.0141 0.0016 13 0,023% 

C₁₁⁻ 132.0026 132.0000 0.0026 17 0,030% 

C₁₂⁻ 144.0055 144.0000 0.0055 11 0,019% 

C₁₂H⁻ 145.0107 145.0078 0.0028 10 0,018% 

C₁₂D⁻ 146.0245 146.0141 0.0104 10 0,018% 
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Orbagnoux (orba) lamine positive ions 

Proposed 

formula Meas. m/z Calc. m/z δ (Da) Int. Rel. Int. (%) 

H⁺ 1.0075 1.0078 -0.0003 11790 0,212% 

C⁺ 11.9980 12.0000 -0.0020 4182 0,075% 

CH⁺ 13.0066 13.0078 -0.0012 1789 0,032% 

CH₂⁺ 14.0137 14.0157 -0.0019 3024 0,054% 

CH₃⁺ 15.0227 15.0235 -0.0007 5524 0,099% 

C₂H⁺ 25.0046 25.0078 -0.0032 787 0,014% 

C₂H₂⁺ 26.0138 26.0157 -0.0019 3475 0,062% 

C₂H₃⁺ 27.0230 27.0235 -0.0005 15150 0,272% 

C₂H₄⁺ 28.0300 28.0313 -0.0013 2646 0,048% 

C₂H₅⁺ 29.0379 29.0391 -0.0013 15082 0,271% 

C₂H₆⁺ 30.0353 30.0469 -0.0116 977 0,018% 

C₃H⁺ 37.0060 37.0078 -0.0018 1648 0,030% 

C₃H₂⁺ 38.0132 38.0157 -0.0024 4110 0,074% 

C₃H₃⁺ 39.0216 39.0235 -0.0019 22894 0,411% 

C₃H₄⁺ 40.0291 40.0313 -0.0022 2808 0,050% 

C₃H₅⁺ 41.0389 41.0391 -0.0002 32205 0,579% 

C₃H₆⁺ 42.0431 42.0470 -0.0038 2506 0,045% 

C₃H₇⁺ 43.0542 43.0548 -0.0006 12644 0,227% 

C₄H₂⁺ 50.0138 50.0157 -0.0018 3581 0,064% 

C₄H₃⁺ 51.0224 51.0235 -0.0011 9642 0,173% 

C₄H₄⁺ 52.0299 52.0313 -0.0014 3025 0,054% 

C₄H₅⁺ 53.0386 53.0391 -0.0005 10507 0,189% 

C₄H₆⁺ 54.0435 54.0470 -0.0035 1520 0,027% 

C₄H₇⁺ 55.0542 55.0548 -0.0006 10128 0,182% 

C₄H₈⁺ 56.0576 56.0626 -0.0050 951 0,017% 

C₄H₉⁺ 57.0706 57.0704 0.0002 3340 0,060% 

C₅H⁺ 61.0053 61.0078 -0.0025 1522 0,027% 

C₅H₂⁺ 62.0142 62.0157 -0.0015 2717 0,049% 

C₅H₃⁺ 63.0220 63.0235 -0.0015 8280 0,149% 

C₅H₄⁺ 64.0290 64.0313 -0.0023 1180 0,021% 

C₅H₅⁺ 65.0393 65.0391 0.0001 5546 0,100% 

C₅H₆⁺ 66.0457 66.0469 -0.0013 1354 0,024% 

C₅H₇⁺ 67.0540 67.0548 -0.0008 3752 0,067% 

C₅H₈⁺ 68.0598 68.0626 -0.0028 503 0,009% 

C₅H₉⁺ 69.0704 69.0704 0.0000 2202 0,040% 

C₅H₁₀⁺ 70.0711 70.0782 -0.0072 304 0,005% 

C₆H₂⁺ 74.0136 74.0156 -0.0021 2567 0,046% 

C₆H₃⁺ 75.0218 75.0235 -0.0017 3165 0,057% 

C₆H₄⁺ 76.0293 76.0313 -0.0020 1134 0,020% 

C₆H₅⁺ 77.0379 77.0391 -0.0012 7839 0,141% 

C₆H₆⁺ 78.0444 78.0469 -0.0026 2169 0,039% 

C₆H₇⁺ 79.0536 79.0548 -0.0012 2337 0,042% 

C₆H₈⁺ 80.0588 80.0626 -0.0038 461 0,008% 
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C₆H₉⁺ 81.0703 81.0704 -0.0001 1560 0,028% 

C₆H₁₀⁺ 82.0716 82.0782 -0.0066 180 0,003% 

C₆H₁₁⁺ 83.0881 83.0861 0.0020 547 0,010% 

C₆H₁₂⁺ 84.0890 84.0939 -0.0049 77 0,001% 

C₇H⁺ 85.0076 85.0078 -0.0002 1295 0,023% 

C₆H₁₃⁺ 85.1040 85.1017 0.0023 166 0,003% 

C₇H₂⁺ 86.0132 86.0156 -0.0024 1946 0,035% 

C₇H₃⁺ 87.0221 87.0235 -0.0014 2640 0,047% 

C₇H₄⁺ 88.0293 88.0313 -0.0020 576 0,010% 

C₇H₅⁺ 89.0375 89.0391 -0.0017 1347 0,024% 

C₇H₆⁺ 90.0429 90.0469 -0.0041 390 0,007% 

C₇H₇⁺ 91.0531 91.0548 -0.0017 4590 0,082% 

C₇H₈⁺ 92.0554 92.0626 -0.0072 638 0,011% 

C₇H₉⁺ 93.0693 93.0704 -0.0011 684 0,012% 

C₇H₁₀⁺ 94.0655 94.0782 -0.0128 192 0,003% 

C₇H₁₁⁺ 95.0846 95.0861 -0.0015 653 0,012% 

C₇H₁₂⁺ 96.0868 96.0939 -0.0071 83 0,001% 

C₈H⁺ 97.0074 97.0078 -0.0004 1427 0,026% 

C₇H₁₃⁺ 97.1024 97.1017 0.0007 140 0,003% 

C₈H₂⁺ 98.0122 98.0156 -0.0035 1580 0,028% 

C₈H₃⁺ 99.0220 99.0235 -0.0015 1299 0,023% 

C₈H₄⁺ 100.0238 100.0313 -0.0075 266 0,005% 

C₈H₅⁺ 101.0363 101.0391 -0.0028 531 0,010% 

C₈H₆⁺ 102.0451 102.0469 -0.0019 1123 0,020% 

C₈H₇⁺ 103.0516 103.0548 -0.0031 1095 0,020% 

C₈H₈⁺ 104.0555 104.0626 -0.0071 386 0,007% 

C₈H₉⁺ 105.0680 105.0704 -0.0025 1151 0,021% 

C₈H₁₀⁺ 106.0700 106.0782 -0.0083 199 0,004% 

C₈H₁₁⁺ 107.0820 107.0861 -0.0041 232 0,004% 

C₈H₁₂⁺ 108.0871 108.0939 -0.0068 90 0,002% 

C₈H₁₃⁺ 109.1014 109.1017 -0.0003 169 0,003% 

C₉H₂⁺ 110.0132 110.0156 -0.0025 1018 0,018% 

C₈H₁₄⁺ 110.0977 110.1095 -0.0118 35 0,001% 

C₉H₃⁺ 111.0218 111.0235 -0.0016 1109 0,020% 

C₉H₄⁺ 112.0277 112.0313 -0.0036 185 0,003% 

C₉H₅⁺ 113.0375 113.0391 -0.0016 518 0,009% 

C₉H₆⁺ 114.0455 114.0469 -0.0015 323 0,006% 

C₉H₇⁺ 115.0523 115.0548 -0.0025 3312 0,060% 

C₉H₈⁺ 116.0574 116.0626 -0.0052 672 0,012% 

C₉H₉⁺ 117.0694 117.0704 -0.0010 566 0,010% 

C₉H₁₀⁺ 118.0726 118.0782 -0.0057 195 0,004% 

C₉H₁₁⁺ 119.0822 119.0861 -0.0039 408 0,007% 

C₉H₁₂⁺ 120.0860 120.0939 -0.0079 115 0,002% 

C₉H₁₃⁺ 121.0974 121.1017 -0.0044 107 0,002% 

C₁₀H₂⁺ 122.0116 122.0156 -0.0040 750 0,013% 

C₉H₁₄⁺ 122.1113 122.1095 0.0018 20 0,000% 
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C₁₀H₃⁺ 123.0221 123.0235 -0.0013 773 0,014% 

C₉H₁₅⁺ 123.1150 123.1174 -0.0023 67 0,001% 

C₉H₁₆⁺ 124.1275 124.1252 0.0023 3 0,000% 

C₉H₁₇⁺ 125.1388 125.1330 0.0058 9 0,000% 

C₁₀H₆⁺ 126.0437 126.0469 -0.0033 753 0,014% 

C₁₀H₇⁺ 127.0509 127.0548 -0.0038 936 0,017% 

C₁₀H₈⁺ 128.0581 128.0626 -0.0045 1943 0,035% 

C₁₀H₉⁺ 129.0651 129.0704 -0.0053 694 0,012% 

Cs⁺ 132.9011 132.9054 -0.0043 572379 10,287% 

C₁₃H₉⁺ 165.0640 165.0704 -0.0064 1460 0,026% 

C₁₄H₁₀⁺ 178.0646 178.0782 -0.0136 724 0,013% 

C₁₅H₉⁺ 189.0614 189.0704 -0.0091 998 0,018% 

C₁₅H₁₁⁺ 191.0669 191.0861 -0.0191 361 0,006% 

C₁₆H₁₀⁺ 202.0663 202.0782 -0.0120 749 0,013% 

Na⁺ 22.9885 22.9898 -0.0013 124116 2,231% 

Al⁺ 26.9801 26.9815 -0.0014 662079 11,900% 

Si⁺ 27.9738 27.9769 -0.0031 9503 0,171% 

K⁺ 38.9625 38.9637 -0.0012 105458 1,895% 

Ca⁺ 39.9593 39.9626 -0.0033 156827 2,819% 

 

Orbagnoux (orba) lamine negative ions 

Proposed 

formula Meas. m/z Calc. m/z δ (Da) Int. Rel. Int. (%) 

H⁻ 1.0089 1.0078 0.0010 125749 6,309% 

C⁻ 12.0000 12.0000 0.0000 32730 1,642% 

CH⁻ 13.0086 13.0078 0.0008 31851 1,598% 

CH₂⁻ 14.0160 14.0157 0.0003 2301 0,115% 

CH₃⁻ 15.0247 15.0235 0.0013 367 0,018% 

O⁻ 15.9956 15.9949 0.0007 58079 2,914% 

OH⁻ 17.0030 17.0027 0.0003 56236 2,821% 

C₂⁻ 23.9996 24.0000 -0.0004 67204 3,372% 

C₂H⁻ 25.0078 25.0078 -0.0000 83303 4,179% 

CN⁻ 26.0035 26.0031 0.0004 30117 1,511% 

S⁻ 31.9715 31.9721 -0.0006 45742 2,295% 

HS⁻ 32.9798 32.9799 -0.0001 13191 0,662% 

₃₄S⁻ 33.9659 33.9679 -0.0020 1779 0,089% 

C₃⁻ 35.9998 36.0000 -0.0002 10905 0,547% 

C₃H⁻ 37.0068 37.0078 -0.0011 2970 0,149% 

C₃H₂⁻ 38.0155 38.0157 -0.0001 1175 0,059% 

C₃H₃⁻ 39.0233 39.0235 -0.0002 494 0,025% 

C₂O⁻ 39.9940 39.9949 -0.0009 1626 0,082% 

C₂HO⁻ 41.0032 41.0027 0.0004 3264 0,164% 

CNO⁻ 41.9998 41.9980 0.0018 3117 0,156% 

CHO₂⁻ 44.9967 44.9977 -0.0010 2820 0,141% 

C₄⁻ 47.9989 48.0000 -0.0011 21497 1,078% 

C₄H⁻ 49.0087 49.0078 0.0008 20649 1,036% 
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C₃N⁻ 50.0062 50.0031 0.0031 2412 0,121% 

C₄H₂⁻ 50.0062 50.0157 -0.0095 2412 0,121% 

C₄H₃⁻ 51.0234 51.0235 -0.0001 568 0,028% 

C₂S⁻ 55.9711 55.9721 -0.0010 4702 0,236% 

C₂SH⁻ 56.9804 56.9799 0.0005 5398 0,271% 

CNS⁻ 57.9759 57.9751 0.0008 1254 0,063% 

AlO₂⁻ 58.9724 58.9714 0.0010 12540 0,629% 

SiO₂⁻ 59.9661 59.9668 -0.0006 2441 0,122% 

C₅⁻ 60.0009 60.0000 0.0009 8727 0,438% 

C₅H⁻ 61.0083 61.0078 0.0005 2376 0,119% 

C₅H₂⁻ 62.0169 62.0157 0.0012 1269 0,064% 

C₅H₃⁻ 63.0245 63.0235 0.0010 355 0,018% 

S₂⁻ 63.9452 63.9441 0.0010 1106 0,055% 

O₂S⁻ 63.9619 63.9619 -0.0000 1704 0,085% 

HS₂⁻ 64.9515 64.9520 -0.0004 118 0,006% 

C₄HO⁻ 65.0041 65.0027 0.0013 432 0,022% 

C₃S⁻ 67.9715 67.9721 -0.0006 1095 0,055% 

C₃HS⁻ 68.9810 68.9799 0.0011 648 0,033% 

C₃H₂S⁻ 69.9877 69.9877 -0.0000 174 0,009% 

C₃H₃O₂⁻ 71.0137 71.0133 0.0004 191 0,010% 

C₆⁻ 71.9992 72.0000 -0.0008 10141 0,509% 

C₆H⁻ 73.0085 73.0078 0.0007 9678 0,486% 

C₆H₂⁻ 74.0111 74.0156 -0.0046 1200 0,060% 

C₆H₃⁻ 75.0242 75.0235 0.0007 442 0,022% 

C₄S⁻ 79.9715 79.9721 -0.0006 2261 0,113% 

C₄SH⁻ 80.9815 80.9799 0.0016 3004 0,151% 

C₇⁻ 84.0006 84.0000 0.0006 4497 0,226% 

C₇H⁻ 85.0073 85.0078 -0.0006 1442 0,072% 

C₇H₂⁻ 86.0164 86.0156 0.0007 875 0,044% 

C₇H₃⁻ 87.0218 87.0235 -0.0017 234 0,012% 

C₅S⁻ 91.9728 91.9721 0.0007 746 0,037% 

C₅HS⁻ 92.9793 92.9799 -0.0006 460 0,023% 

C₅H₂S⁻ 93.9865 93.9877 -0.0012 225 0,011% 

C₈⁻ 95.9989 96.0000 -0.0011 4536 0,228% 

C₈H⁻ 97.0085 97.0078 0.0007 4971 0,249% 

C₈H₂⁻ 98.0100 98.0156 -0.0056 634 0,032% 

C₈H₃⁻ 99.0245 99.0235 0.0010 189 0,009% 

C₃S₂⁻ 99.9423 99.9441 -0.0019 173 0,009% 

C₃S₂H⁻ 100.9534 100.9520 0.0015 235 0,012% 

C₆S⁻ 103.9729 103.9721 0.0009 1099 0,055% 

C₆SH⁻ 104.9811 104.9799 0.0012 1721 0,086% 

C₆H₂S⁻ 105.9809 105.9877 -0.0068 264 0,013% 

C₆H₃S⁻ 106.9944 106.9955 -0.0012 196 0,010% 

C₉⁻ 107.9995 108.0000 -0.0005 1879 0,094% 

C₉H⁻ 109.0069 109.0078 -0.0009 1049 0,053% 

C₉H₂⁻ 110.0159 110.0156 0.0002 424 0,021% 
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C₉H₃⁻ 111.0214 111.0235 -0.0021 141 0,007% 

C₄S₂⁻ 111.9441 111.9441 -0.0001 340 0,017% 

C₇S⁻ 115.9721 115.9721 -0.0000 452 0,023% 

C₇HS⁻ 116.9814 116.9799 0.0015 239 0,012% 

C₇H₂S⁻ 117.9887 117.9877 0.0010 168 0,008% 

C₁₀⁻ 119.9990 120.0000 -0.0010 1031 0,052% 

C₁₀H⁻ 121.0083 121.0078 0.0005 2459 0,123% 

C₁₀H₂⁻ 122.0097 122.0156 -0.0059 380 0,019% 

C₁₁⁻ 131.9990 132.0000 -0.0010 655 0,033% 

C₁₁H⁻ 133.0071 133.0078 -0.0007 682 0,034% 

C₁₁H₂⁻ 134.0152 134.0156 -0.0004 310 0,016% 

C₉S⁻ 139.9727 139.9721 0.0006 193 0,010% 

C₉HS⁻ 140.9815 140.9799 0.0016 112 0,006% 

C₉H₂S⁻ 141.9864 141.9877 -0.0013 112 0,006% 

C₁₂⁻ 143.9977 144.0000 -0.0023 644 0,032% 

C₁₂H⁻ 145.0072 145.0078 -0.0006 1215 0,061% 

C₁₂H₂⁻ 146.0109 146.0156 -0.0047 187 0,009% 

C₁₀S⁻ 151.9720 151.9721 -0.0001 175 0,009% 

C₁₀SH⁻ 152.9787 152.9799 -0.0012 325 0,016% 

C₁₃⁻ 155.9984 156.0000 -0.0016 300 0,015% 

C₁₃H⁻ 157.0066 157.0078 -0.0012 335 0,017% 

C₁₄⁻ 167.9922 168.0000 -0.0078 134 0,007% 

C₁₄H⁻ 169.0065 169.0078 -0.0013 512 0,026% 

C₁₅⁻ 179.9939 180.0000 -0.0061 100 0,005% 

C₁₅H⁻ 181.0063 181.0078 -0.0015 134 0,007% 

Cl⁻ 34.9684 34.9689 -0.0004 30852 1,548% 

³⁷Cl⁻ 36.9661 36.9659 0.0002 9280 0,466% 

AlO⁻ 42.9756 42.9765 -0.0008 5722 0,287% 

SiO⁻ 43.9699 43.9718 -0.0019 382 0,019% 

SiO₂H⁻ 60.9739 60.9746 -0.0007 1177 0,059% 

SiO₃⁻ 75.9631 75.9617 0.0015 1677 0,084% 

SiHO₃⁻ 76.9700 76.9695 0.0005 2464 0,124% 

Si₃O⁻ 99.9264 99.9257 0.0007 224 0,011% 

Si₃OH₂⁻ 101.9467 101.9413 0.0053 659 0,033% 

Si₃OH₃⁻ 102.9486 102.9492 -0.0006 405 0,020% 

Si₂O₂H₂⁻ 117.9417 117.9363 0.0054 355 0,018% 

Si₃O₂H₃⁻ 118.9426 118.9441 -0.0015 1726 0,087% 

I⁻ 126.8993 126.9045 -0.0052 4333 0,217% 

Si₂O₅⁻ 135.9435 135.9284 0.0151 221 0,011% 

Si₂O₅H⁻ 136.9333 136.9363 -0.0030 350 0,018% 

Al₃O₄⁻ 144.9239 144.9243 -0.0004 259 0,013% 

Al₃O₅⁻ 160.9162 160.9192 -0.0030 317 0,016% 

Si₄O₄H₃⁻ 178.9116 178.9108 0.0008 395 0,020% 

Au⁻ 196.9551 196.9666 -0.0114 18668 0,937% 

AuO⁻ 212.9486 212.9615 -0.0129 131 0,007% 

AuOH⁻ 213.9562 213.9693 -0.0131 221 0,011% 
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AuH₂O⁻ 214.9672 214.9771 -0.0099 135 0,007% 

C₂Au⁻ 220.9539 220.9666 -0.0127 888 0,045% 

C₂HAu⁻ 221.9635 221.9744 -0.0108 568 0,028% 

CAuN⁻ 222.9715 222.9696 0.0019 969 0,049% 

C₂H₃Au⁻ 223.9715 223.9900 -0.0185 474 0,024% 

AuS⁻ 228.9267 228.9386 -0.0120 3733 0,187% 

AuO₂⁻ 228.9267 228.9564 -0.0297 3733 0,187% 

HAuO₂⁻ 229.9373 229.9642 -0.0269 1073 0,054% 

HAuS⁻ 229.9373 229.9464 -0.0092 1073 0,054% 

H₂AuS⁻ 230.9477 230.9543 -0.0065 818 0,041% 

AuO₂H₂⁻ 230.9477 230.9720 -0.0243 818 0,041% 

AuCl⁻ 231.9241 231.9354 -0.0113 322 0,016% 

C₃Au⁻ 232.9452 232.9666 -0.0213 362 0,018% 

C₄Au⁻ 244.9563 244.9666 -0.0103 364 0,018% 

AuO₃⁻ 244.9563 244.9513 0.0050 364 0,018% 

C₄HAu⁻ 245.9641 245.9744 -0.0103 322 0,016% 

C₄H₂Au⁻ 246.9774 246.9822 -0.0048 1017 0,051% 

C₄H₃Au⁻ 247.9766 247.9900 -0.0134 665 0,033% 

C₂AuS⁻ 252.9310 252.9386 -0.0076 282 0,014% 

C₂HAuS⁻ 253.9395 253.9464 -0.0070 951 0,048% 

C₂H₂AuS⁻ 254.9474 254.9543 -0.0068 1426 0,072% 

AuAlO₂⁻ 255.9455 255.9379 0.0076 835 0,042% 

C₂H₃AuS⁻ 255.9455 255.9621 -0.0166 835 0,042% 

AuSiO₂⁻ 256.9376 256.9333 0.0043 394 0,020% 

AuAlO₂H⁻ 256.9376 256.9457 -0.0082 394 0,020% 

C₅Au⁻ 256.9376 256.9666 -0.0290 394 0,020% 

AuSiO₂H⁻ 257.9537 257.9411 0.0126 233 0,012% 

AuAlO₂H₂⁻ 257.9537 257.9536 0.0002 233 0,012% 

C₅HAu⁻ 257.9537 257.9744 -0.0207 233 0,012% 

C₅H₂Au⁻ 258.9702 258.9822 -0.0120 173 0,009% 

AuAlO₂H₃⁻ 258.9702 258.9614 0.0088 173 0,009% 

C₅H₃Au⁻ 259.9814 259.9900 -0.0086 141 0,007% 

C₆Au⁻ 268.9604 268.9666 -0.0062 172 0,009% 

C₆HAu⁻ 269.9576 269.9744 -0.0168 190 0,010% 

C₆H₂Au⁻ 270.9753 270.9822 -0.0069 770 0,039% 

Au₂⁻ 393.9053 393.9331 -0.0278 3243 0,163% 

C₂HAu₂⁻ 418.9274 418.9409 -0.0136 1193 0,060% 

Au₂S⁻ 425.8772 425.9052 -0.0279 1968 0,099% 

Au₂SH⁻ 426.8982 426.9130 -0.0148 1667 0,084% 

Au₃⁻ 590.8590 590.8997 -0.0407 5877 0,295% 

C₂Au₃⁻ 614.8614 614.8997 -0.0382 178 0,009% 

Au₃S⁻ 622.8307 622.8717 -0.0410 1468 0,074% 

Au₄⁻ 787.7964 787.8662 -0.0698 774 0,039% 
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Orbagnoux (orba) veine positive ions 

Proposed 

formula Meas. m/z Calc. m/z δ (Da) Int. Rel. Int. (%) 

H⁺ 1.0070 1.0078 -0.0008 3153 0,203% 

C⁺ 11.9993 12.0000 -0.0007 366 0,024% 

CH⁺ 13.0064 13.0078 -0.0014 265 0,017% 

CH₂⁺ 14.0151 14.0157 -0.0006 447 0,029% 

CH₃⁺ 15.0229 15.0235 -0.0006 902 0,058% 

C₂H⁺ 25.0054 25.0078 -0.0024 85 0,005% 

C₂H₂⁺ 26.0146 26.0157 -0.0011 559 0,036% 

C₂H₃⁺ 27.0235 27.0235 0.0000 4235 0,272% 

C₂H₄⁺ 28.0306 28.0313 -0.0007 640 0,041% 

CHO⁺ 29.0016 29.0027 -0.0011 298 0,019% 

C₂H₅⁺ 29.0398 29.0391 0.0007 5391 0,347% 

C₂H₆⁺ 30.0420 30.0469 -0.0049 172 0,011% 

CH₄N⁺ 30.0420 30.0344 0.0077 172 0,011% 

C₂H₆⁺ 30.0420 30.0469 -0.0049 172 0,011% 

C₃H⁺ 37.0071 37.0078 -0.0007 171 0,011% 

C₃H₂⁺ 38.0152 38.0157 -0.0005 534 0,034% 

C₃H₃⁺ 39.0240 39.0235 0.0005 4563 0,293% 

C₃H₄⁺ 40.0305 40.0313 -0.0008 366 0,024% 

C₃H₅⁺ 41.0404 41.0391 0.0013 10511 0,676% 

C₃H₆⁺ 42.0457 42.0470 -0.0012 812 0,052% 

C₂H₃O⁺ 43.0201 43.0184 0.0018 704 0,045% 

C₃H₇⁺ 43.0566 43.0548 0.0018 6055 0,389% 

C₃H₈⁺ 44.0594 44.0626 -0.0032 228 0,015% 

C₄H₂⁺ 50.0164 50.0157 0.0007 673 0,043% 

C₄H₃⁺ 51.0246 51.0235 0.0011 1921 0,124% 

C₄H₄⁺ 52.0316 52.0313 0.0003 621 0,040% 

C₄H₅⁺ 53.0407 53.0391 0.0016 2350 0,151% 

C₄H₆⁺ 54.0472 54.0470 0.0003 447 0,029% 

C₄H₇⁺ 55.0571 55.0548 0.0023 5602 0,360% 

C₄H₈⁺ 56.0620 56.0626 -0.0006 468 0,030% 

C₄H₉⁺ 57.0739 57.0704 0.0035 1334 0,086% 

C₅H₂⁺ 62.0171 62.0157 0.0014 446 0,029% 

C₅H₃⁺ 63.0255 63.0235 0.0021 1131 0,073% 

C₅H₄⁺ 64.0315 64.0313 0.0002 203 0,013% 

C₅H₅⁺ 65.0420 65.0391 0.0029 1057 0,068% 

C₅H₆⁺ 66.0485 66.0469 0.0015 279 0,018% 

C₅H₇⁺ 67.0576 67.0548 0.0029 1239 0,080% 

C₅H₈⁺ 68.0637 68.0626 0.0011 179 0,012% 

C₅H₉⁺ 69.0743 69.0704 0.0039 1722 0,111% 

C₅H₁₀⁺ 70.0793 70.0782 0.0011 143 0,009% 

C₅H₁₁⁺ 71.0924 71.0861 0.0064 415 0,027% 

C₆H₂⁺ 74.0164 74.0156 0.0007 389 0,025% 
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C₆H₃⁺ 75.0265 75.0235 0.0030 505 0,032% 

C₆H₄⁺ 76.0331 76.0313 0.0018 211 0,014% 

C₆H₅⁺ 77.0414 77.0391 0.0023 1520 0,098% 

C₆H₆⁺ 78.0483 78.0469 0.0013 430 0,028% 

C₆H₇⁺ 79.0570 79.0548 0.0022 614 0,039% 

C₆H₈⁺ 80.0633 80.0626 0.0007 138 0,009% 

C₆H₉⁺ 81.0739 81.0704 0.0035 766 0,049% 

C₆H₁₀⁺ 82.0759 82.0782 -0.0023 89 0,006% 

C₆H₁₁⁺ 83.0926 83.0861 0.0065 361 0,023% 

C₆H₁₂⁺ 84.0947 84.0939 0.0008 47 0,003% 

C₆H₁₃⁺ 85.1094 85.1017 0.0077 149 0,010% 

C₇H₂⁺ 86.0176 86.0156 0.0019 212 0,014% 

C₇H₃⁺ 87.0262 87.0235 0.0027 334 0,021% 

C₇H₄⁺ 88.0381 88.0313 0.0068 94 0,006% 

C₇H₅⁺ 89.0410 89.0391 0.0019 279 0,018% 

C₇H₆⁺ 90.0426 90.0469 -0.0044 70 0,005% 

C₄H₁₁S⁺ 91.0578 91.0581 -0.0003 1259 0,081% 

C₇H₇⁺ 91.0578 91.0548 0.0030 1259 0,081% 

C₄H₁₂S⁺ 92.0623 92.0660 -0.0037 184 0,012% 

C₇H₈⁺ 92.0623 92.0626 -0.0003 184 0,012% 

C₇H₉⁺ 93.0725 93.0704 0.0020 228 0,015% 

C₄H₁₃S⁺ 93.0725 93.0738 -0.0013 228 0,015% 

C₇H₁₀⁺ 94.0830 94.0782 0.0047 42 0,003% 

C₇H₁₁⁺ 95.0907 95.0861 0.0046 368 0,024% 

C₇H₁₂⁺ 96.1007 96.0939 0.0068 39 0,003% 

C₈H⁺ 97.0070 97.0078 -0.0008 192 0,012% 

C₇H₁₃⁺ 97.1086 97.1017 0.0069 169 0,011% 

C₈H₂⁺ 98.0180 98.0156 0.0024 187 0,012% 

C₈H₃⁺ 99.0290 99.0235 0.0056 159 0,010% 

C₈H₄⁺ 100.0301 100.0313 -0.0012 35 0,002% 

C₈H₅⁺ 101.0426 101.0391 0.0035 73 0,005% 

C₈H₆⁺ 102.0490 102.0469 0.0021 193 0,012% 

C₈H₇⁺ 103.0569 103.0548 0.0021 214 0,014% 

C₈H₈⁺ 104.0606 104.0626 -0.0020 102 0,007% 

C₈H₉⁺ 105.0742 105.0704 0.0037 447 0,029% 

C₈H₁₀⁺ 106.0756 106.0782 -0.0026 70 0,005% 

C₈H₁₁⁺ 107.0889 107.0861 0.0028 77 0,005% 

C₈H₁₂⁺ 108.0958 108.0939 0.0019 20 0,001% 

C₈H₁₃⁺ 109.1059 109.1017 0.0042 120 0,008% 

C₉H₂⁺ 110.0194 110.0156 0.0038 143 0,009% 

C₈H₁₄⁺ 110.1059 110.1095 -0.0036 17 0,001% 

C₉H₃⁺ 111.0260 111.0235 0.0026 146 0,009% 

C₉H₄⁺ 112.0327 112.0313 0.0014 34 0,002% 

C₉H₅⁺ 113.0423 113.0391 0.0032 64 0,004% 

C₉H₆⁺ 114.0543 114.0469 0.0073 53 0,003% 

C₉H₇⁺ 115.0568 115.0548 0.0021 729 0,047% 
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C₉H₈⁺ 116.0642 116.0626 0.0016 134 0,009% 

C₉H₉⁺ 117.0711 117.0704 0.0007 172 0,011% 

C₉H₁₀⁺ 118.0809 118.0782 0.0027 56 0,004% 

C₉H₁₁⁺ 119.0896 119.0861 0.0036 240 0,015% 

C₉H₁₂⁺ 120.0900 120.0939 -0.0039 48 0,003% 

C₉H₁₃⁺ 121.1137 121.1017 0.0120 34 0,002% 

C₉H₁₄⁺ 122.1195 122.1095 0.0099 5 0,000% 

C₉H₁₅⁺ 123.1178 123.1174 0.0004 45 0,003% 

C₉H₁₆⁺ 124.1232 124.1252 -0.0020 7 0,000% 

C₉H₁₇⁺ 125.1386 125.1330 0.0056 6 0,000% 

C₁₀H₇⁺ 127.0543 127.0548 -0.0005 217 0,014% 

C₁₀H₈⁺ 128.0632 128.0626 0.0006 472 0,030% 

C₁₀H₉⁺ 129.0710 129.0704 0.0006 222 0,014% 

C₁₁H₇⁺ 139.0556 139.0548 0.0008 272 0,017% 

C₁₁H₉⁺ 141.0693 141.0704 -0.0011 229 0,015% 

C₁₂H₈⁺ 152.0616 152.0626 -0.0010 318 0,020% 

C₁₃H₉⁺ 165.0716 165.0704 0.0011 424 0,027% 

C₁₃H₁₃⁺ 169.0997 169.1017 -0.0020 209 0,013% 

C₁₄H₁₀⁺ 178.0772 178.0782 -0.0010 222 0,014% 

C₁₄H₁₁⁺ 179.0848 179.0861 -0.0013 174 0,011% 

C₁₅H₉⁺ 189.0705 189.0704 0.0000 257 0,017% 

C₁₅H₁₁⁺ 191.0784 191.0861 -0.0076 153 0,010% 

C₁₅H₁₄⁺ 194.1011 194.1096 -0.0084 211 0,014% 

C₁₅H₁₆⁺ 196.1182 196.1252 -0.0070 203 0,013% 

C₁₆H₁₀⁺ 202.0835 202.0782 0.0052 206 0,013% 

C₁₆H₁₄⁺ 206.1111 206.1096 0.0016 207 0,013% 

C₁₇H₁₆⁺ 220.1270 220.1252 0.0018 204 0,013% 

            

Na⁺ 22.9892 22.9898 -0.0006 38143 2,453% 

Mg⁺ 23.9840 23.9850 -0.0011 3750 0,241% 

²⁵Mg⁺ 24.9862 24.9858 0.0004 512 0,033% 

²⁶Mg⁺ 25.9814 25.9826 -0.0012 535 0,034% 

Al⁺ 26.9811 26.9815 -0.0004 46038 2,961% 

Si⁺ 27.9756 27.9769 -0.0013 681 0,044% 

AlH⁺ 27.9880 27.9894 -0.0014 557 0,036% 

K⁺ 38.9642 38.9637 0.0005 13198 0,849% 

Ca⁺ 39.9607 39.9626 -0.0019 107303 6,901% 

CaH⁺ 40.9691 40.9704 -0.0013 10438 0,671% 

⁴²Ca⁺ 41.9567 41.9586 -0.0019 755 0,049% 

⁴³Ca⁺ 42.9582 42.9588 -0.0005 180 0,012% 

AlO⁺ 42.9745 42.9765 -0.0019 200 0,013% 

⁴⁴Ca⁺ 43.9542 43.9555 -0.0013 2878 0,185% 

AlOH⁺ 43.9834 43.9843 -0.0009 922 0,059% 

SiOH⁺ 44.9813 44.9797 0.0016 1073 0,069% 

Ti⁺ 47.9517 47.9479 0.0038 189 0,012% 

Cr⁺ 51.9406 51.9405 0.0001 1284 0,083% 
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⁵³Cr⁺ 52.9410 52.9406 0.0003 165 0,011% 

CaO⁺ 55.9561 55.9575 -0.0014 10567 0,680% 

CaOH⁺ 56.9644 56.9653 -0.0009 51629 3,320% 

Ca₂O⁺ 95.9188 95.9201 -0.0013 6760 0,435% 

Ca₂O₂⁺ 111.9139 111.9150 -0.0011 6967 0,448% 

Ca₂O₂H⁺ 112.9227 112.9228 -0.0001 19080 1,227% 

Cs⁺ 132.9092 132.9054 0.0037 79109 5,088% 

Ca₃O₃⁺ 167.8712 167.8725 -0.0013 1940 0,125% 

Ca₃O₃H⁺ 168.8801 168.8803 -0.0002 6288 0,404% 

Ca₄O₄⁺ 223.8280 223.8300 -0.0020 1104 0,071% 

Ca₄O₄⁺ 224.8385 224.8378 0.0007 2686 0,173% 

Ca₅O₅⁺ 279.7865 279.7875 -0.0010 360 0,023% 

Ca₅O₅H⁺ 280.7972 280.7954 0.0019 784 0,050% 

Ca₆O₆⁺ 335.7427 335.7450 -0.0023 423 0,027% 

Ca₆O₆H⁺ 336.7554 336.7529 0.0026 650 0,042% 

 

Orbagnoux (orba) veine negative ions 

Proposed 

formula Meas. m/z Calc. m/z δ (Da) Int. Rel. Int. (%) 

C⁻ 12.0005 12.0000 0.0005 1818 0,540% 

CH⁻ 13.0080 13.0078 0.0002 3472 1,031% 

CH₂⁻ 14.0160 14.0157 0.0004 346 0,103% 

O⁻ 15.9951 15.9949 0.0002 11782 3,497% 

OH⁻ 17.0030 17.0027 0.0002 10576 3,139% 

C₂⁻ 24.0003 24.0000 0.0003 3325 0,987% 

C₂H⁻ 25.0087 25.0078 0.0008 7366 2,186% 

CN⁻ 26.0041 26.0031 0.0010 2092 0,621% 

S⁻ 31.9716 31.9721 -0.0005 1925 0,571% 

HS⁻ 32.9805 32.9799 0.0006 1377 0,409% 

Cl⁻ 34.9691 39.9689 -4.9998 2980 0,885% 

C₃⁻ 36.0007 36.0000 0.0007 641 0,190% 

₃₇Cl⁻ 36.9659 36.9659 -0.0000 987 0,293% 

C₃H⁻ 37.0087 37.0078 0.0009 253 0,075% 

C₃H₂⁻ 38.0170 38.0157 0.0013 212 0,063% 

C₄⁻ 48.0012 48.0000 0.0012 815 0,242% 

C₄H⁻ 49.0090 49.0078 0.0012 1841 0,546% 

C₂S⁻ 55.9738 55.9721 0.0017 206 0,061% 

C₂HS⁻ 56.9823 56.9799 0.0024 495 0,147% 

C₅⁻ 60.0013 60.0000 0.0013 343 0,102% 

C₅H⁻ 61.0100 61.0078 0.0022 172 0,051% 

C₃S⁻ 67.9745 67.9721 0.0024 68 0,020% 

C₃HS⁻ 68.9836 68.9799 0.0037 47 0,014% 

C₆⁻ 72.0012 72.0000 0.0012 348 0,103% 

C₆H⁻ 73.0107 73.0078 0.0029 706 0,210% 

C₄S⁻ 79.9676 79.9721 -0.0044 113 0,034% 

C₄HS⁻ 80.9830 80.9799 0.0031 225 0,067% 
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C₇⁻ 84.0020 84.0000 0.0020 157 0,047% 

C₇H⁻ 85.0107 85.0078 0.0028 99 0,029% 

C₅S⁻ 91.9713 91.9721 -0.0008 51 0,015% 

C₅HS⁻ 92.9728 92.9799 -0.0071 55 0,016% 

C₈⁻ 96.0013 96.0000 0.0013 156 0,046% 

C₈H⁻ 97.0105 97.0078 0.0027 300 0,089% 

C₆S⁻ 103.9730 103.9721 0.0010 44 0,013% 

C₆HS⁻ 104.9823 104.9799 0.0024 102 0,030% 

C₉⁻ 108.0029 108.0000 0.0029 56 0,017% 

C₉H⁻ 109.0109 109.0078 0.0031 62 0,018% 

C₇S⁻ 115.9738 115.9721 0.0017 11 0,003% 

C₇HS⁻ 116.9835 116.9799 0.0037 15 0,004% 

C₁₀⁻ 120.0023 120.0000 0.0023 47 0,014% 

C₁₀H⁻ 121.0116 121.0078 0.0038 121 0,036% 

C₈S⁻ 127.9741 127.9721 0.0020 14 0,004% 

C₈HS⁻ 128.9798 128.9799 -0.0000 45 0,013% 

C₁₁⁻ 131.9991 132.0000 -0.0009 20 0,006% 

C₁₁H⁻ 133.0071 133.0078 -0.0007 23 0,007% 

C₉S⁻ 139.9691 139.9721 -0.0029 7 0,002% 

C₉SH⁻ 140.9742 140.9799 -0.0057 7 0,002% 

C₁₂⁻ 144.0026 144.0000 0.0026 23 0,007% 

C₁₂H⁻ 145.0077 145.0078 -0.0002 49 0,015% 

Au⁻ 196.9641 196.9666 -0.0025 2409 0,715% 

Au₂⁻ 393.9192 393.9331 -0.0139 278 0,083% 

Au₃⁻ 590.8753 590.8997 -0.0243 472 0,140% 
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Strelley Pool Chert (SPC) positive ions 

Proposed 

formula Meas. m/z Calc. m/z δ (Da) Int. Rel. Int. (%) 

H⁺ 1.0075 1.0078 -0.0003 354 0,209% 

C⁺ 12.0006 12.0000 0.0006 26 0,015% 

CH⁺ 14.0166 13.0078 1.0088 71 0,042% 

CH₂⁺ 15.0245 14.0157 1.0088 381 0,225% 

C₂H₂⁺ 26.0179 26.0157 0.0022 43 0,025% 

C₂H₃⁺ 27.0267 27.0235 0.0033 372 0,220% 

C₂H₄⁺ 28.0333 28.0313 0.0020 44 0,026% 

CHO⁺ 29.0058 29.0027 0.0030 200 0,118% 

C₂H₅⁺ 29.0412 29.0391 0.0021 288 0,170% 

C₂H₆⁺ 30.0387 30.0469 -0.0083 97 0,057% 

C₃H⁺ 37.0116 37.0078 0.0038 31 0,018% 

C₃H₂⁺ 38.0181 38.0157 0.0025 53 0,031% 

C₃H₃⁺ 39.0264 39.0235 0.0030 423 0,250% 

C₃H₄⁺ 40.0342 40.0313 0.0029 47 0,028% 

C₃H₅⁺ 41.0435 41.0391 0.0043 557 0,329% 

C₃H₆⁺ 42.0392 42.0470 -0.0078 228 0,135% 

C₃H₇⁺ 43.0590 43.0548 0.0042 159 0,094% 

C₃H₈⁺ 44.0564 44.0626 -0.0062 208 0,123% 

C₄H₂⁺ 50.0192 50.0157 0.0036 41 0,024% 

C₄H₃⁺ 51.0290 51.0235 0.0055 148 0,087% 

C₄H₄⁺ 52.0347 52.0313 0.0034 50 0,030% 

C₄H₅⁺ 53.0441 53.0391 0.0050 211 0,125% 

C₄H₆⁺ 54.0406 54.0470 -0.0064 36 0,021% 

C₄H₇⁺ 55.0611 55.0548 0.0064 228 0,135% 

C₄H₈⁺ 56.0566 56.0626 -0.0060 91 0,054% 

C₄H₉⁺ 57.0764 57.0704 0.0060 43 0,025% 

C₅H₂⁺ 62.0209 62.0157 0.0052 37 0,022% 

C₅H₃⁺ 63.0300 63.0235 0.0065 99 0,058% 

C₅H₄⁺ 64.0333 64.0313 0.0020 23 0,014% 

C₅H₅⁺ 65.0442 65.0391 0.0051 102 0,060% 

C₅H₆⁺ 66.0497 66.0469 0.0027 30 0,018% 

C₅H₇⁺ 67.0622 67.0548 0.0075 73 0,043% 

C₅H₈⁺ 68.0560 68.0626 -0.0066 24 0,014% 

C₅H₉⁺ 69.0784 69.0704 0.0079 47 0,028% 

C₆H₂⁺ 74.0173 74.0156 0.0017 38 0,022% 

C₆H₃⁺ 75.0295 75.0235 0.0061 45 0,027% 

C₆H₄⁺ 76.0349 76.0313 0.0036 13 0,008% 

C₆H₅⁺ 77.0440 77.0391 0.0049 195 0,115% 

C₆H₆⁺ 78.0512 78.0469 0.0043 36 0,021% 

C₆H₇⁺ 79.0581 79.0548 0.0034 51 0,030% 

C₆H₈⁺ 80.0645 80.0626 0.0019 18 0,011% 

C₆H₉⁺ 81.0785 81.0704 0.0081 51 0,030% 

C₆H₁₀⁺ 82.0775 82.0782 -0.0007 14 0,008% 
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C₆H₁₁⁺ 83.0884 83.0861 0.0023 14 0,008% 

C₆H₁₂⁺ 84.0994 84.0939 0.0055 6 0,004% 

C₇H₂⁺ 86.0187 86.0156 0.0030 23 0,014% 

C₇H₃⁺ 87.0287 87.0235 0.0052 29 0,017% 

C₇H₄⁺ 88.0303 88.0313 -0.0010 271 0,160% 

C₇H₅⁺ 89.0349 89.0391 -0.0043 39 0,023% 

C₇H₇⁺ 91.0594 91.0548 0.0047 118 0,070% 

C₇H₈⁺ 92.0503 92.0626 -0.0123 17 0,010% 

C₇H₉⁺ 93.0625 93.0704 -0.0079 23 0,014% 

C₇H₁₀⁺ 94.0821 94.0782 0.0039 14 0,008% 

C₇H₁₁⁺ 95.0986 95.0861 0.0125 26 0,015% 

C₇H₁₂⁺ 96.0973 96.0939 0.0034 6 0,004% 

C₈H⁺ 97.0093 97.0078 0.0015 15 0,009% 

C₈H₂⁺ 98.0251 98.0156 0.0094 10 0,006% 

C₈H₃⁺ 99.0264 99.0235 0.0030 16 0,009% 

C₈H₄⁺ 100.0293 100.0313 -0.0020 8 0,005% 

C₈H₅⁺ 101.0405 101.0391 0.0014 8 0,005% 

C₈H₆⁺ 102.0502 102.0469 0.0032 19 0,011% 

C₈H₇⁺ 103.0562 103.0548 0.0014 25 0,015% 

C₈H₈⁺ 104.0761 104.0626 0.0135 12 0,007% 

C₈H₉⁺ 105.0777 105.0704 0.0072 28 0,017% 

C₉H₂⁺ 110.0169 110.0156 0.0013 8 0,005% 

C₉H₃⁺ 111.0403 111.0235 0.0168 17 0,010% 

C₉H₄⁺ 112.0405 112.0313 0.0092 4 0,002% 

C₉H₅⁺ 113.0379 113.0391 -0.0013 12 0,007% 

C₉H₆⁺ 114.0513 114.0469 0.0044 10 0,006% 

C₉H₇⁺ 115.0604 115.0548 0.0056 65 0,038% 

C₉H₈⁺ 116.0595 116.0626 -0.0031 19 0,011% 

C₉H₉⁺ 117.0623 117.0704 -0.0082 20 0,012% 

C₉H₁₀⁺ 118.0802 118.0782 0.0019 9 0,005% 

C₉H₁₁⁺ 119.0989 119.0861 0.0128 9 0,005% 

C₉H₁₂⁺ 120.0909 120.0939 -0.0030 2 0,001% 

C₉H₁₃⁺ 121.1041 121.1017 0.0024 8 0,005% 

C₉H₁₄⁺ 122.0948 122.1095 -0.0147 5 0,003% 

C₉H₁₅⁺ 123.1092 123.1174 -0.0082 4 0,002% 

C₁₀H₇⁺ 127.0636 127.0548 0.0088 28 0,017% 

C₁₀H₈⁺ 128.0515 128.0626 -0.0111 40 0,024% 

C₁₀H₉⁺ 129.0630 129.0704 -0.0074 27 0,016% 

C₁₀H₁₁⁺ 131.0888 131.0861 0.0027 22 0,013% 

C₁₁H₇⁺ 139.0614 139.0548 0.0066 24 0,014% 

C₁₂H₇⁺ 151.0394 151.0548 -0.0154 22 0,013% 

C₁₂H₈⁺ 152.0390 152.0626 -0.0236 29 0,017% 

C₁₃H₉⁺ 165.0701 165.0704 -0.0004 24 0,014% 

C₁₄H₁₀⁺ 178.0753 178.0782 -0.0030 14 0,008% 

C₁₅H₉⁺ 189.0594 189.0704 -0.0110 16 0,009% 

C₁₅H₁₁⁺ 191.0725 191.0861 -0.0136 10 0,006% 
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C₁₆H₁₀⁺ 202.0652 202.0782 -0.0131 10 0,006% 

            

Na⁺ 22.9910 22.9898 0.0013 7132 4,211% 

K⁺ 38.9672 38.9637 0.0035 21006 12,402% 

 

Strelley Pool Chert (SPC) negative ions 

Proposed 

formula Meas. m/z Calc. m/z δ (Da) Int. Rel. Int. (%) 

H⁻ 1.0084 1.0078 0.0006 17054 3,248% 

C⁻ 12.0006 12.0000 0.0006 1536 0,293% 

CH⁻ 13.0083 13.0078 0.0005 1575 0,300% 

CH₂⁻ 14.0165 14.0157 0.0009 126 0,024% 

O⁻ 15.9951 15.9949 0.0002 30376 5,785% 

OH⁻ 17.0032 17.0027 0.0005 8050 1,533% 

C₂⁻ 24.0010 24.0000 0.0010 4572 0,871% 

C₂H⁻ 25.0097 25.0078 0.0018 4701 0,895% 

CN⁻ 26.0050 26.0031 0.0019 15789 3,007% 

S⁻ 31.9724 31.9721 0.0003 2162 0,412% 

O₂⁻ 31.9895 31.9898 -0.0004 653 0,124% 

HS⁻ 32.9807 32.9799 0.0008 410 0,078% 

HO₂⁻ 32.9970 32.9977 -0.0006 143 0,027% 

C₃⁻ 36.0025 36.0000 0.0025 403 0,077% 

C₃H⁻ 37.0087 37.0078 0.0009 97 0,018% 

CNO⁻ 42.0014 41.9980 0.0034 1320 0,251% 

C₄⁻ 48.0035 48.0000 0.0035 661 0,126% 

C₄H⁻ 49.0122 49.0078 0.0044 439 0,084% 

C₄H₂⁻ 50.0086 50.0157 -0.0070 267 0,051% 

C₂S⁻ 55.9741 55.9721 0.0020 52 0,010% 

C₂HS⁻ 56.9869 56.9799 0.0070 47 0,009% 

C₅⁻ 60.0052 60.0000 0.0052 193 0,037% 

C₅H⁻ 61.0104 61.0078 0.0025 58 0,011% 

C₃S⁻ 67.9743 67.9721 0.0023 15 0,003% 

C₃HS⁻ 68.9915 68.9799 0.0116 9 0,002% 

C₆⁻ 72.0064 72.0000 0.0064 180 0,034% 

C₆H⁻ 73.0148 73.0078 0.0070 139 0,026% 

C₄S⁻ 79.9727 79.9721 0.0006 95 0,018% 

C₄HS⁻ 80.9729 80.9799 -0.0070 16 0,003% 

C₇⁻ 84.0054 84.0000 0.0054 64 0,012% 

C₇H⁻ 85.0165 85.0078 0.0087 27 0,005% 

C₈⁻ 96.0077 96.0000 0.0077 76 0,014% 

C₈H⁻ 97.0108 97.0078 0.0030 55 0,010% 

C₉⁻ 108.0076 108.0000 0.0076 29 0,006% 

C₉H⁻ 109.0075 109.0078 -0.0003 17 0,003% 

C₁₀⁻ 120.0030 120.0000 0.0030 20 0,004% 

C₁₀H⁻ 121.0175 121.0078 0.0097 26 0,005% 

F⁻ 18.9989 18.9984 0.0005 991 0,189% 
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Si⁻ 27.9764 27.9769 -0.0005 309 0,059% 

Cl⁻ 34.9700 34.9689 0.0012 7728 1,472% 

³⁷Cl⁻ 36.9673 36.9659 0.0014 2400 0,457% 

SiO₂⁻ 59.9687 59.9668 0.0019 2561 0,488% 

SiO₂H⁻ 60.9764 60.9746 0.0018 599 0,114% 

SiO₃⁻ 75.9643 75.9617 0.0026 2151 0,410% 

SiO₃H⁻ 76.9733 76.9695 0.0038 1517 0,289% 

SiO₃H₂⁻ 77.9682 77.9773 -0.0091 134 0,026% 

Si₂O₅⁻ 135.9319 135.9284 0.0034 197 0,038% 

Si₂O₅H⁻ 136.9408 136.9363 0.0045 250 0,048% 

Si₄O₄H₃⁻ 178.9189 178.9108 0.0080 198 0,038% 

Au⁻ 196.9658 196.9666 -0.0008 2570 0,489% 

Au₂⁻ 393.9297 393.9331 -0.0034 462 0,088% 

Au₂C₂H₂⁻ 419.9452 419.9488 -0.0035 295 0,056% 

Au₂CN⁻ 419.9452 419.9362 0.0090 295 0,056% 

Au₃⁻ 590.8988 590.8997 -0.0009 1060 0,202% 

Au₄⁻ 787.8632 787.8662 -0.0030 141 0,027% 
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