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Résumé 

La Série sédimentaire du Francevillien âgée de 2,1 milliards d’années du Gabon a fait l’objet 

de plusieurs investigations notamment à des fins économiques en lien avec les gisements 

uranifère et manganésifère. Ceci a également promu de nombreuses recherches pour 

reconstruire les paléoenvironnements et la paléobiodiversité du bassin de Franceville. Les 

sédiments abritent les plus anciens macrofossiles de tailles et de formes variées, ainsi que les 

traces laissées par des organismes mobiles, mettant en valeur l’enregistrement grandissant 

des formes primitives complexes et organisées au Paléoprotérozoïque. Cependant, le style de 

vie microbien, qui a émergé plus d’un milliard et demi d’années avant la sédimentation du 

Francevillien, a été peu décrit. Une étude multi-approches et pluridisciplinaire a révélé une 

grande diversité de structures liées aux voiles (MRS). Ces communautés microbiennes étaient 

principalement construites par des Cyanobactéries oxyphototrophiques qui ont prospéré dans 

des environnements peu profonds et dans la zone photique. Etant donné que ces bactéries 

peuvent avoir produit de grandes quantités d’oxygène très localement, ceci explique à priori la 

présence rependue de formes de vie avancées à proximité des MRS. Les structures fragiles 

bactériennes ont ensuite été analysées d’un point de vue minéralogique et géochimique. Les 

analyses montrent un assemblage minéralogique argileux riche en potassium (K) localisé dans 

les MRS mais inexistant dans les sédiments encaissants sous-jacents constitués de grès et 

d’argiles riches en matière organique (black shales). Cela suggère un piégeage des cations 

K+ par les MRS. Ce K, qui provient de l’eau de mer, a été ensuite relargué dans l’espace 

interstitiel pendant la dégradation de la matière organique, permettant ainsi la néoformation 

argileuse riche en K. Ceci confirme l’enrichissement potassique induit par des microbes. En 

ce qui concerne la teneur en éléments traces (TE) dans les MRS, aucun enrichissement en 

lien avec les microorganismes a été observé. La concentration de certains TE dans les MRS 

est plus élevée que celle du sédiment encaissant, mais des facteurs physiques 

environnementaux et non biologiques pourraient avoir causé ces enrichissements. Les 

données du redox local de l’eau de mer pour le sédiment encaissant montrent que le milieu 

de dépôt se traduit par des fluctuations des conditions redox (oxiques/suboxiques). Les 

signaux isotopiques du carbone organique et de l’azote de la roche totale sont similaires dans 

les structures bactériennes et le sédiment encaissant. La composition des isotopes du carbone 

suggère l’occurrence d'un recyclage secondaire d’un matériel carboné dérivé de la 

photosynthèse. Par ailleurs, les isotopes de l’azote indiquent une limitation azotée où les 

fixateurs de l’azote n’ont pas efficacement compensé la perte de ce dernier. La fixation de 

l’azote dans la colonne d’eau aurait été passagère et potentiellement contrôlée par la structure 

redox de l’océan, tandis que cette voie métabolique associée aux MRS est vraisemblablement 

commune au royaume des voiles benthiques à travers l’histoire de la Terre. L’ensemble de 
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ces résultats soulignent la manifestation fréquente du mode de vie bactérien dans la série du 

Francevillien et révèlent si les microbes ont laissé des biosignatures spécifiques. La 

conservation exceptionnelle des MRS en association avec les macrofossiles du Gabon 

représente un écosystème marin unique à la suite de la première montée significative de la 

teneur en oxygène dans l’atmosphère terrestre. 
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Abstract 

The 2.1-billion-year old (Ga) Francevillian Series in Gabon has been intensively studied 

because of economic interests in their uranium and manganese ore deposits. This also 

promoted numerous scientific investigations to reconstruct the palaeoenvironments and 

palaeobiodiversity of the Francevillian basin. The sediments host the oldest reported 

macrofossils of various sizes and shapes, and traces left by motile organisms, highlighting the 

growing record of early complex forms in the Palaeoproterozoic. However, the microbial 

lifestyle, which emerged more than a billion and a half years before the Francevillian 

deposition, has been poorly described. Through a combination of analytical technics, a large 

diversity of mat-related structures (MRS) has been observed. These microbial communities 

were mainly built by oxyphototrophic Cyanobacteria that thrived in shallow water environments 

within the photic zone. Considering that these bacteria may have locally produced higher 

amount of oxygen than in the oxygen-stressed water column, this likely explained the 

widespread presence of advanced forms of life in the vicinity of MRS. The delicate bacterial 

structures were then analyzed for their mineralogical and geochemical compositions. A distinct 

potassium (K)-rich clay assemblage characterizes the MRS, but not the underlying host 

sandstone and black shale sediments. It suggests that the MRS trapped K+ from the seawater 

and released it into the pore-waters during degradation of organic matter, resulting in K-rich 

clay neoformation. This confirms the microbially induced K enrichment in the geological rock 

record. However, the trace element (TE) content in the MRS does not reveal particular 

microbially mediated enrichments. The concentration of some TE in the MRS is higher relative 

to that of the host sediments, but physical environmental factors may overwhelm any potential 

biological signal. The local seawater redox data for the host sediments show that the 

depositional setting reflects fluctuations in redox conditions (oxic/suboxic). The organic carbon 

and bulk nitrogen isotopes between the bacterial structures and host sediments are mostly 

similar. The carbon isotope composition suggests the occurrence of secondary recycling of 

photosynthetically derived carbonaceous material, while the nitrogen systematic points to a 

nitrogen limitation by which the N2 fixers did not sufficiently replenish the nitrogen loss. The 

nitrogen fixation in the water column would have been transient and likely controlled by the 

ocean redox structure, whereas this metabolic pathway in the MRS is likely common to the 

realm of benthic mats over Earth’s history. Combined, these results underline the common 

occurrence of bacterial lifestyle in the Francevillian Series and reveal whether the 

microorganisms left typical biosignatures. The exceptional conservation of the MRS in 

association with the Gabonese macrofossils represents a unique marine ecosystem in the 

aftermath of the first significant rise of oxygen content in Earth’s atmosphere. 
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The most recent plate reconstruction for this time (after D’Agrella-Filho & Cordani, 2017). ________ 32 

Figure 13: Schematic representation of redox indicators for the Earth’s oxidation state combined with 

the secular carbon isotopic composition and pO2 variations across Archaean-Proterozoic boundary. 

Modified from Farquhar et al. (2011) and Bekker & Holland (2012), and references therein. Timelines of 

arsenic dynamic (after Chi Fru et al., 2019), nitrogen aerobic cycling (after Zerkle et al., 2017; Kipp et 

al., 2018), and phosphorites (after Papineau, 2010; Soares et al., 2019) are added. Black and red curves 

show the evolution of carbon isotopes and oxygenation (present atmospheric level; PAL), respectively 

(after Lyons et al., 2014). ___________________________________________________________ 34 

Figure 14: Geochemical evidence for ocean-atmosphere redox evolution following the GOE transition. 

(A) Disappearance of S-MIF. Modified from Farquhar et al. (2010). (B) Uranium content in iron-rich 

rocks. Modified from Partin et al. (2013b). (C) Chromium dynamic in iron formations. Each symbol 

denotes a type of analysis and each color represents a depositional setting. Cr/Ti ratios have been 

normalized to the evolving Cr/Ti ratio of upper continental crust (solid line). Modified from Konhauser et 

al. (2011). (D) Dynamic of arsenic species in shales. Modified from Chi Fru et al. (2019). ________ 37 

Figure 15: Simplified geological map of Gabon and cross-section across the four intracratonic sub-

basins. (A) Geological map showing the major lithostructural domains. The orange inset box shows the 

geological map of Franceville sub-basin in Figure 18. Modified from Thiéblemont et al. (2009). (B) 

Schematic basin fill architecture of Francevillian basin. Modified from Bouton et al., (2009a). _____ 40 

Figure 16: Palaeoreconstruction of West Congolese and São Francisco cratons during the 2.2–2.0 Ga-

old Transamazonian–Eburnean orogens. Adapted from Zhao et al. (2002). ___________________ 41 

Figure 17: Synthetic lithostratigraphic column of Francevillian Series (1Horie et al., 2005; 2Thiéblemont 

et al., 2009; 3Bankole et al., 2018; 4Bros et al., 1992; 5Bonhomme et al., 1982; 6Sawaki et al., 2017; 
7Gancarz, 1978; 8Mouélé et al., 2014). ________________________________________________ 43 

Figure 18: General geological map of Franceville sub-basin. The Moulendé quarry is shown by the 

green star. Modified from Bouton et al. (2009b). _________________________________________ 48 
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Figure 19: Synthetic stratigraphic column of the Moulendé quarry in the FB2 Member. __________ 49 

Figure 20: Geological map and lithostratigraphic column. (A) Geological map of the Francevillian basin. 

The studied quarry is Moulendé (green star). Geological map adopted from Bouton et al. (2009b). (B) 

Synthetic lithostratigraphy of the Francevillian series. Four sedimentary units rest unconformably on 

Archean rocks. The red star indicates the detailed lithostratigraphic column observed in the Moulendé 

quarry (Figure 21). ________________________________________________________________ 62 

Figure 21: Detailed lithostratigraphic column. Composite columnar section of the Moulendé quarry in 

the FB2 Member showing the vertical distribution of ten representative types of mat-related structures 

(MRS) and sedimentary structures (SS). ______________________________________________ 65 

Figure 22: Plane view and outcrop pictures of sedimentary facies in the Moulendé quarry. (A) 

Representation of the quarry from plane view. Red box indicates the main studied outcrop in B (F8).F = 

outcrops. (B) Details of the bedding geometry at the transition between massive sandstone beds and 

thinly laminated black shales. (C) Closer view of B. (D) Cross-section view of decimeter scale hummocky 

cross-stratifications (HCS), FB2a subunit. (E) Sandstone dyke, FB2a—FB2b transition. Coin diameter: 

~2 cm. (F) Cross-section view of convolute structures, FB2b subunit. (G) Bedding plane view of 

interference ripples, FB2b subunit. (H) Longitudinal view of dark-colored convex laminae associated 

with cm-scale foreset beds, FB2b subunit. _____________________________________________ 67 

Figure 23: Microbial mat structures in the Francevillian B Formation (FB2): Mat-layer structures. (A-C) 

“Elephant-skin” textures. (D) Putative macro-tufted microbial mat. (E, F) Clustered domal buildups and 

flat pyritized microbial structure (red arrow). Macrofossil specimens (white arrows). (G) Isolated domal 

buildups. (H) Wrinkle marks. ________________________________________________________ 70 

Figure 24: Microbial mat structures in the Francevillian B Formation (FB2): Mat-layer structures. (A, B) 

Discoidal mats likely representing “fairy ring” structures. (C-E) Disc-shaped mats that display a 

cauliflower-like pattern. (F) Disc-shaped mat with internal wrinkle structures. (G) Small pyritized circular 

bodies. (H) Horizontal mat growth pattern. _____________________________________________ 71 

Figure 25: Mat-related structures in the Francevillian B Formation (FB2): Mat-protected structures. (A, 

B) Parallel wavy wrinkle structures. (C) Cross-cutting wrinkle structures. (D) “Kinneyia” structure. (E) 

Linear pattern. Dashed red box indicates the position of the magnification in F. Red arrow shows the 

location where the Raman spectroscopy was performed. The Raman spectra are visible in Figure 27D. 

(F) Micrometric spots interpreting as oriented grains. (G) Linear patterns with several parallel ridges. (H) 

Nodular-like structure. _____________________________________________________________ 75 

Figure 26: Optical photomicrographs of mat-related structures. (A) Transmitted thin section of 

“elephant-skin” texture. Dashed red box denoting area magnified in F. (B) Transmitted thin section of 

putative macro-tufted microbial mat. Dashed red boxes denoting areas magnified in G and H. (C) 

Transmitted thin section of an isolated domal buildup. Dashed red box denoting area magnified in I. (D) 

Transmitted thin section of parallel wavy wrinkle structures. Dashed red box denoting area magnified in 

J. (E) Transmitted thin section of a linear pattern. Dashed red boxes denoting areas magnified in K and 
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Figure 28E. (F) Tufted microstructures and wavy-crinkly laminae. Dashed red box denoting area 

magnified in Figure 28A. (G, H) Thickness variation across the mat layer with floating grains embedded 

by clays (red arrows). Mica (white arrows). Dashed red box denoting area magnified in Figure 28C. (I) 

Reflected magnified thin section of an entirely pyritized dome. An internal convex lamination is indicated 

by dashed red lines. (J) Clay laminae do not onlap the rippled siltstone bed but rather well follow its 

topography. Oriented grains (arrows). (K) High amount of quartz particles (arrows as example) within 

dark-coloured laminae. Dashed red box denoting area magnified in Figure 28D. _______________ 77 

Figure 27: Polished slab of “elephant-skin” texture and Raman spectra of both “elephant-skin” texture 

and linear pattern. (A) Polished slab in cross-section perpendicular to bedding plane. Non-homogenous 

dark layer preserved above a pronounced boundary. Red arrow and white arrow indicate Raman spectra 

in B and C, respectively. (B) Representative Raman spectra of the microbial mat within bulges. It shows 

the presence of three carbon peaks (“C”) at ~1202 cm–1 (“D4” disordered peak), 1,336 cm−1 (the “D1” 

disordered peak) and 1,603 cm−1 (the “G” graphite peak). (C) Typical Raman spectra of sandstone with 

quartz (“Q”) peaks. (D) Representative Raman spectra of mat layers of linear pattern indicated in Figure 

25E. It shows the presence of three carbon peaks (“C”) at ~1,170 cm−1 (“D4” disordered peak), 1,344 

cm−1 (the “D1” disordered peak) and 1,603 cm−1 (the “G” graphite peak). (E) Typical Raman spectra of 

host sediment of linear pattern, with quartz (Q) peaks and very small intensities of “C” peaks. ____ 79 

Figure 28: SEM imaging of mat-related structures. (A) Magnified view of box area in Figure 26F. Upward 

clay laminae within tufted microstructures and wavy-crinkly layers. (B). Tufted microstructures and 

heavy minerals constitute bulges of the “elephant-skin” texture. (C) Magnified view of box area in Figure 

26H. Quartz grains, heavy minerals and randomly oriented clays constitute the dark-coloured mat layer. 

(D) Magnified view of box area in Figure 26K. Detrital particles wrapped by sheet clays. (E) Magnified 

view of box area in Figure 26E. Clay minerals above and throughout the ridge (arrow). No significant 

clue of liquefaction nor microbial shrinkage. ____________________________________________ 81 

Figure 29: Examples of fossil macroorganisms associated with microbial mats. (A) Pyritized lobate form 

just beneath “fairy ring” structures. (B) Disc with radially striated core (arrow) lies on domal buildups. (C, 

D) Disc or lobate form and flat pyritized microbial structures on the same strata are closely associated. 

(E) Circular discs (arrows) rest on wrinkle marks. (F) Disc and lobate form are close to wrinkle marks on 

the same level or not. _____________________________________________________________ 87 

Figure 30: Geological map and field photographs of the FB2 Member outcrops, Gabon. (A) Geological 

map of the Francevillian basin adapted from Bouton et al. (2009b). The studied area is the Moulendé 

Quarry (green star). (B) Elephant-skin texture on the bedding plane of coarse-grained sandstones. Inset 

box shows reticulate patterns. (C) Micrometer-thick microbial mat laminae (blue arrow) on the bedding 

plane of sandstones with rounded pits (white arrows). ____________________________________ 95 

Figure 31: Biogenetic fabrics in the mat-related structures. The MRS textures are shown through SEM 

images. (A) Tufted microbial fabrics developed above the poorly-sorted quartz sandstone. Yellow and 

blue arrows point to tufts and quartz grains, respectively. (B) A void-filling titanium oxides that may have 

filled an oxygen bubble produced within the microbial mat. (C) Nearly-circular void filled with titanium 
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oxides at the tip of a cone-like feature (green arrows). Detrital dioctahedral micas (e.g., muscovite) are 

shown by purple arrows. ___________________________________________________________ 96 

Figure 32: K2O/SiO2 ratios from mat-related structures and host sediments. Pyritized MRS are hosted 

by black shales and non-pyritized MRS are observed on bedding surface of sandstones. The data for 

each lithology are represented as box plots with a red square showing the mean, black diamonds 

corresponding to individual samples, 50% of the data are shown as a box and whiskers extend to 1.5 

times the interquartile range. ________________________________________________________ 97 

Figure 33: High-resolution sulfur and potassium distribution maps. (A) Pyritized MRS. Red arrows point 

to K enrichment between pyrite crystals and in the host sediment of MRS. (B) Black shales. (C) Non-

pyritized MRS. Higher X-ray fluorescence (XRF) intensities correspond to higher S and K contents. For 

easier comparison, a common intensity scale was chosen for the K distribution maps. __________ 98 

Figure 34: Mineralogical composition of the <2 µm clay-size fractions. X-ray diffraction profiles of 

oriented preparations after air-drying (black lines) and glycolation (red lines) and their transmission-

electron images are given. (A) Microbial mat specimen. (B) Large, well-crystallized lath from microbial 

mat laminae. The inset shows selected area electron diffraction (SAED) pattern. hk0 pattern shows a 

hexagonal structure typical of phyllosilicates and coherently stacked crystals. (C) Hexagonal habit of 

illite from a mat sample. (D) Associated sandstone sediment. (E) Lathlike and poorly crystallized 

particles from the host sandstone. (F) Tiny hexagonal-shaped particles from the host sediment. [Green 

areas correspond to long-range ordered illite–smectite mixed- layer minerals (R3 I/S MLM); Blue areas 

represent randomly ordered illite–smectite mixed-layer minerals (R0 I/S MLM); smectite (S); chlorite 

(Ch); mixed-layer (ML); illite/mica (I/M); anatase (An); quartz (Q); pyrite (Py); barite (Ba); calcite (Ca)].

 _______________________________________________________________________________ 99 

Figure 35: Geological map of the Paleoproterozoic Franceville sub-basin (A; modified from Bouton et 

al. (2009)) and general lithostratigraphic column of the Francevillian Series (B). The studied area (the 

Moulendé Quarry) is shown with the green star. [1Horie et al. (2005); 2Thiéblemont et al. (2009); 3Bros 

et al. (1992); 4Mouélé et al. (2014)]. _________________________________________________ 114 

Figure 36: Lithostratigraphic column and representative mat-related structures (MRS) with their 

associated petrographic textures from both sandstone and black shale facies. (A) Composite 

lithostratigraphic section of the studied area in the FB2 Member showing the main microbial levels 

including pyritized MRS (flat pyritized, domal buildup, and ‘fairy ring’ structures), poorly pyritized MRS 

(mat-growth and mat-protected structures), and unpyritized MRS (EST: “elephant-skin” texture). (B) Flat 

pyritized MRS from the FB2b unit. (C) SEM image of pyritized MRS in cross-section perpendicular to 

the bedding plane. Pyrite grains and clay particles are developed within biofilms. (D) Mat-layer structures 

(white arrow) on the bedding surface of sandstone from the FB2a unit. (E) SEM image of micrometer-

thick poorly pyritized MRS in cross-section perpendicular to the bedding plane. Green and purple arrows 

show trapped and bound heavy minerals and a gas escape structure, respectively. (F) “Elephant-skin” 

textures (EST) from the FB2a unit. Inset box shows reticulate pattern. (G) SEM image of tufted microbial 

fabrics from the EST above the poorly-sorted quartz sandstone. Blue arrow points to tufted microbial 
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fabrics. Images in B and C, F, and G are modified from Aubineau et al. (2018) and Aubineau et al. 

(2019), respectively. _____________________________________________________________ 118 

Figure 37: Geochemistry of the host rocks, black shales (diamonds) and sandstones (circles). (A) 

Chondrite-normalized REE + Y patterns. Chondrite values are from Schmitt et al. (1964) and Evensen 

et al. (1978). (B) PAAS-normalized REE + Y patterns. PAAS values are from Taylor & McLennan (1985). 

(C) Binary plot of Fe/Ti vs. Al/(Al+Fe+Mn). ____________________________________________ 119 

Figure 38: Descriptive statistical treatments. (A) Principal component analysis on 40 individuals 

representing the relationship among 3 MRS morphotypes and 2 host sediments (black shales and 

sandstones) and 26 independent variables (trace element concentrations). (B) Contribution of each 

variable (%) along PC1 (left) and PC2 (right). The stronger the contribution of TE, the darker the bar is.

 ______________________________________________________________________________ 120 

Figure 39: Stratigraphic profile of enrichment factors (EF) of selected detrital and chalcophile elements 

within MRS. EF relative to the average shale (Ti, Zr, Ni concentrations for the average shale are from 

Taylor & McLennan (2001) and As concentration for the average shale is from Li & Schoonmaker (2003)) 

were calculated as (X/Al)sample/(X/Al)average shale, where X stands for the element concentration. ____ 121 

Figure 40: Relationships between chalcophile elements and sulfur for pyritized MRS, poorly pyritized 

MRS, unpyritized “elephant-skin” textures (EST), and Francevillian black shales (from the FB1b and 

FB1c units and the FD formation). (A) Cross plot of chalcophile element (As, Bi, Co, Cu, Mo, Ni, Pb, 

and Sb) contents vs. bulk S concentrations for MRS and host black shales. (B) Cross plot of As content 

vs. bulk S concentration for MRS and host black shales. Inset boxes (A and B) show covariations at low 

CE and S contents. (C) Cross plot of chalcophile (As, Bi, Co, Cu, Mo, Ni, Pb, and Sb) contents vs. bulk 

S concentration for MRS and all Francevillian Series black shales (green trend). (D) Cross plot of As 

content vs. bulk S concentration for MRS and all Francevillian Series black shales (green trend). (E) 

CE/S ratios for 3 MRS morphotypes and 2 host sediments (black shales and sandstones). CE and S 

contents for black shales of the Francevillian Series are from Canfield et al. (2013). Data for some 

samples are below the detection limit; in that case a value of half of the detection limit was used. _ 122 

Figure 41: Synchrotron-based XFM showing the distribution of Fe, As, and Ni. (A) Unpyritized EST. (B) 

Poorly pyritized MRS. White arrow indicates As-rich pyrite core. (C) Pyritized MRS. The color bars 

indicate the intensity-scale of the metal X-Ray Fluorescence (XRF) distribution maps in counts/10 ms 

(black color, below detection limit). Higher XRF intensities correspond to higher metal contents. __ 124 

Figure 42: Combined As (green) and Ni (magenta) XRF maps for pyritized MRS. _____________ 125 

Figure 43: Conceptual model for the spatial and temporal TE variations in the Francevillian Group FB2 

unit MRS. (A) Processes that took place during the living stage of mats. Depositional local- to facies-

scale environmental factors controlled the distribution of heavy minerals in the Francevillian MRS. The 

external mat morphologies provide information on local ecologic conditions. (B) Short-lived first stage of 

pyrite formation on the earliest phase of diagenesis. The EPS degradation resulted in the release of CE 

to pore-waters. The amount of CE delivered with EPS decay should be proportional to the organic 
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carbon content that is buried. Depending of sulfur and Fe availability, CE were trapped by fine-grained 

pyrite or diffused back to the water column. (B) Long-lived second stage of pyrite formation as 

diagenesis progressed. The rest of organic matter was degraded with, thus, larger amounts of H2S and 

Fe released to pore-waters. High concentrations of biogenic H2S were locally produced, but little CE 

were scavenged in coarse-grained pyrite. _____________________________________________ 127 

Figure 44: SEM images in backscatter mode of pyrite crystals. (A) Pyritized MRS. (B) Poorly pyritized 

MRS. (C) Black shales. ___________________________________________________________ 137 

Figure 45: Geochemical data for the MRS and host sediments plotted along the lithostratigraphic profile 

of the studied sequence, FB2 Member. Grey and orange vertical lines represent redox distinctions from 

Raiswell et al. (2018) and the average PAAS value from Taylor & McLennan (1985), respectively. 139 

Figure 46: Data of redox-sensitive metals for the MRS and host sediments plotted along the 

lithostratigraphic profile of the studied sequence, FB2 Member. Orange vertical lines correspond to 

average PAAS values from Taylor & McLennan (1985). _________________________________ 141 

Figure 47: Cross plot of carbon and nitrogen isotopes. __________________________________ 144 

Figure 48: Proposed palaeoenvironmental reconstruction during deposition of the Francevillian Series 

at the end of the Lomagundi Event (from the FB1c unit to the Lower FC Formation). Ocean redox 

conditions and biogeochemical cycles are shown (modified from Ossa Ossa et al., 2018). Orange and 

black dotted arrows indicate the limited expression of upwelling system and microbial processes, 

respectively. ____________________________________________________________________ 147 
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INTRODUCTION (FRANÇAIS) 

 

Les microbes, connus pour leur grande diversité morphologique, écologique et phylogénique, 

sont les plus anciennes formes de vie sur Terre et englobent les êtres vivants procaryotiques 

tels que les archées et les bactéries. Les biofilms et les voiles bactériens font référence à une 

association fructueuse de microorganismes qui s’est développée au début de l’histoire de la 

Terre, il y a 3,5 – 3,8 milliards d’années (Ga). Ce mode de vie fournit une large gamme de 

propriétés émergentes comparé à celui observé des cellules bactériennes isolées. Ces 

propriétés spécifiques incluent une sorption améliorée pour le piégeage de ressources, une 

rétention enzymatique, des interactions sociales pour un remodelage dynamique des 

microorganismes, et des gradients physico-chimiques localisés (Flemming et al., 2016). Les 

biofilms et les voiles bactériens ont largement été étudiés, cependant la terminologie est 

souvent confuse sans définition globalement acceptée (Krumbein et al., 2003). Néanmoins, 

un biofilm peut renvoyer à un groupe de cellules intégré dans une matrice organique dont la 

structure est monocouche, tandis qu’un voile bactérien définit une distribution multicouche de 

communautés bactériennes. Ainsi, les voiles bactériens peuvent être perçus comme des 

biofilms améliorés. Considérant cette terminologie controversée, le terme ‘structures liées aux 

voiles’ (MRS; Eriksson et al., 2010) a été choisi pour inclure toutes les structures fossilisées 

induites et/ou préservées par des microorganismes.  

Il est largement reconnu que les microbes ont joué un rôle important dans l’évolution du climat 

et des cycles biogéochimiques de notre planète (Lyons et al., 2014). L’un des plus frappants 

exemples repose sur le fait que les Cyanobactéries oxyphototrophiques sont capables de 

produire une grande quantité d’oxygène (O2) à travers la photosynthèse. Bien que le timing de 

leur émergence reste débattu, elles sont considérées comme les premiers producteurs d’O2 

sur la surface de la Terre. Ainsi, du fait de leur activité, l’ère du Paléoprotérozoïque (2,5–1,6 

Ga) fut marquée par la première augmentation significative d’O2 atmosphérique, 

communément appelée l’événement de la grande oxygénation (GOE; Holland, 2002), il y a 2,4 

Ga. Cet évènement géochimique répandu sur l’ensemble de la surface terrestre a facilité 

l’apport de nouveaux composés oxydés dans l’océan, ce qui a vraisemblablement boosté la 

vie microbienne et déclenché une vie eucaryotique (i.e., complexe). 

La série du Francevillien au Gabon âgée de ca. 2,1 Ga s’est déposée dans des conditions 

environnementales principalement oxygénées, en plus d’héberger l’assemblage le plus ancien 

de fossiles macroscopiques (El Albani et al., 2010, 2014, 2019). Ces macroorganismes 

coloniaux auraient pu être multicellulaires et fortement organisés du fait de leur grande 
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diversité de taille et morphologie. Quelques preuves d’une activité microbienne ont été 

soulignées dans les roches du Gabon, incluant des structures ressemblant à des bactéries 

(Dubois et al., 2015), des filaments de Cyanobactéries (Lekele Baghekema et al., 2017), et 

des stromatolithes (Bertrand-Sarfati & Potin, 1994), mais il est encore incertain si une vie 

microbienne prospéra durant le vivant des macroorganismes complexes. De plus, de 

nombreuses études dans des environnements actuels et anciens ont mis l’accent sur le rôle 

clé des voiles bactériens dans le développement et la préservation d’animaux primitifs. Les 

communautés bactériennes peuvent fournir des « oasis à oxygène » localisés et stabiliser la 

surface du sédiment (e.g., Gingras et al., 2011; Buatois et al., 2014). Dans ce sens, il semble 

concevable que des microbes auraient pu prospérer en association étroite avec les premiers 

organismes coloniaux connus pendant le moyen âge de la Terre.  

Bien que les MRS ont largement été rapportées de roches sédimentaires archéennes (4,0–

2,5 Ga) et du Mésoprotérozoïque (1,6–1,0 Ga) (Davies et al., 2016), la diversité microbienne 

du Paléoprotérozoïque est peu connue. Peu de sédiments de ces âges sont non 

métamorphisés, ce qui explique le manque d’enregistrement des MRS. Néanmoins, les dépôts 

du Francevillien sont bien préservés avec un effet minimal de la température d’enfouissement 

et de la diagenèse tardive (Gauthier-Lafaye & Weber, 1989, 2003; Ngombi-Pemba et al., 

2014), ce qui a promu d’abondantes recherches sur la sédimentologie, pétrographie, 

minéralogie et géochimie, principalement publiées dans des thèses de doctorat (Weber, 1968; 

Azziley Azzibrouck, 1986; Gauthier-Lafaye, 1986; Pombo, 2004; Ossa Ossa, 2010; Ngombi 

Pemba, 2014; Bankole, 2015; Onanga Mavotchy, 2016; Dubois, 2017; Lekele Baghekema, 

2017). Enfin, les minéraux argileux ont fait l'objet d'études approfondies pour élargir la 

compréhension (i) des conditions de dépôts dans lesquelles les macroorganismes vécurent, il 

y a 2,1 Ga (Ossa Ossa et al., 2013; Ngombi-Pemba et al., 2014; Bankole et al., 2018) et (ii) 

du degré des transformations diagénétiques dans les sédiments.  

Objectifs 

La série du Francevillien a potentiellement abrité une vie microbienne. Tandis que les 

conditions environnementales (i.e., abondance de nutriments, faible profondeur) ont 

vraisemblablement favorisé l’émergence d’une vie complexe, il est possible que le style de vie 

bactérien se soit également épanoui. En effet, des structures ressemblant à des MRS ont été 

récemment identifiées et collectées sur des grès et des argiles riches en matière organique 

(black shales). C’est pourquoi, le but de cette thèse est de déterminer leurs morphologies et 

textures, jusqu’à une échelle micrométrique, à travers une combinaison d’observations et 

d’une variété de techniques analytiques. Particulièrement, l’étude d’une supposée diversité 

microbienne dans des roches de 2,1 Ga serait unique. Par conséquent, ce travail vise à : 
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(i) Documenter la vie microbienne et décrire le schéma organisationnel et écologique du 

biota francevillien ; 

(ii) Caractériser la minéralogie des minéraux argileux des MRS et du sédiment encaissant 

ainsi que de distinguer si les différences sont liées à des processus biologiques ;  

(iii) Déterminer la distribution des éléments traces (TE) dans les MRS et le sédiment 

encaissant pour établir si un enrichissement biocontrôlé est enregistré ; 

(iv) Investiguer les compositions isotopiques des MRS et du sédiment encaissant tout en 

contraignant les conditions locales du redox dans lesquelles les MRS se sont 

développées. 

Structure de la thèse 

L’agencement du manuscrit est organisé en quatre parties thématiques distinctes. Les 

techniques analytiques requises pour chaque investigation sont détaillées dans les sections 

concernées.  

La partie 1 présente l’actuelle connaissance scientifique des voiles bactériens modernes ainsi 

que les caractères d’identification de telles structures organiques dans l’enregistrement 

géologique. Par la suite, l’histoire du Paléoprotérozoïque et le contexte géologique du 

Francevillien sont décrits. L’évolution sédimentaire et stratigraphique de la série du 

Francevillien avec l’apport des MRS est également mentionnée (Reynaud et al., 2017; 

associated works §1). Pour finir, l’échantillonnage et la zone d’étude sont succinctement 

décrits.  

La partie 2 met l’accent sur les résultats des analyses macroscopiques et des microtextures 

des MRS du Francevillien pour confirmer la biogénicité de ces structures. De plus, 

l’observation d’analogues actuels et fossiles est détaillée pour caractériser l’environnement de 

dépôt dans lequel les microorganismes prospérèrent. Cette section décrit également 

l’association entre les MRS et l’assemblage des macrofossiles du biota francevillien (El Albani 

et al., 2019; associated works §2). La partie 2 est principalement dédiée à l’article publié dans 

le journal Geobiology : 

Aubineau J, El Albani A, Chi Fru E, Gingras M, Batonneau Y, Buatois LA, Geffroy C, Labanowski J, 

Laforest C, Lemée L, Mángano MG, Meunier A, Pierson-Wickmann A-C, Recourt P, Riboulleau A, 

Trentesaux A, and Konhauser KO (2018) Unusual microbial mat-related structural diversity 2.1 billion 

years ago and implications for the Francevillian biota. Geobiology 16, 476–497. 

La partie 3 présente les analyses géochimiques de la roche totale et in situ des éléments 

majeurs ainsi que la caractérisation minéralogique des MRS et du sédiment encaissant. 

Ensuite, l’interaction entre les microbes et les minéraux et le possible impact sur le climat de 
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la Terre primitive sont discutés. Cette partie reproduit l’article publié dans le journal Nature 

Communications. 

Aubineau J, El Albani A, Bekker A, Somogyi A, Bankole OM, Macchiarelli R, Meunier A, Riboulleau A, 

Reynaud J-Y, and Konhauser KO (2019) Microbially induced potassium enrichment in Paleoproterozoic 

shales and implications for reverse weathering on early Earth. Nature Communications 10: 2670.   

La partie 4 détaille toutes les données géochimiques acquises pour les MRS et le sédiment 

encaissant. Tout d’abord, cette partie expose principalement les données géochimiques de la 

roche totale des éléments traces afin de vérifier si les MRS et le sédiment encaissant peuvent 

être différenciés. Le rôle des facteurs environnementales et la chimie de la colonne d’eau sur 

la distribution des TE ont fait l’objet d’une discussion détaillée. De plus, l’investigation du cycle 

de l’arsenic à travers le GOE (Chi Fru et al., 2019; associated works §3) permet de discuter 

de l’émergence probable de communautés microbiennes adaptées en réponse à l’arrivée de 

composés oxydants et toxiques dans la série du Francevillien. Un article soumis dans le journal 

Chemical Geology constitue cette première partie. Deuxièmement, cette partie porte 

également sur la spéciation de fer pour contraindre les conditions locales du redox dans 

lesquelles les MRS se développèrent. Les isotopes stables du carbone et de l’azote des MRS 

et du sédiment encaissant ont été explorés afin d’évaluer les processus géomicrobiologiques 

impliqués dans l’environnement de dépôt. Cette deuxième section sous la forme d’un article 

en préparation complète la partie 4.  
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INTRODUCTION 

 

Microbes, known for their large diversity in morphology, ecology, and phylogeny, are the 

Earth’s oldest life forms, comprising archaeal and bacterial prokaryotic living beings. Biofilms 

and microbial mats, referring to a fruitful association of a variety of microbial communities, 

formed at the beginning of the Earth’s history 3.5 to 3.8 billion years (Ga) ago. This microbial 

lifestyle provides a wide array of emergent properties compared of free-living bacterial cells. 

These particular properties encompass an enhanced sorption for resource capture, enzyme 

retention, social interactions for a dynamic remodeling of microorganisms, and localized 

physicochemical gradients (Flemming et al., 2016). Biofilms and microbial mats have been 

extensively studied, however the terminology is often confusing without widely accepted 

definitions (Krumbein et al., 2003). Nonetheless, a biofilm may refer to a cluster of cells 

embedded in an organic matrix and the structure is monolayer, while a microbial mat is defined 

by a multilayered distribution of bacterial communities. Thus, microbial mats may be seen as 

advanced biofilms. Considering the controversial terminology, the term ‘mat-related structures’ 

(MRS; Eriksson et al., 2010) is chosen to encompass all fossilized features induced and/or 

preserved by microorganisms. 

It is broadly recognized that microbes have played a major role in our planet’s biogeochemical 

cycles and climates (Lyons et al., 2014). One of the most striking examples relies on the fact 

that oxyphototrophic Cyanobacteria are able to produce a large amount of free oxygen (O2) 

through photosynthesis. Although the timing of their emergence remains controversial, they 

are considered as the earliest O2 producers on Earth’s surface. Thus, due to their biological 

activity, the Palaeoproterozoic Era (2.5–1.6 Ga) was marked by the first significant rise of 

atmospheric O2, known as the “Great Oxidation Event” (GOE; Holland, 2002) some 2.4 Ga 

ago. This globally extended geochemical event facilitated the delivery of oxidized compounds 

to seawater, likely triggering the microbial diversity and eukaryotic (i.e., complex) life. 

The ca. 2.1 Ga-old Francevillian Series in Gabon was primarily deposited in oxygenated 

environments (Canfield et al., 2013), in addition to hosting the oldest macroscopic fossil 

assemblage (El Albani et al., 2010, 2014, 2019). The colonial macroorganisms could have 

been multicellular and highly organized due to their large size and shape. A few evidence of 

microbial activity have been highlighted in the Gabonese rocks, including bacterial-like features 

(Dubois et al., 2015), filamentous Cyanobacteria (Lekele Baghekema et al., 2017), and 

stromatolites (Bertrand-Sarfati & Potin, 1994), but it remains unclear whether a microbial life 

flourished during the living of complex macroorganisms (El Albani et al., 2014). Moreover, 

numerous studies from modern and ancient environments have stressed the key role of 
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microbial mats in the development and preservation of early animals by proving localized 

“oxygen oases” and stabilizing the sediment surface (e.g., Gingras et al., 2011; Buatois et al., 

2014). In this regard, it seems plausible that microorganisms would have thrived in close 

association with the first known colonial organisms during Earth’s middle age.  

Although MRS have been widely reported from Archaean (4.0–2.5 Ga) and Mesoproterozoic 

(1.6–1.0 Ga) sedimentary rocks (Davies et al., 2016), little is known about the 

Palaeoproterozoic microbial diversity. Few Palaeoproterozoic-aged sediments are 

unmetamorphosed, explaining the lack of MRS record. Nonetheless, the Francevillian deposits 

are well-preserved with a minimal effect of burial temperature and late diagenesis (Gauthier-

Lafaye & Weber, 1989, 2003; Ngombi-Pemba et al., 2014), which has promoted abundant 

investigations on sedimentology, petrography, mineralogy, and geochemistry, mostly in PhD 

thesis (Weber, 1968; Azziley Azzibrouck, 1986; Gauthier-Lafaye, 1986; Pombo, 2004; Ossa 

Ossa, 2010; Ngombi Pemba, 2014; Bankole, 2015; Onanga Mavotchy, 2016; Dubois, 2017; 

Lekele Baghekema, 2017). Particularly, clay minerals were extensively studied for widening 

the understanding of (i) depositional conditions in which the macrofossils lived, 2.1 Ga ago 

(Ossa Ossa et al., 2013; Ngombi-Pemba et al., 2014; Bankole et al., 2018), and (ii) the degree 

of diagenetic transformations in the sediments. 

Objectives 

The Francevillian Series may have putatively hosted a microbial life. While environmental 

conditions (i.e., abundance of nutrients, shallow depth) likely favored the emergence of 

complex life, a bacterial lifestyle may have also flourished. Indeed, MRS-like features have 

been recently identified and collected from sandstone and black shale facies. Therefore, the 

purpose of this thesis is to determine their morphology and texture down to the micrometric 

scale through a combination of field observations and means of analytical techniques. 

Importantly, the study of a putative microbial diversity in 2.1 Ga-old rocks is unique. 

Consequently, this work is designed to:  

(i) Document the microbial life and describe the organizational and ecological pattern 

of the Francevillian biota;  

(ii) Characterize the clay mineralogy of MRS and host sediments and distinguish 

whether differences are linked to biological processes;  

(iii) Determine the distribution of trace elements (TE) of MRS and host sediments to 

establish whether a biocontrolled enrichment is recorded; 

(iv) Investigate the isotope compositions of MRS and host sediments, and constrain 

redox conditions in which the Francevillian biota flourished. 
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Thesis structure 

The layout of this manuscript is organized into four distinct thematic parts. The analytical 

techniques, required to the specific investigations, are detailed in sections concerned.  

Part I presents the current scientific background on modern microbial mats and how identify 

such organic features in the geological record. Then, the Palaeoproterozoic history and 

Francevillian geological background are given. The newly documented stratigraphic and 

sedimentary evolution of the Francevillian Series with the contribution of MRS is then 

mentioned (Reynaud et al., 2017; associated works §1). Lastly, the studied area and sampling 

are succinctly described.  

Part II focuses on the results of the macroscopic, and microtexture analyses of Francevillian 

MRS to confirm the biogenicity of these structures. In addition, an examination with modern 

and fossil equivalents is detailed for characterizing the depositional setting in which the 

microorganisms thrived. This section also describes the association of MRS with the 

macroscopic fossil assemblage of the Francevillian biota (El Albani et al., 2019; associated 

works §2). Part II is mainly dedicated to the published article in Geobiology journal:  

Aubineau J, El Albani A, Chi Fru E, Gingras M, Batonneau Y, Buatois LA, Geffroy C, Labanowski J, 

Laforest C, Lemée L, Mángano MG, Meunier A, Pierson-Wickmann A-C, Recourt P, Riboulleau A, 

Trentesaux A, and Konhauser KO (2018) Unusual microbial mat-related structural diversity 2.1 billion 

years ago and implications for the Francevillian biota. Geobiology 16, 476–497. 

Part III provides the bulk-rock and in situ geochemical analyses of major elements and clay 

characterization of MRS and host sediments. Then, it discusses the microbe-mineral 

interactions and the possible impact on early Earth’s climate. This part reproduces the 

published article in the journal Nature Communications. 

Aubineau J, El Albani A, Bekker A, Somogyi A, Bankole OM, Macchiarelli R, Meunier A, Riboulleau A, 

Reynaud J-Y, and Konhauser KO (2019) Microbially induced potassium enrichment in Paleoproterozoic 

shales and implications for reverse weathering on early Earth. Nature Communications 10: 2670.  

Part IV presents the overall geochemical analyses of the MRS and their host sediments. First, 

this part outlines the whole-rock and in situ geochemical data of trace elements to ascertain 

whether the MRS and host sediments can be distinguished. It also discusses the role of 

environmental factors and water column chemistry on the TE distribution. In addition, the 

investigation of arsenic cycling across the GOE (Chi Fru et al., 2019; associated works §3) 

allows to discuss of the likely emergence of adapted microbial communities in response to the 

rise of toxic, oxidized arsenic species in the Francevillian Series. A submitted article in the 

journal Chemical Geology constitutes this section. Second, this part also deals with iron 
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speciation to constrain local redox conditions in which the MRS developed. The stable isotopes 

of carbon and nitrogen in both the MRS and host sediments were explored in order and to 

establish the geomicrobiological processes that have been involved in the depositional setting. 

This second section under the form of an article in preparation completes the part 4.  
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1.1. Introduction to microbial life 

1.1.1. Terminology  

Microbial mats can be perceived as an ecosystem due to the occurrence of essential trophic 

levels and a specific organization of communities (Figure 1A) (Stolz et al., 1989). A classic 

view of a microbial mat consists of an uppermost community of oxygenic photosynthetic 

Cyanobacteria (green layer) overlying a mixed phototrophic-chemolithoautotrophic population 

(purple layer). Respirers (i.e., heterotrophs) and fermenters dominate the lowermost domain 

in anoxic conditions, resulting in black layers (Nisbet & Sleep, 2001; Des Marais, 2010). 

Microbes secrete a cohesive organic matrix, referred to as extracellular polymeric substances 

(EPS), which provides an attachment to the sediment surface, protective coating and growth 

optimization (Decho, 1990, 2000). Moreover, lithification predominantly due to calcium 

carbonate (CaCO3), oxide and silicate precipitations, may arise in the organic structure, 

facilitating their preservation in the rock record (Dupraz & Visscher, 2005). The chemical 

requirements and processes leading to the precipitation of carbonates have been extensively 

reviewed by Dupraz & Visscher (2005) and Dupraz et al. (2009). The alkalinity engine and the 

nature of EPS are the main parameters controlling the mineralization. Following lithification, 

microbial mats form organosedimentary structures widely regarded as stromatolites or 

microbialites (Riding, 2011). 

Kalkowsky (1908) first introduced the term “stromatolite”—from Greek stromat “to spread out”, 

lithos “stone” (Riding, 2000)—and stated that “all stromatolites show distinct layering in vertical 

section”. Besides, he was convinced that microbes were somehow involved. However, it raised 

the question of whether stromatolites are biogenic or abiogenic formations. After decades of 

research, stromatolites was defined as “megascopic organosedimentary structures produced 

by sediment trapping, binding and/or precipitation as a result of growth and metabolic activity 

of organisms, primarily blue-green algae” by Awramik & Margulis (1974), but the biogenicity of 

this statement was difficult to solve when applied to fossilized remnants. Semikhatov et al. 

(1979) bypassed the biogenicity requirement by describing stromatolites as “laminated, 

lithified, sedimentary growth structures that accrete away from a point or limited surface of 

attachment”. In this regard, stromatolites are abiogenic and/or biogenic deposits. Riding (2011) 

reconciled all available definitions by proposing that “stromatolites are macroscopically layered 

authigenic microbial sediments with or without interlayered abiogenic precipitates” (Figure 1B). 

In addition, authigenesis does not necessarily imply a carbonate neoformation, but silica 

(Jones et al., 2005) and evaporates (Pope et al., 2000) may compose the stromatolites.  
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Following Awramik & Margulis (1974)’s definition, a stromatolite does not require a laminated 

structures, instead a microbial view prevails. Thus, the term “microbialite” was introduced to 

compensate the gap between a layered macrofabric and a bacterial origin (Burne & Moore, 

1987). Microbialites are “organosedimentary deposits that have accreted as a result of a 

benthic microbial community trapping and binding detrital sediment and/or forming the locus 

of mineral precipitation” (Figure 1C). Regardless of the macrofabric, microbialites encompass 

all biologically derived organosedimentary structures. Hence, laminated (stromatolite) and 

non-laminated (e.g., clotted) microbial deposits coexist. 

 

Figure 1: Microbial structures. (A) A modern non-lithified microbial mat from Cayo Coca lagoon, Cuba. 
Modified from Pace (2016). (B) A 2.72 Ga-old stromatolites from Tumbiana Formation, Australia. 
Modified after photo published in Lepot et al. (2009). (C) A modern microbialite from Cayo Coca lagoon, 
Cuba. Modified from Pace (2016). 
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1.1.2. Modern microbial mats 

The occurrence of microbial mats is globally reported from hypersaline and tidal depositional 

environments due to the light-dependent requirement of photosynthetic microorganisms and 

favorable ecological parameters (Noffke et al., 2002; Mata & Bottjer, 2009). However, a 

diversity of chemolithoautotrophic microorganisms may also thrive in deep marine settings, but 

the growth and generation times are limited (Jørgensen & Boetius, 2007). Bacterial mats even 

colonize extreme environmental conditions such as acidic geothermal springs (Beam et al., 

2016) and subglacial lakes in Antarctica (Christner et al., 2014; Sumner et al., 2015). A recent 

study on metagenomics analyses have shown that more than 7,300 species compose the 

microbial diversity within biofilms (Zhang et al., 2019). 

The wide range of microbial metabolisms affects biogeochemical cycles of Earth’s surface by 

oxidizing or reducing chemical compounds. The biologically mediated carbon (C) cycle is 

intimately linked to the cycling of oxygen, nitrogen, and sulfur, as the latter provide electron 

donors/acceptors (Canfield & Des Marais, 1993; Dupraz et al., 2009). This has direct 

implications for the evolution of biosphere and climate. 

a. Formation and organizational pattern 

There is a vast amount of literature pertaining to the formation of microbially induced 

sedimentary structures (MISS; Noffke et al., 1996), features attributed to microbial mats of 

filamentous bacteria, such as Cyanobacteria, trapping siliciclastic sediments in energetic tidal 

flat settings (e.g., Schieber, 2007; Noffke, 2010). Indeed, the hydraulic pattern must be 

moderated because waves and currents in such conditions are strong enough to prohibit huge 

settlement of fine-grained particles (Schieber, 1998; Noffke, 2009). The filamentous bacteria 

trapped and bound sediments with their EPS secretions as they grew upward, and this 

biostabilization method helped them withstand erosion by waves and currents. The distinctive 

sedimentary characteristics of MISS can also be found in mats forming in modern tidal flats 

(e.g., wrinkle structures, roll-up structures, and laminated textures) where fossilized 

equivalents are made up of carbon and iron oxide minerals such as hematite (Fe2O3) and 

siderite (FeCO3). Further, Cyanobacteria are able to move through sand upward, but they 

cannot go across mud (Noffke, 2009, 2010). 

An assemblage of microbial communities often consists of multiple trophic levels (i.e., primary 

producers, consumers, and decomposers). Steep physical and chemical gradients (i.e., light, 

pH, oxygen, and sulfide) with diel fluctuations characterize these biological structures (Figure 

2), resulting in distinct microenvironments (Dupraz & Visscher, 2005; Dupraz et al., 2009; 

Gingras et al., 2011). The metabolic stratification displays a relationship with the 

thermodynamic yield, resulting from oxido-reduction reactions of organic and inorganic 
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compounds. Indeed, the microbial metabolism with the highest energetic yield is found in the 

uppermost part of the mat. As such, a vertically laminated arrangement of microbes takes 

place in which bacterial species interact each other. Thus, six major groups of microorganisms 

primarily compose a microbial mat (Visscher & Stolz, 2005): (i) oxygenic photosynthetic 

Cyanobacteria are the major primary producers (Jørgensen, 2001) and provide organic 

compounds and O2, (ii) aerobic heterotrophic bacteria have the highest energetic yield by 

respiring oxygen and organic carbon, (iii) Sulfur-based chemolithotrophic bacteria coupled to 

C fixation oxidized sulfur compounds with different electron acceptors, (iv) anoxygenic 

photosynthetic green and purple sulfur bacteria generate carbonaceous material and sulfate 

or iron oxides instead of O2, (v) anaerobic heterotrophic bacteria gain energy from respiration 

of inorganic and organic compounds in the absence of O2, and (vi) methanogens produce 

methane (CH4) by consuming carbon dioxide (CO2) and methanogenesis is energetically the 

least favorable respiration metabolism (Lovley & Klug, 1983). 

During daytime, the partial pressure of O2 within cyanobacterial layers is higher than in the 

overlying water column, and decreases dramatically to meaningless levels with increasing 

depth in the sulfate-rich layers of the microbial mat (Gingras et al., 2011). Thus, the microbial 

carpet starts to be anoxic, and then sulfidic in the deepest part due to the activity of sulfate-

reducing bacteria. At night, photosynthesis ceases and microbial mats rapidly become anoxic 

and sulfidic close to the mat-water interface because of O2 consumption by aerobic respirers. 

Cyanobacteria may also fix nitrogen—the reduction of molecular nitrogen (N2) to ammonium 

Figure 2: Diel fluctuations of vertical geochemical gradients in microbial mats that are composed of six 
major metabolic pathways. Daytime and nighttime metabolic and geochemical reactions lead to distinct 
microenvironments. Modified from Dupraz et al. (2009). 
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(NH4
+)—through the nitrogenase enzyme (Glass et al., 2009), leading to the production of 

bioavailable nitrogen that is essential to all life forms. However, nitrogenase is inhibited with 

high oxygen concentrations and Cyanobacteria lack O2-protection mechanism. Thus, the 

enzyme activity mainly occurs during nighttime to counter the oxygen sensitivity (Stal, 2001). 

In addition, methanogenesis depends on the Cyanobacteria-driven flux of H2 (Hoehler et al., 

2001) resulting from N2 fixation and fermentation (Fay, 1992; Stal & Moezelaar, 1997). 

Regardless of the diel fluctuation, fermentation, in which the same organic compound acts as 

electron donor and acceptor, degrades large organic molecules to low-molecular weight matter 

(Dupraz et al., 2009). In the absence of O2, this metabolic process is widespread among 

microorganisms (Visscher & Stolz, 2005). 

b. Nature and role of EPS 

The EPS, which surround cells, can be perceived as an extension of microbial cells (Costerton 

et al., 1995). The EPS matrix consists of high molecular weight polysaccharides, low molecular 

weight dissolved organic carbon (e.g. lactate, acetate), and even extracellular DNA 

(Sutherland, 2001; Decho et al., 2005). A large range of microorganisms secretes EPS, such 

as photoautotrophic and heterotrophic bacteria, but the most important EPS producers are 

undoubtedly oxygenic Cyanobacteria and to a lesser extent sulfate-reducing bacteria (Richert 

et al., 2005; Braissant et al., 2007). The production and secretion of an organic mucus fulfill 

fundamental functions within microbial mats, especially for promoting growth (Decho, 1990, 

2000). First, the anchoring of microbial cells to sediments is intense, and the microbially 

mediated geochemical gradients are maintained. Second, EPS stabilize depositional surfaces 

and help microbial communities to resist to moderate hydrodynamic conditions, such as waves 

and tidal currents. Third, EPS act as a shield against desiccation, UV exposure, and nutrient 

shortages. Fourth, the organic matrix creates a physical boundary between microbes and 

antimicrobial agents, predators, and toxic metals by diffusion-reaction inhibition, leading to a 

tolerance (Flemming et al., 2016). 

The EPS matrix is known for its high cation-binding capacity due to the presence of negatively 

charged macromolecules, such as carboxyl/hydroxyl, sulfate, and amino groups that strongly 

chelate divalent cations (De Philippis et al., 2001). Moreover, the mucus is a template for 

crystal nucleation via a rearrangement of macromolecules during diagenesis (Trichet & 

Défarge, 1995). The EPS matrix of microbial mats is a key player in the carbonate precipitation 

and subsequent formation of microbialites, but strict requirements (saturation index and nature 

of biomass) must be met (Arp et al., 1999; Dupraz & Visscher, 2005; Visscher & Stolz, 2005; 

Dupraz et al., 2009; Pace, 2016). Microbial metabolisms as well as diel fluctuations influence 

the carbonate precipitation and dissolution.  
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c. Biomineralization 

Extracellular polymeric substances remove Ca2+ and Mg2+ cations from surrounding 

environment and strongly bind them in the matrix, inhibiting the carbonate precipitation. This 

process is referred to as “anticalcification” (Westbroek et al., 1994). Even in alkaline 

environments, the lack of free Ca2+ in microbial mats has been observed (Dupraz & Visscher, 

2005). Regardless of the microbial metabolism involved in the secreted mucus, the calcium 

binding capacities range from ~50 to 180 mg Ca/g EPS (Perry et al., 2005; Ortega‐ Morales et 

al., 2007). The reduction of the Ca-binding capacity in the EPS matrix leads to CaCO3 

precipitation via three different pathways (Figure 3). Thus, the biologically induced and 

biologically influenced mineralization that accomplished through diagenetic 

organomineralization s.s. (Trichet & Défarge, 1995) or saturation of the cation binding 

capability (Arp et al., 2003) involve the alteration of mucus (Dupraz & Visscher, 2005; Dupraz 

et al., 2009). The biologically induced mineralization refers to interactions between a biological 

activity and their environment, leading to a precipitation from an inorganic solution (Frankel & 

Bazylinski, 2003), whereas the biologically influenced mineralization results in passive 

mineralization of EPS matrix where environmentally driven parameters promote precipitation 

(Dupraz et al., 2009). Organisms are also capable of creating an extra- or intracellular mineral 

phase by actively regulating their biomineral formation. The mechanism is known as the 

biologically controlled mineralization (Bazylinski & Frankel, 2003). This process is radically 

different, and therefore it will not be described in this section.  

The organic mucus is used as C source for the respiration of heterotrophic bacteria. When 

EPS are rapidly consumed over the production rate, Ca2+ and other cations are liberated from 

the polymers, increasing the saturation index (Dupraz & Visscher, 2005; Visscher & Stolz, 

2005). In addition, the pH fluctuates as a consequence of the coupled microbial-geochemical 

reactions. For instance, sulfate reducers increase the alkalinity, promoting CaCO3 

precipitation, while aerobic heterotroph decrease it, leading to the CaCO3 dissolution. 

Accounting for more than 80% of organic carbon oxidation, anaerobic respiration is therefore 

a fundamental process in the microbial EPS degradation and subsequent CaCO3 precipitation 

(Canfield et al., 1993). Both increase in calcium concentration and alkalinity result in 

biologically induced mineralization. 

Trichet & Défarge (1995) defined the organomineralization s.s. as a diagenetic rearrangement 

of Ca-hosting acidic groups in order to promote a template for CaCO3 precipitation. The 

alignment of these groups that allow nucleation sites to be organized is somehow theoretical. 

A continuous supply of cations can lead to the saturation of the cation-binding capacity of EPS, 

together with the presence of free Ca2+ and alkaline conditions, would force the EPS 
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mineralization (Arp et al., 1999). The strong abundance of calcium ions may occur in evaporitic 

or upwelling settings (Arp et al., 2003). Both diagenetic alteration of EPS matrix and saturation 

of the binding capacity enhance precipitation, known as the biologically influenced 

mineralization.  

  

1.1.3. Evidence for microbial activity at the beginning of Earth’s history 

The organic carbon constitutes the fossil residue of primary biogenic substances. Hence, 

numerous investigations were conducted to the quest of evidence for life and microbial 

metabolisms in Archaean and Palaeoproterozoic deposits. This challenge is even more difficult 

because these old rocks are poorly preserved or transformed by diagenesis or metamorphism. 

In addition, contaminated and/or degraded organic matter predominantly composes the 

Archaean fossil record, but the preservation of biological structures and/or biogeochemical by-

products (e.g., light C isotopes, biomarkers) may arise (see section 1.1.4). The 

Figure 3: The role of EPS in calcium (and other cations) uptake and liberation. Biologically induced 
and/or biologically influenced mineralization may promote carbonate precipitation following three main 
pathways, including (i) anaerobic microbial respiration, (ii) diagenetic alteration, and (iii) environmentally 
driven saturation of binding capacity. Modified from Dupraz & Visscher (2005).  
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Palaeoproterozoic sediments show abundant and diagnostic biological activities (Javaux et al., 

2013), highlighting the biosphere evolution and indicating that the Palaeoproterozoic Era has 

been a crucial period in Earth and life history. 

a. Stromatolites 

Stromatolites are one of the most widespread, shallow-water palaeobiological features in 

ancient rocks due to the dominant occurrence of light-driven bacterial metabolisms. The 

different stromatolite morphotypes also indicate physical and chemical interactions with the 

environmental conditions (Dupraz & Visscher, 2005; Jahnert & Collins, 2012; Suosaari et al., 

2016). Indeed, the distribution and morphological textures of modern stromatolites across tidal 

flats depend on bathymetry, hydrodynamic regime, sedimentological parameters, and intrinsic 

microbial proprieties (e.g., growth rate, microbial communities).  

A rapid emergence of life has been proposed (Nutman et al., 2016), resulting from the 

observation of 3.7 Ga-old stromatolite-like structures from metacarbonate rocks of Isua 

supracrustal belt, southwest Greenland. Through a three-dimensional analysis, these putative 

biological structures are, however, highly challenged (Allwood et al., 2018). The latter authors 

have indicated that an abiotic origin and post-depositional deformations would have led to their 

formation. Walter et al. (1980) have reported the Earth’s earliest convincing evidence of 

stromatolites from the ca. 3.48 Ga-old Warrawoona Group, Pilbara craton, Western Australia. 

These strata also host newly observed stromatolite fabrics from terrestrial hot spring deposits 

(Djokic et al., 2017), suggesting an early colonization of microbes on land surfaces. The 

Archaean Eon war marked by the prosperity of stromatolites, as indicated by at least >40 

known occurrences (Schopf et al., 2007). For instance, well-developed Archaean fossil 

stromatolites have been reported from the 3.43 Ga-old Warrawoona Group, Pilbara craton, 

Western Australia (Allwood et al., 2006), the 2.98 Ga-old Insuzi Group, Kaapvaal craton, 

Eastern South Africa (Beukes & Lowe, 1989), the ca. 2.73-2.72 Ga-old Fortescue Group, 

Pilbara craton, Western Australia (Lepot et al., 2008, 2009; Flannery et al., 2016), the 2.7 Ga-

old Platberg Group, Kaapvaal craton, Northern South Africa (Wilmeth et al., 2019), and the ca. 

2.6-2.5 Ga-old Cambell Group, Kaapvaal craton, South Africa (Altermann & Schopf, 1995; 

Sumner & Grotzinger, 2004). 

Considering that the lack of microfossils is relatively common in Archaean stromatolites, non-

biological processes have been raised for interpreting these structures (Lowe, 1994; 

Grotzinger & Knoll, 1999). That said, the recognition of distinct laminated morphotypes that 

are heterogeneous in size and shape and broadly extended in space, as well as the specific 

relationships within their environmental setting argue for strong biogenic indicators in the 

geological record (Allwood et al., 2006). Besides, diagnostic microtextures must be 
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demonstrated for verifying the biogenicity of such structures. Specific criteria, including 

comparisons with modern equivalents, high resolution of organo-mineral interactions, bubble-

like features inferred to a microbial gas production (Figures 4A, B), and/or more generally the 

presence of organic laminae, are consistent with biologically influenced formations (Lepot et 

al., 2008; Bosak et al., 2009, 2013). 

b. Microbial mat remnants 

The inherent cohesiveness of mat layers can lead to a wide range of sedimentary features in 

tidal depositional environments during a physical destruction of mat-bound surfaces. Strong 

currents and active wave motion lead to the formation of detached, torn, and reworked 

microbial mats. Eroded mat surfaces, redeposition of deformed mat layers, and mat fragments 

form well-known structures identified as flipped-over edges, rolled-up features, and microbial 

sand chips, respectively (Eriksson et al., 2007; Noffke, 2010). Upon a long time of subaerial 

exposure, desiccation of microbial mats leads to shrinkage cracks. The mat margin is curled 

up because the mat structure atop the depositional surface shrinks significantly more than the 

underlying substrate. Hence, these sedimentary structures that are unlikely to arise in rocks 

without biological mediation are used to infer the presence of microbial mats in ancient rocks, 

assuming that ancient mat layers had similar or near similar physicochemical properties as 

today.  

Stinking examples of Archaean fossil mat fragments come from the ca. 3.48 Ga-old 

Warrawoona Group, Pilbara craton, Western Australia (Noffke et al., 2013), the ca. 3.42 Ga-

old Buck Reef Chert, Barberton Greenstone Belt, South Africa (Figure 4C) (Tice & Lowe, 2004, 

2006a; Tice, 2009), the 3.33 Ga-old Moodies Group, Kaapvaal craton, Northeastern South 

Africa (Westall et al., 2015), and the 2.9 Ga-old Mozaan Group, Kaapvaal craton, Northeastern 

South Africa (Noffke et al., 2008). These observations also allow to refine palaeodepositional 

conditions in which the microbial mats flourished. Combined with the isotopes analyses, the 

involvement of one or more microbial communities in the construction of mat layers can be 

deduced. Diverse phototrophic, chemolithotrophic, and/or chemo-organotrophic bacterial 

metabolisms have been invoked in Archaean-aged sediments (Tice & Lowe, 2004, 2006b; 

Westall et al., 2015), suggesting an early microbial diversification.  

c. Microfossils 

Microfossils may express various morphologies, comprising spherical, rod- to starlike, and 

filamentous shapes that can be similar to microfossil-like artefacts produced in natural 

environments (Wacey, 2009). It is, thus, heavily difficult to distinguish them from inorganic 

structures that could mimic biological processes. Moreover, Archaean rocks have experienced 

long and complex histories, decreasing the preservation potential of their primary signature. 
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The organic matter is highly subjected to hydrothermal alteration of younger fluid circulation 

(Buick, 1990), but the crystal morphology surrounding microfossils may be relevant for 

verifying whether the host rocks have undergone post-depositional processes. 

To avoid mistaking contaminants, the syngenicity of the biological material must be well 

constrained (Javaux et al., 2010). For instance, spectroscopy Raman combined with other 

proxies (e.g., minerals formed during metamorphism and O isotopes) provide crucial 

information on organic matter maturity. The originally carbonaceous cellular structures coupled 

to biominerals and diagenetic mineral replacements indicate the true biogenicity of microfossils 

(see review in Javaux & Lepot, 2018). Other important challenges in recognizing the true 

antiquity of microfossils include taxonomic identification. Based on the analysis of cell 

morphology and structure, prokaryotic and eukaryotic microfossils can be distinguished.  

Figure 4: Examples of evidence for the earliest signs of life. (A) Optical photomicrographs of a 
stromatolite. Inset shows a fossilized bubble that likely suggests a mat-related gas production. Arrows 
point to tiny bubble-like features. Modified after photo published in Bosak et al. (2009). (B) Modern 
analogue of microbial mat producing and trapping O2-rich bubbles. Modified after photo published in 
Homann et al. (2015). (C) Rolled-up mat fragment. Modified after photo published in Tice (2009). (D) 
Controverted bacterial filament. Modified after photo published in Schopf et al. (2002). (E) Synthetic 
inorganic filaments mimicking biogenic filaments. Modified after photo published in Garcia-Ruiz et al. 
(2003). 



 
 

20 
 

The ca. 3.465 Ga-old Apex chert of northwestern Australia putatively hosts the oldest known 

assemblage of microfossils (Figure 4D) (Schopf, 1993; Schopf et al., 2002, 2007). It consists 

of preserved morphologically diverse microscopic fossils. Over the last two decades, 

numerous investigations were conducted for demonstrating their origin, in consequence of 

their controversy. The Apex microfossils are challenged because they were reported from a 

metalliferous hydrothermal vein chert, which would have favored the formation of non-

syngenetic structures (Brasier et al., 2002, 2005). Moreover, these microfossil-like forms would 

derive from amorphous graphite. The morphology of pseudo-microfossils also mimics the 

abiotic reorganization of organic material during silica recrystallization. Some other researches 

have highlighted the fact that synthetic silica-coated carbonate crystals generate biological-

like forms (Figure 4E) (Garcia-Ruiz et al., 2003), strongly similar to those of Apex microfossils. 

Recently, high resolution in situ geochemical analyses would confirm the biogenicity of the 

oldest known Archaean microbes, stimulating new debates on the earliest life forms (Schopf 

et al., 2018). 

Convincing evidence of a distinctive cluster of microfossils—subsequently called Gunflint-type 

assemblages—was primarily found in the Palaeoproterozoic Gunflint Iron Formation, Canada 

(Figure 5) (Barghoorn & Tyler, 1965). Stromatolitic cherts associated with iron-rich deposits 

commonly host these Gunflint-type assemblages in various Palaeoproterozoic rocks (e.g., 

Walter et al., 1976; Yun, 1984; Knoll et al., 1988; Amard & Bertrand-Sarfati, 1997; Lekele 

Baghekema et al., 2017). The remarkable preservation of Gunflint-type assemblages in the 

geological rock record were used as a benchmark for the search of the earliest signs of life in 

Archaean deposits. The Gunflint-type assemblages host microfossils, among which the 

dominant bacterial species could represent possible oxygenic photosynthesizers, Mn- /Fe- / S-

oxidizing bacteria, and/or heterotrophs (Barghoorn & Tyler, 1965; Cloud Jr., 1965; Strother & 

Tobin, 1987; Knoll et al., 1988; Lepot et al., 2017). Although environmental conditions were 

certainly stressful for most of the domain of life (see section 1.2), the wide range of metabolic 

participation observed in Gunflint-type assemblages provide key information on the 

Palaeoproterozoic microbial biosphere. 

 

 

 

 

Figure 5: A Gunflint-type assemblage from the earliest discovery of Gunflint Iron Formation. 
Filamentous, star-shaped, umbrella-like, and spheroidal morphologies (from left to right) are the most 
abundant features. Modified after photos published in Barghoorn & Tyler (1965). 
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1.1.4. Recognition of biosignatures in Archaean and early Proterozoic 

sediments 

Biological structures are crucial for identifying early life, however taphonomical processes may 

have not been suitable for most of samples. Besides, pieces of rocks that are collected from 

drill cores may not exhibit the specific morphological textures. Therefore, other analytical 

technics are used. A robust assessment for ancient signs of life relies on convergent evidence 

from different disciplines such as palaeobiology, organic and inorganic geochemistry, and 

geology. In agreement with these fields of study, Wacey (2009) listed several biogenicity 

criteria, including one that takes into account the recognition of biologically mediated products 

(e.g., minerals, carbonaceous compounds). In this section, I outline the most abundant working 

tools that facilitate the search of such organic signatures and former bacterial metabolisms in 

the geological rock record. 

a. Hydrocarbons biomarkers 

The cyclic terpenoids—steranes, hopanes and cheilanthanes—usually constitute a small 

amount of the soluble fraction of organic matter (i.e., bitumen) (Figure 6). These compounds 

widely promote the search for a palaeobiological source. Although cheilanthanes are detected 

in Precambrian rocks, there is no known bacterial synthesis responsible of their generation 

(Brocks et al., 2003). However, hopanes and steranes are unambiguously biogenic features. 

These hydrocarbon biomarkers are molecular fossils of cell membrane lipids of all living 

organisms. They provide pertinent information of the presence and abundance of major 

taxonomic groups due to their specific structure and organic partitioning (Buick, 2008). 

Hopanes are derived from hopanoids, which are produced by bacterial biosynthesis, while 

steranes are derived from sterols, which are ubiquitous features of domain Eukarya (Summons 

et al., 2006). In addition, the synthesis of steranes requires the presence of O2. Thus, the 

occurrence of steranes in sediments not only indicates eukaryotic organisms, but also aerobic 

microbial metabolisms. These key evidence might give rise to elucidate the timing of advent of 

biological oxygen cycling (e.g., Brocks et al., 2003). Besides, the relative abundance of 

steranes in sediments supports major shifts in the evolution of eukaryotes through time 

(Grantham & Wakefield, 1988). Finally, the ratio of steranes to hopanes records the balance 

of eukaryotic vs. bacterial inputs into ancient marine deposits (Brocks et al., 2017). 

Lipid biomarkers have been detected in Archaean sedimentary rocks (Brocks et al., 1999, 

2003; Waldbauer et al., 2009), but their syngenetic origin is controversial. Anthropogenic 

contaminants are largely the cause of post-depositional contamination either by infiltration of 

younger organic molecules or subaerial exposure (Illing et al., 2014; Leider et al., 2016). 

Brocks et al. (2003) reported steranes from 2.7 to 2.5 Ga-old shales in the Pilbara Craton, 
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Western Australia, suggesting that oxygenic photosynthesizers and eukaryotes arose before 

the permanent rise of oxygen on Earth’s surface, at the Archaean-Proterozoic boundary (see 

section 1.2.2). Nonetheless, French et al. (2015) analyzed ultraclean Archaean drill cores from 

the same location, and subsequently demonstrated and reassessed these steranes as 

overmature hydrocarbons and contaminants. Most of Archaean strata, if not all, have 

experienced high and prolonged burial temperatures, suggesting that these rocks overpassed 

the appropriate thermal maturity window for recording syngenetic lipid molecular fossils. 

 

 

 

 

 

 

Supporting evidence of biomarkers from Archaean rocks should be taken with considerable 

cautions, but the molecular clock study helped to constrain the dynamic of sterol synthesis 

(Gold et al., 2017). The latter authors predicted that the presence of a simple sterol (i.e., 

protosterol) synthesis, inferred as the divergence time between the bacterial domain and stem 

group of eukaryotes, would have been close to the Archaean-Palaeoproterozoic boundary. If 

this is correct, the protosterol production is, thus, consistent with the widespread availability of 

free O2 in oceans and atmosphere at that time. So far, the oldest convincing evidence of 

biologically derived steranes comes from the Cryogenian Period (Brocks et al., 2017). The 

mid-Proterozoic rocks have shown the absence of organic biomarker fingerprints of 

eukaryotes, which is an accepted consensus after numerous investigations (Blumenberg et 

al., 2012; Jarrett et al., 2019; Nguyen et al., 2019).  

b. Stable isotopes 

The isotope ratio of any element, which is revealed by “light” and “heavy” reservoirs of 

fractionated molecules, is an effective tool for recognizing biological signatures. Life 

preferentially takes advantage of light isotopes, creating an isotopic disequilibrium possibly 

preserved in ancient rocks. Post-depositional abiotic processes may modify the primary 

signature, but geological and geochemical evidence must confirm or refute such assertions. 

Figure 6: Schematic model of biomarker distribution in organic matter of ancient rocks. Modified from 
Waldbauer et al. (2009). 
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The isotopic fractionation is mass-dependent, meaning that kinetic processes yield compounds 

isotopically different from the precursor substances. In this section, I document the most 

commonly used stable isotopes (carbon, nitrogen, and sulfur) to detect microbial activities. 

The stable isotope compositions are reported in the -notation (per mil, equation 1), which 

describes the deviation of the isotope ratio of a sample relative to that of a known standard for 

a chemical element (E): 

ℎ𝑒𝑎𝑣𝑦𝐸 (‰) = [ (ℎ𝑒𝑎𝑣𝑦𝐸𝑙𝑖𝑔ℎ𝑡𝐸 ) 𝑠𝑎𝑚𝑝𝑙𝑒(ℎ𝑒𝑎𝑣𝑦𝐸𝑙𝑖𝑔ℎ𝑡𝐸 ) 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 − 1 ] × 1000 

Carbon: Nier & Gulbransen (1939) published a pioneer work about the redistribution of carbon 

isotopes after the conversion of inorganic C into biogenic material. It is now firmly established 

that autotrophic organisms are the primary producers since they fix inorganic CO2. Because of 

the kinetic isotope effect during the enzymatic CO2-fixing reactions, autotrophs take up the light 
12C over heavy 13C isotopes (Schidlowski, 1987). Heterotrophs use a 12C-enriched, 

autotrophically derived carbonaceous material for their own metabolic pathway, but 

heterotrophy leads to a slight 13C enrichment (Hayes et al., 1990). Thus, all forms of biogenic 

organic matter consist of a preferential accumulation of 12C, while the other inorganic C pools 

(e.g., atmosphere, oceans, and marine carbonates) remain weakly fractionated. The 13C 

(deviation from Vienna-Pee Dee Belemnite standard) of organic substances are highly 

negative (< -10‰), which provides evidence for biological signals, whereas the inorganic C 

pools display 13C values around 2 and -7‰ (Figure 7). The C fixers assimilate either CO2 or 

CH4 into living biomass, resulting in a wide range of C isotope fractionations (Schidlowski, 

2001; Zerkle et al., 2005; Berg et al., 2010). 

Figure 7: 13C composition of inorganic carbon reservoirs and autotrophs (both bacterial and eukaryotic 
domains). Modified from Schirrmeister et al. (2016). 

(1) 
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Nitrogen: Nitrogen (N) is one of the most essential nutrients to all organisms on Earth, required 

for the formation of nucleic acids, lipids, proteins. Its bioavailable reduced form (ammonium, 

NH4
+) is the primary source to the biosphere (Stüeken et al., 2016), while the oxidized N 

species are strongly oxidizing redox compounds. The latter may yield a large amount of 

electrochemical energy for metabolic activity (Schoepp-Cothenet et al., 2013). 

Nitrogen isotope geochemistry (15N, deviation from air standard) is affected by the kinetic 

effect of various biogeochemical processes that drive the N cycle (Figure 8), fractionating by 

several per mil the 15N/14N ratio from the reactant to the product (Sigman et al., 2009). The 

microbial N fixation (i.e., diazotrophy) is the reduction of atmospheric N2 to NH4
+ that imparts 

small negative fractionations (Zerkle et al., 2008). The use of Mo-containing nitrogenase 

enzyme or V- and Fe-based alternative nitrogenase enzymes during N fixation imparts different 

isotopic fractionations (Zhang et al., 2014). In the presence of O2, the assimilated NH4
+ into 

organic matter becomes oxidized and subsequently forms nitrite (NO2
-) and ultimately nitrate 

(NO3
-) via nitrification. This mechanism produces a 15N-depleted nitrate reservoir (Casciotti et 

al., 2003; Casciotti, 2009). These newly bioavailable N compounds are returned to the 

atmosphere as 14N2 gas through the anaerobic ammonium oxidation (anammox, the oxidation 

of ammonium coupled to nitrite reduction) and denitrification (the reduction of NO3
- to N2), 

leaving a 15N-enriched nitrate residual pool (Sigman et al., 2009). In modern oceans, these 

metabolic reactions are the main sinks for bioavailable nitrate and nitrite (Canfield et al., 2010). 

The large fractionations induced by nitrification and biological assimilation do not leave specific 

Figure 8: Nitrogen cycling. Black, orange and blue metabolic pathways show the anaerobic N cycle, 
suboxic and oxic processes, respectively. Arrow size represents the intensity of fractionation. Adapted 
from Stüeken et al. (2016). Anammox: anaerobic ammonium oxidation; DNRA: dissimilatory nitrate 
reduction to ammonium. 
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signatures in modern sediments, since the recycling of N compounds is rapid and quantitatively 

comparable (Hoch et al., 1992).  

Nitrogen is also a redox-sensitive element, meaning that the presence of molecular oxygen 

(O2) drives the evolution of its biogeochemical cycle. Given that, nitrogen is a useful proxy for 

O2 abundance, thus documenting the dominance of either N2-fixing prokaryotes in anaerobic 

conditions or nitrate-using organisms (prokaryotes or eukaryotes) in more oxic conditions. 

It is thought that the Mesoarchaean (3.5–2.8 Ga) was dominated by a global anaerobic N cycle 

through diazotrophy and ammonification (Ader et al., 2016; Stüeken et al., 2016). Convincing 

isotopic evidence for biological N fixation with very limited O2 production are reported from 3.2 

Ga-old deposits (Stüeken et al., 2015a) and 2.95- to 2.85 Ga-old rocks (Ossa Ossa et al., 

2019). Then, the late Archaean rocks have recorded moderately high 15N values above the 

range of microbial fixation (e.g., Garvin et al., 2009), interpreted as evidence of a restricted or 

transient aerobic N cycle—so-called “oxygen oases”. Molecular O2 became permanent in 

Earth’s atmosphere across the Archaean-Palaeoproterozoic transition (see section 1.2.2), 

which has triggered the onset of a pervasive aerobic N cycle with elevated 15N signatures 

(Zerkle et al., 2017; Kipp et al., 2018). Since eukaryotes preferentially assimilate oxidized N 

compounds (Karl et al., 2001), it remains elusive whether the long-lived aerobic N cycle 

allowed for their emergence and proliferation after the accumulation of free atmospheric O2. 

Sulfur: The identification of microbial sulfate reduction (MSR) in Precambrian rocks relies on 

the sulfur (S) isotopic composition of sulfides and sulfates in sedimentary deposits (Johnston, 

2011). Sulfur is composed of four stable isotopes (32S, 33S, 34S, and 36S). The S isotopic ratios 

are always related back to 32S as it is the most abundant isotope (95.04 %, Coplen et al., 2002). 

Moreover, the 34S/32S ratio is the most widely used S isotopic ratio, providing information on 

biological activity and sulfate-related environmental conditions. Large negative fractionations, 

reported as δ34S (deviation from the Vienna-Canyon Diablo Troilite standard), found in S-

containing minerals are imparted to the MSR (Canfield & Thamdrup, 1994). This microbial 

pathway also leads to a 32S-depleted sulfate reservoir. However, the size of the marine sulfate 

pool and sulfate concentrations strongly impact the magnitude of the isotopic fractionation 

(Habicht et al., 2002; Crowe et al., 2014). Besides, sulfide oxidation may yield similar δ34S 

signatures, making difficult the recognition of one or more S-utilizing microorganisms. Given 

that, multiple sulfur isotope geochemistry has recently helped researchers to discriminate the 

wide range of S-based microbial metabolisms (see review in Johnston, 2011). 

The S biogenic fractionation emerged very early on Earth, in the Palaeoarchaean Era, with 

evidence from 3.47 Ga-old barites, Northern Australia (Shen et al., 2001), and from 3.22 Ga-

old pyrite (FeS2), Northeastern South Africa (Nabhan et al., 2016). Moreover, the MSR was 
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actively developed at least 300 million years (Ma) before the rise of free atmospheric O2 

(Thomazo et al., 2013; Marin-Carbonne et al., 2018). In a closed system with respect to sulfate, 

the occurrence of 34S-enriched pyrite rims (positive δ34S values) may account for the Rayleigh 

distillation. With the increasing 32S depletion of the residual sulfate pool, the MSR starts to 

incorporate heavy S isotopes. 

Finally, significant amounts of atmospheric O2 is tracked by the disappearance of sedimentary 

sulfur isotope mass-independent (S-MIF) anomaly via Δ33S proxy (equation 2; Johnston et al., 

2007; Farquhar et al., 2010) (see section 1.2.2.c). This Δ-notation reflects the deviation of a 

measured 33S/32S ratio from a known relationship between 34S/32S and 33S/32S ratios. The S-

MIF forms by photodissociation of sulfur dioxide (SO2) by ultraviolet light in the absence of 

ozone (O3) layer (Farquhar et al., 2001). 

∆33𝑆(‰) = δ33S − 1000 × [(1 + δ34S1000)0.515 − 1 ] 
Similarly, whiffs of atmospheric O2 and “oxygen oases” in the Archaean that are linked to the 

oxygenic photosynthesis (Kasting & Siefert, 2002) can be supported by Cr, Fe, Mn, and Se 

isotope fractionations (Anbar et al., 2007; Frei et al., 2009; Planavsky et al., 2014a; Satkoski 

et al., 2015; Stüeken et al., 2015b). 

c. Biominerals 

The biologically controlled mineralization is the ability of living organisms to mineralize 

extracellular or intracellular inorganic compounds through regulated processes, which results 

from the genome expression. The most striking example is the external (calcareous) envelop 

of numerous metazoans (e.g., corals, lamellibranches), whereby these organisms actively 

pump ions from seawater for building their own mineral phase. Biominerals can also derive 

from the biologically induced mineralization, a secondary event generated by microbe-

environment interactions. Widespread mechanism in the bacterial realm, it only occurs with 

favorable conditions. According to Pósfai et al. (2001), the crystal size distribution of 

biologically mediated Fe-bearing minerals is an effective tool for identifying processes that 

have led to the crystal repartition. The authors showed that a Gaussian crystal size distribution 

is typical of biologically controlled mineralization, while a lognormal crystal size distribution 

represents a biologically induced mineralization. Regardless of the type of biomineralization, 

the authenticity of biological activities in former rocks can be thus asserted. 

The recognition of biominerals in ancient sedimentary deposits requires high resolution 

technics and favorable taphonomical processes. Overall, the formation of biologically 

controlled and biologically induced Fe-containing crystals is one of the most described 

(2) 
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biomineralization in nature (Figures 9A, B) (Konhauser & Ferris, 1996; Konhauser, 1997). In 

the search of biologically controlled mineralization, the bacterial cellular structure is essential 

for demonstrating the site at which a mineral forms. For instance, some modern Cyanobacteria 

and eukaryotes are capable of generating the biosynthesis of Fe-containing minerals in their 

intracellular structures. This mechanism underpins the strategy for iron storage by Fe-

dependent microorganisms (e.g., Brown et al., 2010; Brayner et al., 2012). Moreover, non-

tolerant Cyanobacteria may mineralize internal Fe compounds to cope with Fe intracellular 

oxidative stress (Shcolnick et al., 2009). Similarly, perfectly preserved microfossils from the 

1.88 Ga-old Gunflint Iron Formation, Canada, have shown intracellular Fe biomineralization 

(Figure 9C) (Lepot et al., 2017). This mineral signature, together with the morphological study 

of cellular structures, allowed to infer the occurrence of Fe-mineralizing Cyanobacteria during 

the Palaeoproterozoic. 

 

 

 

 

 

 

 

 

 

Banded Iron Formation (BIF) and biologically mediated pyritization are the most common 

mineral phases linked to biological activities in the Precambrian geological record. The former 

results from an important precipitation of iron (oxyhydr)oxides formed through the direct 

oxidation of ferrous iron with O2-producing photosynthesizers (Cloud Jr., 1965). The anaerobic 

photosynthetic oxidation of Fe2+, whereby Fe2+ is the electron donor in this microbial 

metabolism, may also lead to the precipitation of iron (oxyhydr)oxides. (e.g., Kappler et al., 

Figure 9: Modern and fossilized microorganisms that performed the biologically controlled or 
biologically induced mineralization. (A) Complete encapsulation of modern microbial cells by iron-rich 
minerals. Modified after photo published in Konhauser & Ferris (1996). (B) Precipitation of iron oxides 
on modern bacterial cell walls. Modified after photo published in Konhauser & Ferris (1996). (C) 
Intracellular Fe biomineralization from 1.88 Ga-old cyanobacterial filaments. Modified after photo 
published in Lepot et al. (2017). 
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2005). Sedimentary pyrite is the stable end product of the MSR, during which reactive Fe 

reacts with hydrogen sulfide (H2S), the latter is generated by sulfate-reducing microorganisms 

in reduced sediments (Berner, 1984). Although pyrite grains can directly precipitate from 

hydrothermal systems and euxinic water columns, these iron sulfides are mostly biologically 

induced in low-temperature environments (Trudinger et al., 1985). 

It is widely thought that microbial communities, especially Cyanobacteria, play a major role in 

the extracellular carbonate precipitation, as secondary by-products, under favorable pH 

conditions (see section 1.1.2.c). Besides, intracellular calcification of cyanobacterial species 

has been recently documented (Couradeau et al., 2012; Benzerara et al., 2014; Cam et al., 

2018), providing new interests for the search of biomineral-producing Cyanobacteria. The role 

of intracellular carbonate biomineralization remains elusive, but it might suggest that the 

carbonate precipitation buffers intracellular pH without specific biological function (Couradeau 

et al., 2012). Despite the widely accepted implication of cyanobacterial communities in the 

carbonatogenesis, Cyanobacteria forming carbonates intracellularly induce a negative 

feedback on extracellular carbonate precipitation (Cam et al., 2018). 

Recent attempts to constrain mechanisms by which microbes mediate the authigenesis of clay 

minerals in laboratory-cultured bacteria have arisen new perspectives in the recognition of 

ancient biological signatures. As a result of their high surface reactivity and metabolic activity, 

microbes are capable of transforming and precipitating a wide variety of phyllosilicates (Fortin 

et al., 1998; Konhauser & Urrutia, 1999; Kim et al., 2004; O’Reilly et al., 2005; Zhang et al., 

2007; Vorhies & Gaines, 2009; Wacey et al., 2014; Pace et al., 2016). Among them, Fe-, Mg- 

and K-rich clay minerals are by-products of a biologically induced mineralization. In addition, 

the dissolution of clays by microorganisms is energetically favorable, as indicated by the well-

known microbial reduction of structural Fe(III) in smectite via dissimilatory iron reduction (Kim 

et al., 2004; O’Reilly et al., 2005; Zhang et al., 2007; Vorhies & Gaines, 2009). 

In all cases, there is a vast amount of biominerals used as proxy for documenting the presence 

of microorganisms in Precambrian sediments. 

d. Bioessential (trace) elements 

Bioessential elements (BE) are crucial compounds found in oxidoreductase enzymes across 

the three domains of life (Figure 10). These enzymes are nanomolecules where electron-

transfer reactions take place, then giving energy to the organisms (Falkowski et al., 2008). The 

majority of these BE are transition metals such as V, Mn, Fe, Co, Ni, Cu, Zn, Mo, and W, but 

metals (Mg) and non-metals (P and Se) also exert control over biological evolution (see 

reviews in Robbins et al., 2016; Moore et al., 2017). The BE requirement differs between 

metabolic pathways and has changed with the fluctuation of metal availability though time. 
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Particularly, the decrease of Ni and Co was inferred to the diminution of Ni- and Co-containing 

ultramafic rocks, resulting from a cooling upper-mantle temperatures (Konhauser et al., 2009; 

Gregory et al., 2015). Other BE (e.g., Mn, Se, and Mo) accumulated with the increasing levels 

of molecular O2 over the course of the Earth’s history (Large et al., 2014). Moreover, Mo, which 

is involved in a wide range of oxidoreductase enzymes in N-utilizing organisms (Williams & 

Fraústo da Silva, 2002), would have been a limiting component for evolution of complex life in 

mid-Proterozoic (Anbar & Knoll, 2002). Molybdenum is readily scavenged from sulfur-rich 

seawater that became developed in ocean continental margins during the Proterozoic (see 

section 1.2.2). Hence, the biogeochemical cycling of a large number of BE is connected to the 

evolution of ancient environments on Earth, highlighting the relationships between the 

geosphere and biosphere. 

Zerkle et al. (2005) modelled the amount of BE required to the expression of metalloenzymes 

in multiple microbial genomes through time to track whether metals could be used as 

biosignatures. Some variations are imparted to the microbial metabolisms, while other are 

connected to seawater chemistry. The most convincing biosignature of metabolic pathways is 

seen through Ni and W biological requirements, characterizing the methanogenesis. The 

Figure 10: Synthesis of the evolution of both microbial metabolism and atmospheric oxygen throughout 
Earth’s history. The oxidoreductase enzymes are associated with each metabolism. PAL, present 
atmospheric level; Hd, Hadean; Ph, Phanerozoic. Reproduced from Moore et al. (2017). 
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authors also proposed a global pattern in the biological use of BE: Fe ≫ Zn > Mn ≫ Mo, Co, 

Cu ≫ Ni > W, V. A major change in the composition of metallocofactors is the occurrence of 

Cu-containing oxidoreductase enzymes in numerous aerobic metabolisms as the planet 

became oxygenated (Moore et al., 2017). The appropriation of Cu allows access to high energy 

redox potentials (Ochiai, 1983; Ridge et al., 2008). 

The composition of chemical sedimentary rocks (Fe-rich and Si-rich deposits) appears as 

robust palaeomarine proxies because it likely indicates the trace element abundance at the 

time of mineral precipitation (Bekker et al., 2010). In addition, organic matter-rich shale 

sediments offer pertinent information on primary palaeoproductivity and bottom-water redox 

conditions. Indeed, shales preferentially incorporate trace metals and redox-sensitive elements 

that are efficiently bound to organic matter and/or removed in anoxic conditions but soluble in 

oxic seawater (Tribovillard et al., 2006). Since the last decade, the interest of sedimentary to 

early diagenetic pyrite has grown for reconstructing the availability of trace elements in the 

geological archives (Large et al., 2014, 2015; Gregory et al., 2015, 2017). The authors have 

suggested that the elemental composition of seawater or pore-waters may be recorded in 

syngenetic to early diagenetic pyrite. Collectively, these sedimentary rocks and minerals allow 

to track the evolution of ancient microbial metabolisms and redox conditions on early Earth. 
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1.2. The Palaeoproterozoic rock record 

1.2.1. Palaeogeographic reconstruction 

The presence of at least 35 cratonic fragments constitutes the global Archaean record (Figure 

11; Bleeker, 2003). Nonetheless, the reconstruction of putative Archaean-Proterozoic 

supercontinents (or supercratons) is a challenge given the scarcity of available 

palaeomagnetic record (Evans, 2013). The palaeogeographic reconstructions for those times 

remain unclear, mostly because of the absence of information of palaeomagnetic poles. 

Besides, several cratons do not display the same age of stabilization. 

It was suggested that Archaean cratonic fragments might have formed two major crustal 

assemblies at ca. 2.8–2.6 Ga, referred to as Kenorland and Zimvaalbara supercontinents 

(Aspler & Chiarenzelli, 1998). According to the latter authors, Kenorland would have comprised 

parts of Baltica, Laurentia, and Siberia supercratons, while Zimvaalbara would have possibly 

included Kaapval, Pilbara, Zimbabwe, and perhaps Indian, and São Francisco cratonic blocks. 

Bleeker (2003) also posited that three large independent supercratons (Slavia, Superia, and 

Vaalbara) distinguished by their age of cratonization would have occurred in the Neoarchaean. 

A fourth speculative family of “clan” of cratons (Zimgard) has been reported (Smirnov et al., 

2013). Possible Archaean-Proterozoic palaeogeographic reconstructions of supercratons are 

Figure 11: The record of exposed Archaean cratonic blocks. Adapted from Bleeker (2003). 
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primarily based upon geometries of radiating dykes and sills (Figure 12A; Evans, 2013; 

Gumsley et al., 2017, and references therein). 

Regardless of the number of supercratonic landmasses, the conceptual model of 

Palaeoproterozoic geodynamic first consists of a protracted breakup of supercratons extended 

over 300–400 Ma, resulting from mantle plumes and subsequent intraplate rifting (Aspler & 

Chiarenzelli, 1998). This has led to the fragmentation and dispersion of cratonic blocks to high 

latitudes (Figure 12B). Continental landmasses positioned at low latitudes, together with the 

emplacement of widespread large igneous provinces generated by mantle plumes in the early 

Palaeoproterozoic, would have played a role in the drastic change of Earth’s redox conditions 

(see section 1.2.2) (Gumsley et al., 2017). In addition, a rapid growth of subaerial landmasses 

likely occurred at the same time, influencing global climate by increasing Earth’s albedo, 

subaerial weathering, and continental margins (Bindeman et al., 2018). After a minimal tectonic 

activity driven by a magmatic shutdown between 2.4 to 2.2 Ga (Condie et al., 2009), continents 

ultimately amalgamated by a global-scale collisional orogeny at ca. 2.1–1.8 Ga, forming the 

Nuna (Columbia) supercontinent (Rogers & Santosh, 2002; Zhao et al., 2002; D’Agrella-Filho 

& Cordani, 2017). 

 

 

Figure 12: Possible palaeogeographic reconstructions. Abbreviations: Su, Superior; P, Pilbara; Ka, 
Kaapvaal; W, Wyoming; H, Hearne; K, Kola; KAR, Karelia; R, Rae; S, Slave; RP, Rio de la Plata; KAL, 
Kalahari; CSF, Congo/São Francisco; BTS, Borborema/Trans-Sahara; Pam, Proto-Amazon; WA, West 
Africa; SA, Sarmatia; V-U, Volgo-Uralia. (A) Assembly of supercratons during the Neoarchaean-
Palaeoproterozoic transition. Adapted from Gumsley et al. (2017) and references therein. (B) Breakup 
of supercontinents followed by the gathering of cratons (Nuna cycle) during the late Palaeoproterozoic. 
The most recent plate reconstruction for this time (after D’Agrella-Filho & Cordani, 2017). 
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1.2.2. The “Great Oxidation Event” 

a. General information 

The Palaeoproterozoic Era was marked by profound changes in chemistry of Earth’s oceans 

and atmosphere—commonly named the “Great Oxidation Event” (GOE; Holland, 2002)—in 

association with a global atmospheric cooling, which has led to worldwide Snowball Earth 

conditions (Kirschvink et al., 2000). The GOE consists of the first measurable accumulation of 

atmospheric oxygen at pO2 >10–5 present atmospheric level (PAL), as shown by the 

disappearance of S-MIF anomalies (Farquhar et al., 2001). The newly oxygenated 

environments in surface seawater and atmosphere occurred right after the Neoarchaean-

Palaeoproterozoic transition. The onset of the GOE roughly became apparent elsewhere 

between 2.45 and 2.32 Ga (Figure 13) (Bekker et al., 2004; Luo et al., 2016; Gumsley et al., 

2017). 

Oxygen-producing photosynthesizers, which evolved several hundred million years before the 

GOE (Schirrmeister et al., 2016), have likely triggered the rise of molecular O2 on Earth 

(Kasting & Siefert, 2002). Favorable tectonic and magmatic constraints may also have played 

a key role in our planet’s oxygenation. Although the atmospheric O2 content is uncertain, the 

O2 accumulation after the GOE is estimated higher than 0.1% PAL (Lyons et al., 2014) and 

putatively up to 20% PAL (Blättler et al., 2018), which was sufficiently high enough to oxidize 

untapped reservoirs. It was widely accepted that the GOE was a rapid and synchronous global 

event (Hoffman, 2013; Luo et al., 2016), but recent studies have suggested that the Earth’s 

oxygenation was rather protracted, asynchronous, and characterized by oscillations (Gumsley 

et al., 2017; Philippot et al., 2018; Chi Fru et al., 2019).  

The surface seawater became globally oxygenated, whereas anoxic (ferruginous) conditions 

persisted in the deep oceans (Lyons et al., 2014). In addition, euxinia (i.e., sulfide-rich 

conditions) developed in ocean continental margins, resulting from high biological productivity 

(Poulton & Canfield, 2011). Indeed, the oxidation of sulfide-containing rocks released sulfate 

to seawater that is used as energy source by MSR. The latter microbial pathway ultimately 

produces sulfide-rich conditions. 

The protracted oxygenation lasted over ~200 Ma, primarily sustained by a high burial rate of 

organic matter, the so-called “Lomagundi Event” (see section 1.2.3) that occurred between 

2.22 and 2.06 Ga (Karhu & Holland, 1996). A precipitous collapse of O2 concentrations towards 

much lower levels was possibly linked to an abrupt shift of biogeochemical cycles, inhibiting 

primary productivity (Bekker & Holland, 2012). Long after the GOE, atmospheric O2 quantities 

were likely very low thought the late Palaeoproterozoic, near or even below 0.1% PAL 
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(Planavsky et al., 2014b; Bellefroid et al., 2018), but oxygenation to higher levels may have 

been transiently recorded (Planavsky et al., 2018). 

The shift of redox environmental conditions have had drastic consequences on global 

biological and geochemical cycles, because of newly available redox potentials. A wide range 

of geological and organic and inorganic geochemical proxies allowed to detect changes of 

Earth’s physicochemical conditions. 

 

b. Sedimentary evidence 

A number of geological lithologies have recorded drastic changes in the redox state of 

atmosphere-ocean system following the GOE transition (Figure 13), including palaeosols, red 

beds, sulfate evaporites, manganese oxide deposits, phosphorites, and detrital minerals. The 

appearance/disappearance of these proxies in early Palaeoproterozoic is thus a good 

geological record of our planet’s oxygenation. 

Palaeosols and red beds: The increase in the retention of Fe(III) in palaeosols and sedimentary 

rocks (i.e., referred to as red beds) is related to the precipitation of insoluble ferric iron as 

oxy(hydr)oxides under oxidizing conditions. The distinctive red color is inferred to the 

Figure 13: Schematic representation of redox indicators for the Earth’s oxidation state combined with 
the secular carbon isotopic composition and pO2 variations across Archaean-Proterozoic boundary. 
Modified from Farquhar et al. (2011) and Bekker & Holland (2012), and references therein. Timelines of 
arsenic dynamic (after Chi Fru et al., 2019), nitrogen aerobic cycling (after Zerkle et al., 2017; Kipp et 

al., 2018), and phosphorites (after Papineau, 2010; Soares et al., 2019) are added. Black and red curves 
show the evolution of carbon isotopes and oxygenation (present atmospheric level; PAL), respectively 
(after Lyons et al., 2014).  
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occurrence of disseminated hematite (Turner, 1980). Moreover, red beds are typically formed 

in depositional environments close to the atmosphere-hydrosphere interface, including 

lacustrine, fluviatile, and aeolian settings. These iron oxide-bearing sedimentary rocks 

appeared around 2.3 Ga and were common for the rest of the Proterozoic (Chandler, 1980), 

suggesting the persistence of oxidized conditions. 

Sulfate evaporites: The chemically precipitation of sulfate evaporite minerals (e.g., gypsum, 

anhydrite) has implied an increase in seawater sulfate concentrations, indisputably connected 

to substantial amounts of Earth’s surface oxidant. Thus, the sulfate evaporites are unknown 

before the rise of atmospheric O2 (Bekker et al., 2006; Schröder et al., 2008). They are 

exclusively younger than 2.32 Ga and are relatively common in shallow water, open-marine 

settings deposited between 2.3 and 2.0 Ga (Melezhik et al., 2005; Schröder et al., 2008; 

Blättler et al., 2018). A 2.0 Ga-old, 800 m thick stratigraphic interval of evaporites in Russian 

Karelia provides further support to an extensive marine sulfate reservoir in the wake of the 

GOE (Blättler et al., 2018). Importantly, the variation in seawater sulfate concentrations is 

characterized by the temporal distribution of CaSO4-bearing evaporites (Bekker & Holland, 

2012). 

Manganese oxide deposits: Economically Mn-oxide deposits are recorded in ca. 2.22 and 2.1 

Ga-old sedimentary rocks in South Africa and Gabon, respectively (Weber, 1968; Tsikos & 

Moore, 1997). Their deposition has required exceptional levels of atmospheric oxygen 

(Maynard, 2010), making these sedimentary rocks a robust proxy of Earth’s oxygenation. 

Phosphorites: Major phosphorus (P) deposits appeared near the end of the GOE, at around 

2.2–2.0 Ga (Papineau, 2010), although older P-enriched sediments have been recently 

described (Soares et al., 2019). Sedimentary phosphorites witnessed the accumulation of free 

O2 as well as positive feedbacks between oxygen and phosphorus productions (Bekker & 

Holland, 2012). The phosphogenesis is related to a series of events, during which the increase 

of chemical weathering of continental crust first resulted in abundant P inputs to seawater 

(Papineau, 2010). Then, the significant source of newly bioavailable P allowed to sustain 

productivity and, as consequence, primary producers gave rise to large production of P-

bearing organic matter. This sequence has promoted higher burial rate of carbonaceous 

material, leading to a more oxygenated water column in the early Palaeoproterozoic (Bekker 

& Holland, 2012). During the early or late diagenesis, the decay of organic matter would cause 

the precipitation of authigenic P-containing minerals, expressed as concretions, nodules, 

clasts, or peloids, although mechanisms are not well constrained (Notholt, 1980). 

Detrital pyrite, siderite and uraninite: Well-rounded detrital minerals, such as pyrite, siderite, 

and uraninite (UO2), are only stable in unoxygenated conditions. Thus, before the rise of Earth 



 
 

36 
 

oxidized conditions, they are relatively common in the geological rock record, especially in 

conglomerates deposited in fluvial to shallow-marine depositional environments (Rasmussen 

& Buick, 1999; Hofmann et al., 2009). Their disappearance after 2.3 Ga suggested a drastic 

shift in mineralogical composition of riverine delivery under more oxidized conditions. 

c. Geochemical evidence 

Several lines of geochemical evidence also indicate a progressive accumulation of 

atmospheric oxygen some 2.4 Ga ago (Figure 13, and reference therein among others). One 

of the most reliable working tools giving support to the GOE is the disappearance of the mass-

independent fractionation of S isotopes, expressed in terms of Δ33S (equation 2) (Farquhar et 

al., 2000, 2010), although some researchers have shown recently the persistence of S-MIF 

after 2.31 Ga (Philippot et al., 2018). Generally, the rate at which isotopes fractionate each 

other depends on their mass, but if other factors strongly influence the reaction, the 

fractionation is no longer mass-dependent. Sulfur-containing minerals older than 2.45 Ga 

record anomalous Δ33S values, varying between -3‰ to +11‰, while sulfides and sulfates in 

younger sedimentary rocks display Δ33S signatures close to 0‰ (Figure 14A) (Farquhar et al., 

2010). Typically, the photodissociation of SO2 by UV light into elemental and water-soluble S 

compounds in an oxygen-free atmosphere is the only known mechanism capable of producing 

highly variable Δ33S values (Farquhar et al., 2001). The depositional environment in which 

sulfide-bearing minerals formed has also affected the composition of S-MIF. In other words, 

the oxygen buildup (>10–5 PAL) allowed to permanently prevent this photochemical reaction, 

by creating an ozone shield in the atmosphere. 

The O2 accumulation following the GOE caused drastic changes in the geochemical cycle of 

some redox-sensitive elements. The oxidation state of these elements reflects that of oceans. 

The redox-sensitive elements are soluble under oxic conditions and insoluble under suboxic 

to anoxic conditions, which may trigger their enrichment in the O2-lean water column or at the 

water-sediment interface (Tribovillard et al., 2006). Thus, the oxidative weathering of exposed 

upper continental crust led to the rise of oxygen-sensitive tracer contents, including V, Cr, As, 

Se, Mo, Re, and U (e.g., Tribovillard et al., 2006; Large et al., 2014; Gregory et al., 2017; Chi 

Fru et al., 2019), in chemical and sedimentary rocks. For instance, uranium and chromium are 

widely recognized as powerful proxies to track the increase of atmospheric O2 (Figures 14B, 

C) (Konhauser et al., 2011; Partin et al., 2013a). As U and Cr can be associated with iron 

formations and detrital input, respectively, U/Fe and Cr/Ti ratios allowed to assess authigenic 

enrichments. Moreover, Chi Fru et al. (2019) recently showed that the rise of arsenic content, 

especially arsenate and arsenic-sulfide, overlaps with the GOE (Figure 14D). Importantly, the 
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concentration of these oxygen-sensitive tracers dramatically increased by several orders of 

magnitude during the GOE. 

 

1.2.3. The “Lomagundi” Event 

Contemporaneous with the worldwide appearance of O2-indicating sedimentary rocks and O2-

sentitive geochemical tracers is the evidence of one of the greatest fluctuation of carbon cycle 

(Karhu & Holland, 1996). This unprecedented perturbation represents the longest and most 

extreme positive carbon isotope excursion in seawater composition, known as the 

“Lomagundi” Event (LE; Schidlowski et al., 1976). The carbon isotope variations in the marine 

carbonates, deposited during this 13C excursion, are best defined between 2.22 and 2.06 Ga 

(Figure 13) (Karhu & Holland, 1996). Martin et al. (2013) assessed that the LE was 

synchronous worldwide, with a duration of between 128 and 249 Ma. These Lomagundi-aged 

marine carbonates record carbon isotopic compositions commonly between +5‰ and +16‰ 

(Karhu & Holland, 1996; Melezhik et al., 2005) with maximum values at around +28‰ (Bekker 

et al., 2003). Compared to other older and younger marine limestones and dolostones, the 

13C compositions usually fall within a narrow range close to 0‰. 

Figure 14: Geochemical evidence for ocean-atmosphere redox evolution following the GOE transition. 
(A) Disappearance of S-MIF. Modified from Farquhar et al. (2010). (B) Uranium content in iron-rich 
rocks. Modified from Partin et al. (2013b). (C) Chromium dynamic in iron formations. Each symbol 
denotes a type of analysis and each color represents a depositional setting. Cr/Ti ratios have been 
normalized to the evolving Cr/Ti ratio of upper continental crust (solid line). Modified from Konhauser et 

al. (2011). (D) Dynamic of arsenic species in shales. Modified from Chi Fru et al. (2019). 
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A widely accepted scenario is that the positive 13C excursion in marine carbonates reflects an 

increase in the proportion of 12C-enriched organic carbon that was buried (Karhu & Holland, 

1996). To elucidate the cause of the high rate of organic carbon deposition, Bekker & Holland 

(2012) posited that positive feedbacks between the O2 accumulation and the rise of terrestrial 

phosphate flux to seawater were likely responsible for the LE. The extreme phosphate flux 

stimulated the production of primary productivity, leading to elevated burial rate of organic 

matter. The oxidation of organic carbon is a potent sink for O2, thus the burial of organic matter 

is a source of oxygen to the atmosphere. As long as organic matter were permanently isolated 

from subsequent oxidation, higher concentrations of atmospheric O2 were reached in the wake 

of GOE. In addition, the siderite oxidation followed by photosynthetically mediated CO2 fixation 

may have led to a substantial O2 buildup (Bachan & Kump, 2015). 

The termination of LE no later than 2.06 Ga (Martin et al., 2013) was marked by an abrupt 

swing to low (positive) 13C values in marine carbonates (Karhu & Holland, 1996). The 

decrease in the terrestrial phosphate flux, decreasing the rate of organic carbon burial, may 

have caused the end of the most extreme positive carbon isotope excursion (Bekker & Holland, 

2012). Hence, the rate of oxidative weathering exceeded that of organic carbon deposition, 

which ultimately led to low O2 levels. 

1.2.4. The Shunga-Francevillian excursion 

The aftermath of the LE started with a negative shift in the 13C signature of the inorganic 

fraction. The values, down to -14‰, were only observed in the ca. 2-0 Ga-old Zaonega 

Formation (shungite deposits), Karelia craton, Russia (Figure 13) (Kump et al., 2011). The 

latter authors have shown that extremely low 13Corg values in the shungite deposits and the 

Francevillian Series of Gabon also accompanied this negative excursion in carbonates. Thus, 

the Shunga-Francevillian event, which possibly results from an intense oxidative weathering 

of the Lomagundi-aged organic matter, has been interpreted as global in extant (Kump et al., 

2011). However, lithological observations in the shungite deposits indicate that local 

thermogenic CH4 and seepage formed due the magmatic intrusions, fueling CH4-based 

microbial metabolisms (Qu et al., 2012). The organic carbon isotopic composition may also 

reflect the incorporation of 12C-enriched methanotroph-derived carbonaceous material in the 

Francevillian sediments (Weber & Gauthier-Lafaye, 2013). This interpretation relies on the fact 

that the 13C relationship between marine carbonates and organic matter is insignificant. 

Collectively, the Shunga-Francevillian anomaly would hint the influence of episodic 

methanotrophic biomass rather than a global oxidative process. 
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1.3. Geological background 

1.3.1. General information 

The ca. 2.1 Ga-old Palaeoproterozoic Booué, Lastourville, Okondja, and Franceville domains 

are a family of four intracratonic sub-basins located in the southeastern part of the Republic of 

Gabon (Figure 15). The Ondili and Amieni basement horsts separate these domains from each 

other. The Francevillian Series, hosted in these sub-basins, is composed of unmetamorphosed 

and weekly folded siliciclastic and volcanic deposits. Moreover, it unconformably overlies 

Archaean rocks, known as the East-Gabonian block within the Congolese craton (Figure 15A) 

(Weber, 1968; Gauthier-Lafaye & Weber, 1989; Thiéblemont et al., 2009). Granitoids mixed 

with greenstone belts mainly constitute this Archaean crystalline basement (Bouton et al., 

2009a; Préat et al., 2011). The Francevillian Series, referred to as the Francevillian basin, 

covers an area of 35,000 km² between 1° to 2° S and 13° to 13°44’E (Préat et al., 2011). The 

basin fill is 4,000 m thick in the deepest part (Weber, 1968) with a thinning to 1,000–2,500 m 

thick towards the edge (Thiéblemont et al., 2009). The lithostratigraphic sequence is organized 

into five major formations, labelled FA to FE from the oldest to youngest. In addition, the 

occurrence of the oldest uranium ore deposits that have acted as natural fission reactors, and 

large manganese deposits have promoted important geological surveys and drilling campaigns 

(Gauthier-Lafaye & Weber, 1989; Gauthier-Lafaye, 2006). 

The Archaean basement of the West Congolese craton is mainly composed of 3.2–2.8 Ga-old 

rocks and was emplaced during successive magmatic events (Feybesse et al., 1998; Bouton 

et al., 2009a; Thiéblemont et al., 2009; Préat et al., 2011). The Ogooué complex and Cenozoic 

continental sediments lie in the western and eastern parts of the Francevillian basin, 

respectively (Figure 15A). The mobile zone of Ogooué is a fold-and-thrust belt containing 

metasedimentary formations that have undergone high-grade metamorphism (Gauthier-

Lafaye & Weber, 1989; Weber et al., 2016). The establishment of the Ogooué complex 

occurred during the accretion of the Central African Eburnean Orogenic Belt, extending from 

Cameroon, Gabon to Congo, elsewhere between 2.5 and 2.12 Ga ago (Feybesse et al., 1998; 

Weber et al., 2016). The strike-slip Ikoy-Ikobé fault separates the Ogooué orogenic belt from 

the West-Gabonian block (Figure 15A). The latter consists of 2.45 Ga-old (pre-Eburnean) 

migmatites formed from a partial melting of Archaean basement, and of 2.08–2.04 Ga-old 

calco-alkaline plutons emplaced from an intensive granitization during the Eburnean Orogeny 

(Thiéblemont et al., 2009; Weber et al., 2016).  
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1.3.2. Geodynamic  

The regional geodynamic setting of the Francevillian basin is controversial, however the 

Palaeoproterozoic Era was marked by the gathering of continental masses that subsequently 

formed the Nuna supercontinent, 2.1–1.8 Ga ago (Zhao et al., 2002).  

The Gabon block was emplaced during the 2.2 to 2.0 Ga-old Transamazonian—Eburnean 

orogens, resulting from the continental collision between the West Congolese and São 

Francisco cratons (Figure 16) (Feybesse et al., 1998; Zhao et al., 2002; Thiéblemont et al., 

Figure 15: Simplified geological map of Gabon and cross-section across the four intracratonic sub-
basins. (A) Geological map showing the major lithostructural domains. The orange inset box shows the 
geological map of Franceville sub-basin in Figure 18. Modified from Thiéblemont et al. (2009). (B) 
Schematic basin fill architecture of Francevillian basin. Modified from Bouton et al., (2009a). 
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2009; Weber et al., 2016). Weber et al. (2016) have recently reviewed the geodynamic 

evolution of the Francevillian Series by attributing three main syn-sedimentary tectonic events, 

including (i) rifting after the continental breakup of the Archaean basement at 2.45 Ga, 

combined with the creation of an oceanic crust, resulted in the occurrence of pre-Eburnean 

migmatites and a transgressive system of sedimentary deposits, (ii) west-directed subduction 

of oceanic crust, at the origin of the Ogooué orogenic belt, with ocean closure at 2.2 to 2.1 Ga, 

and (iii) continental collision at 2.04 to 2.0 Ga. In addition, a sinistral rotational movement 

during the collision process has likely involved strike-slip movements, leading to the opening 

of pull-apart intracratonic basins. Matabenonites or K-bentonites of the Francevillian Series 

added new insights on geodynamic setting, by which their deposition in distal part of a pro-

foreland basin is expected (Bankole et al., 2018). 

 

1.3.3. Lithostratigraphy 

Weber (1968) was the first to recognize five lithostratigraphic formations, known as the 

Francevillian FA, FB, FC, FD, and FE formations from the bottom to the top (Figure 17). The 

lithostratigraphy of the Francevillian Series is most complete in Franceville and Okondja sub-

basins. However, the presence of FE Formation in the Francevillian Series is controversial due 

to its low geographical scope (Thiéblemont et al., 2014). In addition, FA, FC, and FD formations 

are continuous across the Francevillian basin, whereas the fault-controlled subsidence in the 

Franceville and Okondja sub-basins constrained the FB Formation. 

Figure 16: Palaeoreconstruction of West Congolese and São Francisco cratons during the 2.2–2.0 Ga-
old Transamazonian–Eburnean orogens. Adapted from Zhao et al. (2002). 
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a. FA Formation 

The basal FA Formation unconformably rests on the Archaean crystalline basement and is 

predominantly composed of fluvial to fluvio-deltaic, coarse- to fine-grained quartz arenites 

conglomerate with minor interlayered mudstones, indicating a progressive marine invasion 

(Gauthier-Lafaye, 1986; Gauthier-Lafaye & Weber, 1989; Bankole et al., 2015). The thickness 

of the FA Formation ranges from 100 to >1000 m, from the proximal to the distal part of the 

Francevillian basin. Based on the complex lithofacies variations in the central area of the basin, 

five distinct zones corresponding to different depositional settings have been distinguished 

(Gauthier-Lafaye, 1986; Gauthier-Lafaye & Weber, 1989). Zone 4 is composed of poorly-

sorted, coarse-grained sandstones and conglomerates, suggesting fluviatile deposits. 

Moreover, red radioactive conglomerates locally occur. The overlying Otobo series is a 

coarsening-upward sequence, and consists of alternating mudstones and fine- to coarse-

grained sandstones, which indicates a progradation of a plain deltaic environment. Zone 3 is 

dominated by thick bedded, fine-grained sandstones, and interlayered mudstones with 

medium to coarse-grained sandstones, reflecting a tidal palaeoenvironment. Zone 2 is 

predominantly made up of fluvial fine- to coarse-grained sandstones. At last, Zone 1 is 

composed of fine- to coarse-grained sandstones interbedded with mudstones in a coarsening-

upward sequence, indicating a deltaic sedimentation. A typical feature of FA siliciclastic 

sediments is the variation in color from red alternating with green to grey from bottom to the 

top, respectively (Gauthier-Lafaye & Weber, 1989). A change in the composition of diagenetic 

fluids would be linked to this pattern. 

The upper part of the formation has revealed the occurrence of uranium ore deposit in 

association with bitumen (Gauthier-Lafaye & Weber, 2003; Gauthier-Lafaye, 2006). The 

natural nuclear fission reaction zones are located at Oklo-Okelobondo and Bangombé sites. 

b. FB Formation 

The marine FB Formation sedimentary rocks discordantly overly the fluviatile to deltaic FA 

Formation. It consists of a 400–1000 m thick sequence characterized by the predominance of 

fine-grained sediments (black shales and siltstones) with interbedded debris flows, dolomites, 

iron-rich levels, and sandstones (Gauthier-Lafaye, 1986; Gauthier-Lafaye & Weber, 1989). 

This formation was deposited during a synsedimentary tectonic activity that induced important 

facies lateral variations and thickness changes. Besides, the black shales are characterized 

by high contents of organic carbon, up to 15 wt.% (Canfield et al., 2013). The FB Formation is 

classically subdivided into FB1 (a, b, and c) and FB2 (a and b) members based on lithological 

variations (Weber, 1968; Azziley Azzibrouck, 1986). The FB1 Member is dominated by 

greenish, silty to sandy shales, heterolithic beds that are composed of shales interbedded with 
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dolomite-cemented siltstones, and manganese-rich black shales (Azziley Azzibrouck, 1986; 

Pombo, 2004; Reynaud et al., 2017). At the top of the FB1 Member, the manganese ore 

deposits rest on a thin iron-rich interval (up to 5-10 m thick; Gauthier-Lafaye & Weber, 2003), 

and formed by the weathering of Mn-rich carbonate layers known as protore (Weber, 1968; 

Pombo, 2004). The overlying FB2 Member is composed of numerous 1- to 5 m-thick beds of 

coarse-grained “Poubara” sandstones in which few sedimentary structures are recorded. Black 

shales interbedded with thin layers of siltstones rest on the latter sedimentary package (Weber, 

1968). The upper part of FB2 Member hosts the well-known large colonial macrofossils and 

organisms motility (El Albani et al., 2010, 2014, 2019). 

The N’Goutou Complex has intruded the northern part of Okondja sub-basin during the 

deposition of FB Formation (Gauthier-Lafaye & Weber, 1989). The emplacement of alkaline 

granite and syenite in this domain is related to high extension rates, resulting from major strike-

slip movements (Moussavou & Edou-Minko, 2006; Thiéblemont et al., 2014; Weber et al., 

2016). 

Figure 17: Synthetic lithostratigraphic column of Francevillian Series (1Horie et al., 2005; 2Thiéblemont 
et al., 2009; 3Bankole et al., 2018; 4Bros et al., 1992; 5Bonhomme et al., 1982; 6Sawaki et al., 2017; 
7Gancarz, 1978; 8Mouélé et al., 2014). 
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c. FC Formation 

The FC Formation consists of massive dolomite layers formed in an evaporitic system, and 

stromatolitic cherts with interlayered black shales (Weber, 1968; Bertrand-Sarfati & Potin, 

1994; Préat et al., 2011). The silica-rich horizons (i.e., cherts) are diagenetic replacements of 

carbonates and sulfates, likely connected to hydrothermal fluids or volcanic origins (Weber, 

1968; Préat et al., 2011). This formation varies between 5 and 40 m in thickness (Bouton et 

al., 2009a) and is ubiquitous in the Francevillian basin. Therefore, it is perceived as a 

lithostratigraphic marker, although it was secondary formed (Thiéblemont et al., 2014). The FC 

deposition seals the synsedimentary tectonic activity (Bouton et al., 2009a). In addition, an 

exceptionally preserved, Gunflint-type microfossil assemblage was recently documented, 

giving support to the occurrence of filamentous Cyanobacteria in the Francevillian basin 

(Lekele Baghekema et al., 2017). 

d. FD Formation 

The FD Formation ranges from 200 to 400 m in thickness and is mainly formed by black shales 

interbedded with volcanic tuffs and fine- to medium-grained sandstones (Bouton et al., 2009a; 

Thiéblemont et al., 2014). Thus, it does not really differ from the FB Formation, however the 

occurrence of underlying silica-rich FC rocks allows us to distinguish the FB rocks from the FD 

deposits. These sediments were settled in near-continental margin, sulfidic conditions during 

a transgressive phase (Canfield et al., 2013; Chi Fru et al., 2019). These rocks are organic-

rich shales (up to 10 wt.%) and highly depleted in 13C, suggesting the incorporation of 

methanotroph-derived organic matter (Weber & Gauthier-Lafaye, 2013). 

e. FE Formation 

The topmost FE Formation consists of ~400 m of medium-grained arkose with interlayered 

shales (Gauthier-Lafaye & Weber, 1989; Thiéblemont et al., 2014). The sediments show a 

restricted geographical extension and are merely identified in the northwestern part of the 

Okondja sub-basin. Thiéblemont et al. (2014) considered that the FE Formation has filled local 

depressions through weathering of the Ogooué orogenic belt. 

1.3.4. Biomarkers 

Despite the exceptional preservation of the Francevillian Series, this sedimentary package is 

likely overmature (see section 1.3.5). Hence, little investigations have been conducted for 

analyzing organic geochemistry. Dutkiewicz et al. (2007) published the only available record 

of molecular fossils in the Francevillian basin, consisting of lipid biomarkers inside fluid 

inclusion oils. The latter authors described hopanes and steranes in the FA basal sediments 

and indicated that the organic matter is derived from bacterial and eukaryotic organisms, 
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respectively. This is in agreement with the prediction of molecular clock studies by which a 

protosterol biosynthesis evolved around 2.31 Ga (Gold et al., 2017). Nonetheless, the timing 

of the deposition of hydrocarbon biomarkers inside oil-bearing fluid inclusions may not be well 

constrained (Brocks et al., 2017). 

1.3.5. Diagenetic history 

Based on fluid inclusions in quartz overgrowth, the unmetamorphosed FA siliciclastic rocks 

have reached an estimated burial depth of about 4,000 m, a maximum temperature <200 °C, 

and a pressure gradient ranging from 150 to 200 bars/km (Gauthier-Lafaye & Weber, 1989; 

Dutkiewicz et al., 2007). The diagenetic effect is also recorded through the authigenesis of 

various phylosillicates. The neoformation of chlorite, 1Mt polytype of illite, and illite/smectite 

mixed-layer minerals (I-S MLMs) predominantly characterizes the assemblage of diagenetic 

clays in the Francevillian Series (Ossa Ossa et al., 2013; Ngombi-Pemba et al., 2014; Bankole 

et al., 2015). The remnant of smectite layers of I-S MLMs over a long period of time required 

a minimal burial temperature, probably lower than the one estimated by the fluid inclusion 

method, and a lack of potassium supply (Ngombi-Pemba et al., 2014). 

The FB and FD black shales contain a large amount of organic matter and, therefore, have 

been investigated for their properties of potential petroleum source rock (Gauthier-Lafaye & 

Weber, 1989; Cortial et al., 1990). Cortial et al. (1990) have shown that the organic matter of 

Francevillian basin has reached high thermal maturity with corresponding low H/C (<0.5 %) 

and O/C (<0.3 %) ratios. This has been confirmed from the carbonaceous nature of 

microfossils in the FC Formation by using the Raman spectroscopy (Lekele Baghekema et al., 

2017). Indeed, the latter authors estimated a burial temperature of 296 ± 30 °C, but this result 

is not concordant with the occurrence of early diagenetic clay minerals (Ngombi-Pemba et al., 

2014). In fact, the organic matter reacts kinetically faster than the clay neoformation (Velde & 

Lanson, 1993), and a prolonged time of thermal exposure affects the organic geothermometer 

(Schiffbauer et al., 2012). The kerogen of the Francevillian Series has not experienced the true 

anthracite stage, indicating the absence of metamorphism overprint (Cortial et al., 1990). 

Hydrocarbons were generated in the FB Formation when black shales passed through the oil 

window, and the compaction and tectonic activity have induced their migration into petroleum-

type structural traps in the Upper FA Formation (Gauthier-Lafaye & Weber, 1989; Mossman et 

al., 2001). The organic matter is now preserved as a solidified hydrocarbon (pyrobitumen) that 

fills the primary and the secondary porosity of FA sandstones (Gauthier-Lafaye, 1986; Cortial 

et al., 1990; Nagy et al., 1993). 

Both lithology and basin structure have controlled the uranium mineralization process in the 

upper part of FA Formation (Gauthier-Lafaye & Weber, 1989, 2003; Gauthier-Lafaye, 2006). 
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The pore space of sandstones host the uranium ore deposits. The migration of liquid 

hydrocarbons, derived from the overlying organic matter-rich FB Formation, into the uranium-

free FA reservoir and the specific tectonic structure of basin have led to the subsequent specific 

localization of uranium ores. Then, oxidized basinal uranium-bearing fluids have migrated 

upwardly and interacted with the reduced hydrocarbons at the boundary of FA and FB 

formations, resulting in uranium precipitation (Gauthier-Lafaye & Weber, 1989; Bankole et al., 

2016). Iron geochemistry constrained changes in redox conditions in the sandstone-hosted 

uranium mineralization during diagenesis (Bankole et al., 2016). It is highlighted that the Fe 

redistribution under middly oxidizing conditions would have involved the shift in color of facies 

from red (oxidized) to green (reduced) during late diagenesis. Thus, the circulation of oxidized 

fluids along faults led to the loss of uranium and its enrichment in the lower and upper part of 

FA Formation, respectively.  

Post-collisional movements induced deformations in the Francevillian basin, 1.95 Ga ago 

(Weber et al., 2016), but the overall sedimentary sequence is slightly deformed and the basin 

remains stable until successive Palaeozoic uplifts (Linol et al., 2015). Finally, dolerite dykes 

have intruded the whole Francevillian Series oriented NNW-SSE and ENE-WSW, and yield a 

K-Ar isotopic age of 970 ± 30 Ma (Bonhomme et al., 1982). 

1.3.6. Radiometric dating 

Several radiometric ages have been obtained for the Francevillian basin (Table 1), but the 

timing of deposition of the Lower Francevillian Series (FA and FB formations) is still 

controversial and unresolved. U-Pb ages from 2,998 ± 25 Ma to 2,922 ± 24 Ma on monazites 

are reported for Archaean plutonic rocks (Mouélé et al., 2014). Uranium mineralization in the 

FA Formation provided U-Pb age of 2,050 ± 30 Ma that delineates early diagenesis (Gancarz, 

1978). Interlayered syenites of the N’goutou volcanic Complex intruding the FA and FB 

formations have been imprecisely dated at 2,143 ± 143 Ma using the Rb-Sr method 

(Bonhomme et al., 1982). A new dating of zircons for the N’Goutou Complex yields a Pb-Pb 

age of 2,192 ± 12 Ma, although some zircons are complex in nature and produce highly 

discordant ages (Sawaki et al., 2017). Diagenetic illites in the Upper FB1 Member yield an Sm-

Nd isotopic ages of 2,099 ± 115 Ma and 2,036 ± 79 Ma on <0.4 μm and <0.2 μm clay fractions, 

respectively (Bros et al., 1992). Recent dating of zircons from K-bentonites in the Lower FB2 

Member produced a U-Pb age of 2,971 ± 13 Ma, consistent with the age of the underlying 

Archaean basement (Bankole et al., 2018). Finally, the depositional age of FD Formation is 

well constrained with ignimbrite tuffs and sandstones, providing U-Pb ages of 2,083 ± 06 Ma 

(Horie et al., 2005) and 2,072 ± 29 Ma (Thiéblemont et al., 2009), respectively. 
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Table 1: Summary of radiometric ages in the Francevillian basin. 

 

1.3.7. Synthesis of depositional conditions with evidence for microbial activity in 

the Francevillian basin 

The depositional conditions of the FB2 Member, within which the macrofossils were found, 

were controversial because sedimentary features are not abundant and weakly indicative. 

Several authors proposed various palaeoenvironmental interpretations, ranging from shallow-

water settings (El Albani et al., 2010; Ngombi-Pemba et al., 2014) to a deep-sea turbiditic 

setting (Parize et al., 2013).  

A reassessment of the sedimentary and stratigraphic evolution of the Francevillian FB and FC 

formations, together with the occurrence of bacterial communities interpreted as 

photosynthesizers, confidently argue for a depositional setting within the photic zone and 

during a regressive system (Reynaud et al., 2017; associated works §1). 

  

Lithostratigraphy Method Age (Ma) Age significance Reference 

Ignimbrite tuffs (FD) U-Pb on zircons 2,083 ± 06 Heritage Horie et al. (2005) 

Sandstones (FD) U-Pb on zircons 2,072 ± 29 Heritage Thiéblemont et al. (2009) 

K-bentonites (FB) U-Pb on zircons 2,971 ± 13 Archaean heritage Bankole et al. (2018) 

Black shales (FB) 
Sm-Nd isotope on 

0.4 µm clay fraction 
2,099 ± 115 Diagenesis Bros et al. (1992) 

Black shales (FB) 
Sm-Nd isotope on 

0.2 µm clay fraction 
2,036 ± 79 Diagenesis Bros et al. (1992) 

Granite (FA-FB) 
Pb-Pb on interlayered 

syenites 
2,192 ± 12 Intrusion Sawaki et al. (2017) 

Granite (FA-FB) 
Rb-Sr on interlayered 

syenites 
2,143 ± 143 Intrusion Bonhomme et al. (1982) 

U mineralization (FA) U-Pb on uraninites 2,050 ± 30 Diagenesis Gancarz (1978) 

Archaean basement U-Pb on monazites 
2,998 ± 25 to 

2,922 ± 24 
Intrusion Mouélé et al. (2014) 
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1.4. Studied area and sampling 

Our investigation occurred in the fossil-rich quarry where the assemblage of macrofossils has 

been documented in the Franceville sub-basin (El Albani et al., 2010, 2014, 2019). Thus, our 

observations and field sampling were conducted in the Moulendé Quarry that belongs to the 

Upper FB Formation—the FB2 Member (Figure 18). The FB2a unit consists of a 15 m-thick 

coarse-grained sedimentary package in the quarry, commonly known as Poubara sandstones. 

The latter facies is overlain by 5 m-thick laminated black shales, which forms the FB2b unit. 

Outcrop exposures of FB2b black shales are scarce in the Francevillian basin likely due to 

basin configuration where the organic-rich sediments have been deposited in a mud “pool” 

between thicker packages of sandstones (Reynaud et al., 2017). However, the Moulendé 

Figure 18: General geological map of Franceville sub-basin. The Moulendé quarry is shown by the 
green star. Modified from Bouton et al. (2009b). 
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quarry is a well-preserved locality with a non-erosional contact between FB2a and FB2b units, 

providing high-quality information.  

Our petrological, mineralogical, geochemical investigations were carried out on more than 50 

samples (both MRS-like and host rocks). The lithology and texture were first taken into account 

for selecting the most representative specimens. Then, they were described and logged on a 

synthetic lithostratigraphic column (Figure 19). The samples were subsequently prepared for 

different analyses. 

  

Figure 19: Synthetic stratigraphic column of the Moulendé quarry in the FB2 Member. 
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1.5. Methodology 

1.5.1. Sample preparation 

The MRS-like samples with their underlying host rocks (sandstone and black shale) were 

slabbed for visual inspections of cut surface. A ZEISS Discovery.V8 stereoscope combined 

with Axio Cam ERc 5s microscope camera were used to observe the polished slab section. 

Twenty µm-thick thin sections of approximately 25 x 35 mm were produced perpendicular to 

the upper surface of polished slabs using standard technics. 

After painstaking investigations, the MRS-like samples from the Moulendé quarry were gently 

removed from their host rocks. A blade was used to extract these delicate specimens to 

prevent as much as possible contaminations. Directly below the putative MRS features, the 

host sediments were collected for comparative analyses. For bulk mineralogical and 

geochemical analyses, small amount of the sample was gently hand crushed in an agate 

mortar with pestle. The material was systematically cleaned with deionized water and ethanol 

between each sample preparation to avoid contamination.  

For scanning electronic microscopy and X-ray Fluorescence spectroscopy, a specific sample 

preparation has been conducted. A piece of the sample (less than 2 cm in width) was placed 

in a plastic tube of 2.5 cm diameter and mounted in epoxy resin. After 24 to 48h of 

polymerization, the plastic tube was removed. Then, the mounted sample was polished with a 

series of decreasing coarseness diamond polishing compounds until a perfectly smooth 

surface was obtained.  

The sample preparations were carried out at the University of Poitiers.  

1.5.2. Petrographic and mineralogical analyses 

a. Optical microscopy  

Thin sections were studied for textural relationships and mineralogical examinations. They 

were examined under plane and cross polarized transmitted light, and reflected light using a 

Nikon ECLIPSE E600 POL microscope equipped with a Nikon Digital Sight DS-U1 camera and 

NIS-Element D software at the University of Poitiers.  

b. Raman spectroscopy 

The Raman spectroscopy analysis is a complementary method for examining the mineralogical 

composition. This analytical tool identifies mineral phases (e.g., polytypes) that cannot be 

distinguished with the optical microscopy, and especially, it provides a wide array of information 
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on the carbonaceous material. The Raman spectra of organic matter show representative 

changes with increasing burial temperature (Kouketsu et al., 2014), indicating that the Raman 

spectroscopy might be used as a geothermometer. 

The analyses were mainly performed on small pieces of polished slab sections for 

documenting the carbonaceous material in both the MRS-like and host sediment samples. The 

Raman spectra were obtained with a HORIBA JOBIN YVON Labram HR8OOUV, an integrated 

Olympus confocal microscope connected to a CCD detector using a Peltier-cooled charge at 

the University of Poitiers. All analyses were performed by means of 514.5 nm Ar+ laser of 1 

mW, 200 μm confocal hole, 1800 grooves/mm grating, and 5 mm spatial resolution. LabSpec 

5 software was used to data recording and treatment. 

c. X-ray diffraction (XRD) 

The XRD is a convenient method for the identification and analysis of mineralogical 

composition of rocks. 

Sample preparation: This section describes the sample preparations of MRS-like and host rock 

samples following the standard procedures outlined by Brindley & Brown (1980) and Moore & 

Reynolds Jr (1997). 

Small amount of the powdered sample was mounted into a cavity mount for bulk qualitative 

mineralogical analyses. The preparation of bulk sample needed to be specific during which the 

powders were randomly oriented to avoid preferential detection of some minerals. In addition, 

the < 2 µm clay fraction was extracted from bulk rock samples for a detailed clay mineralogy. 

The clay size fraction was obtained by dispersion of gently hand-crushed small-sized particles 

in deionized water with an Elma S60 ultrasonic agitation device without any chemical pre-

treatment (Moore & Reynolds Jr, 1997). The dispersed particles were let to settle under gravity 

in a cylindrical bottle according to Stoke’s law at a controlled room temperature of 20 °C, and 

centrifuged to obtain the <2 µm clay fraction with GR 4 22 centrifuge. Then, the suspensions 

of clay size fraction were concentrated by evaporation in the oven at 60 °C over night. Oriented 

mounts were obtained from ∼1 mL of the prepared clay-sized suspensions that were pipetted 

on glass slides. They were subsequently analyzed after drying at room temperature (AD) and 

ethylene glycol (EG) treatment. The <2 µm fraction of some samples were also Ca-saturated 

after three dispersions in a 1 M calcium chloride (CaCl2) solution followed by several washings 

with deionized water. This specific preparation homogenizes the sheets of swelling clays to 

ascertain whether the interlayer properties are stable. Finally, the randomly oriented clay size 

fraction was mounted into a cavity mount for examining the diagenetically formed particles 

through the study of illite polytypes.  
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Acquisition: The mineralogical composition of bulk powders and <2 µm clay fraction were 

determined with a Bruker D8 ADVANCE diffractometer at the University of Poitiers using a 

CuK radiation operated at 40 kV and 40 mA. Bulk samples were analyzed over an angular 

range of 2–65° 2 with a step size of 0.025° 2 per 3 s counting time, while the analysis of <2 

μm clay fraction was performed over 2–30° 2 angular range with a step size of 0.02° 2 per 

3 s counting time. Finally, illite polytypes were analyzed over an angular range of 19–33° 2 

with a step size of 0.01° 2 per 2 s counting time.  

Treatment: Bruker Eva software was used for background stripping, indexing of diffraction 

peaks, and identification of mineral phase by comparing with International Centre for Diffraction 

Data (ICDD) files. The XRD patterns were also compared with reference data published in 

Brindley & Brown (1980). 

XRD profile modelling: The NEWMOD 2.0 program simulation (Reynolds Jr & Reynolds III, 

1996) was used for determining the proportion of each clay mineral phase in both MRS-like 

and host sediment samples. The fit was done on experimental Ca-saturated samples in AD 

and EG states over 2–30° 2θ angular range. A special attention was given to the stacking 

mode (R, Reichweite ordering parameter) of illite-smectite mixed layer minerals as well as the 

proportion of smectite and illite layers in such minerals. The fit is thought to be acceptable 

when the same solution is obtained for the AD and EG states. The experimental and 

instrumental factors such as length and thickness of the oriented slides, horizontal and vertical 

beam divergences, and goniometer radius were introduced as suggested by Drits & Tchoubar 

(1990). The mass absorption coefficient (μ*) and sigmastar (degree of orientation of the clay 

particles on the slide) were set to 45 cm2/g and to 12° and 18°, respectively, as recommended 

by Moore & Reynolds Jr (1997). The profile-fitting process does not include angular domains 

containing non-clay mineral reflections.  

d. Electron microscopy 

Representative thin sections and polished slabs coated with carbon were examined with a FEI 

Quanta 200 scanning electron microscope (SEM) equipped with an energy dispersive X-ray 

spectrometer (EDX) at the University of Lille. The selected samples were observed in both 

secondary electron (SE) and back-scattered electron (BSE) imaging modes operated at 15 kV 

accelerating voltage, 1 nA beam current, and a working distance of 10.5 mm. Morphological 

habits and documentation of textural relationships were acquired in both SE and BSE imaging 

modes, respectively. The mineral chemistry was obtained through the EDX. The coupled 

SEM/EDX analyses allowed to characterize chemically the zones of interest with elemental 
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maps and semi-quantification. Varying resolutions and magnifications were used for examining 

the large set of samples. 

The transmission electron microscopy provides a significantly higher resolution for 

documenting the particle micromorphology. Thus, the <2 µm clay fraction of selected samples 

(MRS-like and sandstone) was examined with a JEOL 2100 UHR transmission electron 

microscope (TEM) working at 200 kV accelerating voltage with a LaB6 emitter and equipped 

with a JEOL EDX detector at the University of Poitiers. Samples were prepared by suspending ∼1 mg of each sample in distilled water. A droplet of diluted suspension after ultrasonic 

treatment was deposited on a C-coated Au grid. In addition, selected-area electron diffraction 

(SAED) patterns were collected to image the hexagonal net pattern of the analyzed particles 

in (hk0) reflections (Kumai, 1976; Veblen et al., 1990; Whitney & Velde, 1993). The SAED 

patterns reveal the stacking arrangement of the layers (Veblen et al., 1990; Whitney & Velde, 

1993; Kim et al., 2004). A turbostratic ring pattern is typical of turbostratic smectite structure 

(random rotations between layers), while non-turbostratic (i.e., coherent) stacking pattern is 

commonly observed in illite crystal structure (hk0 dots), forming a hexagonal pattern (Kumai, 

1976). 

1.5.3. Geochemical analyses  

a. Whole-rock elemental analyses 

Whole-rock geochemical analyses of major (Si, Al, Fe, Mn, Mg, Ca, Na, K, P, and Ti), trace 

(As, Ba, Be, Bi, Cd, Co, Cr, Cs, Cu, Ga, Ge, Hf, In, Mo, Nb, Ni, Pb, Pr, Rb, Sb, Se, Sc, Sn, Sr, 

Ta, Th, U, V, W, Y, Zn, and Zr), and rare earth elements (La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, 

Ho, Er, Tm, Yb, and Lu) were carried out at Service d’Analyse des Roches et des Mineraux 

(SARM) of the Centre des Recherches Pétrographiques et Géochimiques (CRPG), Nancy, 

France. Major elements were analyzed by inductively coupled plasma atomic emission 

spectrometry (ICP-AES), while trace and rare earths elements concentrations were measured 

by inductively-coupled plasma mass spectrometry (ICP-MS). Each powdered sample was 

fused with lithium metaborate (LiBO2), followed by digestion in dilute nitric acid (HNO3). 

For major elements, the uncertainties are 1% for concentrations higher than 10%, 5% for 

concentrations between 0.5 and 10%, and 10% for concentrations between 0.1 and 0.5%. 

According to the analyzed trace element concentration, the uncertainty is lower than 5–10% 

for elemental concentrations > 50 ppm, lower than 5–20% for elemental concentrations 

between 10 and 1 ppm, and higher than 25% for elemental concentrations near the detection 

limit (see Carignan et al. (2001) for a detailed description of uncertainties in measurements 

according to the elemental concentration and related limits of determination). 
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b. Organic elemental analyses  

Fundamental elemental components (carbon, hydrogen, nitrogen, and sulfur) were analyzed 

on powdered MRS-like samples and their host rocks at the University of Poitiers. The CHNS 

investigation provides primarily information on elemental content and these compounds are of 

considerable interest as they are involved in biological cycling. The analyses were carried out 

with a FlashEA 1112 (ThermoFisher Scientific) CHNS analyzer for flash dynamic combustion 

at 970 °C under a constant helium flow. Small aliquots of bulk-rock powders (between 5 and 

20 mg) were weighed into tin cups depending on how organic-rich the sample was. Data 

acquisition was done with an Eager 300 software. A calibration curve was performed with 

aspartic acid and nicotinamide before each analysis when sulfur was not analyzed. In the other 

case, the calibration curve was obtained with sulphanilamide and BBOT—2,5-Bis(5-tert-butyl-

benzoxazol-2-yl)thiophene.  

c. Isotopic geochemistry 

The carbon isotope composition of organic matter (13Corg) was first analyzed in 15 samples of 

MRS-like and black shales at the University of Rennes to ascertain the biogenicity and provide 

information on the nature of microbial carbon fixation. Then, carbon and nitrogen isotope 

compositions were completed and measured on MRS-like and host sediment (both sandstone 

and black shale) samples at the University of California, Riverside.  

Sample preparation: For carbon isotope analyses, about 200 mg of each powdered sample 

were weighed and placed in glass tube. The whole-rock powders were twice decarbonated 

with 6 M hydrochloric acid (HCl) for one hour at 70 °C. The solid residue was rinsed four times 

with deionized water by centrifugation and dried in a clean hood overnight. Finally, small 

aliquots of decarbonated residues (mostly less than 10 mg) were weighed into tin cups. 

For nitrogen isotope composition of bulk rock (15Nbulk), powdered bulk samples (between 20 

and 50 mg) were directly weighed into tin cups.  

Acquisition: The 13Corg and 15Nbulk measurements were measured by flash combustion on an 

isotope ratio mass spectrometer (IRMS), operated under a constant helium flow, and coupled 

to an elemental analyzer (EA). All data have been standardized using in-house standards and 

the isotope data are relative to V-PDB (Vienna Pee Dee Belemnite) and Air-N2 for δ13C and 

δ15N, respectively. Duplicate analyses were performed on approximatively half of the analyzed 

samples. Total organic carbon (TOC) and bulk nitrogen (TN) concentrations were calculated 

from peak CO2 and N2 areas, respectively. 
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d. Iron speciation  

Iron speciation analysis was performed on MRS-like and black shale samples at the University 

of Cardiff for assessing the depositional redox conditions. The laboratory procedure for sample 

preparation is described in details in Canfield et al. (1986) and Poulton & Canfield (2005). The 

total iron (FeT) is characterized by three dominant iron pools. First, highly reactive iron (FeHR) 

consists of four iron phases that could react with hydrogen sulfide to form pyrite in the 

diagenetic sequence: iron-bearing carbonate (FeCarb) + ferric oxides (FeOx; including hematite 

and goethite), + magnetite (FeMag) + pyrite iron (Fepy). Second, poorly reactive Fe (FePRS) refers 

to the fraction of some Fe from sheet silicate minerals. Third, unreactive silicate Fe (FeU) 

consists of residual silicate Fe, which is essentially unreactive towards dissolved sulfide. Total 

Fe extraction were already measured by ICP-AES. Samples containing low total Fe and 

organic carbon (less than 0.5 wt.%) contents were removed to ensure of the robustness of 

values, as recommended by Clarkson et al. (2014).  

Replicate analysis was performed on a third of the studied samples. 

Sequential iron extraction: The iron phases (FeCarb, FeOx, FeMag, and FePRS) were extracted 

using the sequential extraction procedure (Poulton & Canfield, 2005). Prior the iron extracts, 

50 mg of bulk samples were weighed and placed in 30 mL plastic vial. The FeCarb was first 

extracted with 10 mL of sodium acetate buffer at pH 4.5 and 50 °C for 48 hours, followed by 

FeOx using 10 mL of sodium dithionite at pH 4.8 and room temperature for 2 hours, and finally 

FeMag using ammonium oxalate at pH 3.2 and room temperature for six hours. After each 

extraction, the solution was centrifuged for 5 minutes. Then, I took out 250 µL sample and 

diluted it to 10 mL with MilliQ water in a new plastic vial, resulting in a dilution factor of 40. I 

poured out the rest of the buffer and kept the bottom residue for the following extraction. For 

the final step, I let the residue dried over a weekend in room temperature. Then, FePRS was 

extracted by boiling for 2 min in 5 mL of 12 M HCl. I added 15 mL of MilliQ water before to take 

out 250 µL and dilute it to 10 mL, which means that the dilution factor for this step is 600.  

Iron concentrations were determined using atomic absorption spectrometer after the ferrozine 

test. Standardization was achieved using 0.1–10 µg.mL−1 FeCl3 solution in 10-2 mol.L-1 HCl. 

Chromous chloride (CrCl2) distillation: FePy was extracted using the standard chromium 

reduction method (Canfield et al., 1986). First, a larger mass of powdered bulk sample 

(between 200 and 2000 mg) was weighed into a digestion flask. Then, 10 mL of ethanol, 20 

mL of concentrated HCl, and 40 mL of CrCl2 solution were slowly added in a N2-flushed system 

for at least 90 minutes. The reaction produced hydrogen sulfide that was collected in trapping 

vessels where a copper (II) chloride (CuCl2) solution was introduced. Hydrogen sulfide reacted 
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with the working solution and subsequently formed CuS precipitate. The CuCl2 remaining 

solution is transferred to a flask with a filtration system that collects the precipitate in a filter 

paper. Titration of the CuCl2 remaining solution was conducted, and was initiated by the 

addition of 70 mL of sodium acetate trihydrate buffer and 3 to 5 drops of indicator (glycine 

cresol red). Titrant (0.1 M EDTA) was added from a microburette inserted into the second hole 

of the stopper. The end-point arose when the solution turns green permanently. Assuming 

FeS2 stoichiometry, FePy was calculated from the weight percentage of sulfur extracted.  

e. X-ray Fluorescence (XRF) microscopy 

The synchrotron-based XRF microscopy is a high sensitivity analytical technique and provides 

elemental maps with a micron-scale spatial resolution. Synchrotron-based XRF analyses were 

focused on representative MRS-like and black shale samples. The XRF investigations were 

performed on several areas within the studied polished slabs at the Nanoscopium hard X-ray 

nanoprobe beamline (Somogyi et al., 2015) of Synchrotron Soleil, L'Orme des Merisiers Saint-

Aubin, France. The monochromatic X-ray beam with 12 keV energy was focused on the 

sample by a Kirckpatrick-Baez nano-focusing mirror. A fast continuous scanning (FLYSCAN) 

technic was used to obtain micrometer resolution for elemental maps of mm2-sized sample 

areas (Medjoubi et al., 2013). The solid angle of detection was increased by means of two Si-

drift detectors (VITUS H50, KETEK GmbH) to collect full XRF spectra in each pixel of the 

scans. The XRF spectra of S, K, Ca, Ba, Mn, Fe, Ni, Cu, Zn, Ga, Ge, and As were obtained, 

but the distributions of S, K, Fe, Ni, and As are only provided in this manuscript. Each elemental 

map was normalized to 10 ms/pixel exposure time. 

1.5.4. Descriptive statistic and statistical treatment 

R software (R version 3.5.1; R Core Team, 2018) was used to carry out descriptive treatment 

and statistical tests with “FactoMineR”, “factoextra”, and “PMCMR” packages as well as 

“ggplot2” for drawing plots. Descriptive statistic by means of boxplot is an easy way to show 

the dataset according to a variable (i.e., elemental concentration and elemental ratio). The box 

represents 50% of the data and whiskers extend to 1.5 times the interquartile range. The mean, 

the median, and outliers are often displayed. In addition, principal component analysis (PCA) 

allows to explore graphically relationships among independent individuals and quantitative 

variables. PCAs are often realized before statistical tests. Prior to the statistical analysis, the 

assumption of normality and the homogeneity of variances were tested to perform parametric 

tests. If such conditions were violated for parametric tests, then non-parametric tests were 

used. However, the latter return a pvalue less accurate.  
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PART 2. THE FRANCEVILLIAN BIOTA 
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2.1. Introduction 

Although the distribution of MRS-bearing rocks shows a continuous record throughout much 

of Earth’s history, there are more reported MRS in Phanerozoic rocks (Davies et al., 2016). 

This may be attributed to potential bias coming from different aims of the personal research 

interests. The description and interpretation of microbial mats for palaeoenvironmental 

reconstructions, and/or taphonomical implications are the main purposes of MRS-specific 

publications (Davies et al., 2016). For instance, Neoproterozoic and Permian-Triassic 

sedimentary deposits have received a particular interest of researchers because these strata 

recorded major climatic fluctuations, and significant biological evolution or turnover. In this 

regard, the Palaeoproterozoic Era fulfils these conditions, but surprisingly was overlooked 

(Davies et al., 2016). In addition, it is frequently argued that the MRS were more widespread 

on tidal flats before the Cambrian explosion due to the lack of grazing and bioturbating 

metazoans (e.g., Gehling, 1999; Bottjer et al., 2000). Nonetheless, complex organisms and 

benthic microbial communities are capable of prospering together in oxygen-stressed 

environments, as observed in modern settings (Gingras et al., 2011) and Cambrian equivalents 

(Buatois et al., 2014).  

According to the recent work of Reynaud et al. (2017), some MRS were described as a 

phototrophic ecosystem in the fossiliferous Moulendé quarry, but their structural diversity and 

organizational pattern with the large colonial macrofossils have not yet been explored. Thus, 

this second part aims at extending the known record of microbial diversity in the 

Palaeoproterozoic. Finally, the relationship between bacterial communities with the more 

complex organism is underlined. 
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2.2. A study of Palaeoproterozoic microbial mats from the 

Francevillian Series in Gabon 

This section is dedicated to the published article in Geobiology journal. 

 

Unusual microbial mat-related structural diversity 2.1 billion years ago and 

implications for the Francevillian biota 

Jérémie Aubineau1, Abderrazak El Albani1*, Ernest Chi Fru2, Murray Gingras3, Yann 

Batonneau1, Luis A. Buatois4, Claude Geffroy1, Jérôme Labanowski1, Claude Laforest1, 

Laurent Lemée1, M. Gabriela Mángano4, Alain Meunier1, Anne-Catherine Pierson-Wickmann5, 

Philippe Recourt6, Armelle Riboulleau6, Alain Trentesaux6 & Kurt Konhauser3 

1UMR CNRS IC2MP 7285, University of Poitiers, 86073 Poitiers, France. 2Cardiff University, 

Main Building, Room 2.15B Park Place Cardiff, CF10 3AT, UK. 3Department of Earth and 

Atmospheric Sciences University of Alberta Edmonton, Alberta, T6G 2E3 Canada. 
4Department of Geological Sciences, University of Saskatchewan, Saskatoon, SK S7N 5A5, 

Canada. 5Department Geosciences, UMR 6118, University of Rennes 1, 35042 Rennes, 

France. 6UMR 8187 LOG CNRS, University of Lille, ULCO, 59655, Villeneuve d'Ascq, France. 

*corresponding author: abder.albani@univ-poitiers.fr 

Abstract 

The 2.1-billion-year-old (Ga) Francevillian series in Gabon hosts some of the oldest reported 

macroscopic fossils of various sizes and shapes, stimulating new debates on the origin, 

evolution and organization of early complex life. Here, we document ten representative types 

of exceptionally well-preserved mat-related structures, comprising “elephant-skin” textures, 

putative macro-tufted microbial mats, domal buildups, flat pyritized structures, discoidal 

microbial colonies, horizontal mat growth patterns, wrinkle structures, “kinneyia” structures, 

linear patterns and nodule-like structures. A combination of petrographic analyses, scanning 

electron microscopy, Raman spectroscopy and organic elemental analyses of carbon-rich 

laminae and microtexture, indicate a biological origin for these structures. The observed 

microtextures encompass oriented grains, floating silt-sized quartz grains, concentrated heavy 

minerals, randomly oriented clays, wavy-crinkly laminae and pyritized structures. Based on 

comparisons with modern analogues, as well as an average δ13C organic matter (Corg) 

composition of −32.94 ± 1.17‰ (1 standard deviation, SD) with an outlier of −41.26‰, we 

argue that the mat-related structures contain relicts of multiple carbon pathways including 
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heterotrophic recycling of photosynthetically derived Corg. Moreover, the relatively close 

association of the macroscopic fossil assemblages to the microbial mats may imply that 

microbial communities acted as potential benthic O2 oases linked to oxyphototrophic 

cyanobacterial mats and grazing grounds. In addition, the mat’s presence likely improved the 

preservation of the oldest large colonial organisms, as they are known to strongly biostabilize 

sediments. Our findings highlight the oldest community assemblage of microscopic and 

macroscopic biota in the aftermath of the “Great Oxidation Event,” widening our understanding 

of biological organization during Earth’s middle age. 

Keywords 

Bacterial mats, Gabon, geochemistry, geomicrobiology, palaeoenvironment, 

Palaeoproterozoic 

1 | INTRODUCTION 

The Palaeoproterozoic Era hosted one of the most important geochemical events in Earth’s 

history, marked by a measurable accumulation of atmospheric oxygen, the so-called “Great 

Oxidation Event” (GOE) between 2.45 and 2.32 billion years ago (Ga). Evidence for the GOE 

comes from the disappearance of detrital pyrite, uraninite and siderite from fluvial and deltaic 

deposits, an increase in the retention of iron in palaeosols, an enrichment of Cr and U in iron 

formations, and perhaps most importantly, the disappearance of sedimentary sulfur isotope 

mass-independent (S-MIF) anomalies indicative of atmospheric SO2 processing in the 

absence of appreciable ozone (Holland, 2002; Bekker et al., 2004; Farquhar et al., 2011; 

Konhauser et al., 2011; Partin et al., 2013b; Lyons et al., 2014). In the wake of the GOE, large 

positive excursions in the δ13C of marine inorganic carbon, during the “Lomagundi Event” ca. 

2.22–2.1 Ga (Karhu & Holland, 1996), are believed to reflect large-scale burial of organic 

matter in marine sediments (Berner, 2004; Bekker & Holland, 2012). New evidence suggests 

that the “Lomagundi Event” ended with a drastic drop in Earth’s oxygen content (e.g., Partin et 

al., 2013a), perhaps related to large-scale oxidation of organic carbon (Canfield et al., 2013) 

and/or changes in ocean biogeochemical processes that may have inhibited primary 

productivity (Chi Fru et al., 2015). 

The Francevillian sedimentary rocks ca. 2.1 Ga record these biogeochemical fluctuations in 

Earth’s oxygen accumulation dynamics through extreme excursions in the carbon cycle, in 

addition to hosting the oldest large colonial macroorganisms (El Albani et al., 2010, 2014). 

Major elements, trace metals, organic carbon and isotope analyses offer constraints on the 

basin geochemistry, revealing variations from the base to the top that are linked to sea level 

changes (Canfield et al., 2013; Bankole et al., 2016). The Lower Francevillian fluviatile rocks 
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were deposited in oxygenated waters (Bankole et al., 2016), whereas the Upper Francevillian 

marine rocks were deposited in oxic, ferruginous and euxinic waters (Canfield et al., 2013). 

The large macrofossils are highly variable in terms of size, shape and pyritization process 

being represented by lobate, elongated, rod-shaped, and disc-shaped morphotypes. The 

pyritization process did not fully occur in the circular discs, indicating that their organic 

composition differs from that of pyritized specimens (El Albani et al., 2010, 2014). In addition, 

some carbonaceous spheroidal microstructures have also been reported as organic-walled 

acritarchs that might have a planktonic origin. 

Of late, microbial fossils were found in the Francevillian sequence, including putative 

bacteriomorphous structures (Dubois et al., 2015) and a Gunflint-type assemblage of 

microfossils in the stromatolitic units (Lekele Baghekema et al., 2017). The presence of colonial 

macroorganisms and microfossils makes the Francevillian biota unique, but interestingly, 

evidence of microbial mats has never been demonstrated. In this work, we describe for the 

first time ever microbial mat-related structures (MRS) from 2.1 Ga siliciclastic sandstones and 

black shales from the FB2 Member of the Francevillian basin, Gabon. MRS are physical 

remains of destroyed mats and structures associated with decay, instead of well-preserved 

mat growth features (Eriksson et al., 2010). Their sedimentary features are preserved because 

microbes secrete extracellular polymeric substances (EPS), an adhesive mucilage (Decho, 

2000), that provide a coherent and protective coating that is unlikely to arise in sediments 

without a biological input (Gerdes et al., 1993, 2000; Porada & Bouougri, 2007; Noffke, 2010). 

Microbial life in the Palaeoproterozoic has been poorly described (Davies et al., 2016) even 

though existing palaeontological and biogeochemical evidence points towards the existence 

of significant microbial diversity previously in the Archaean. Through a combination of 

macroscopic and microtexture analyses, petrographic, geochemical, organic elemental 

analyses and stable carbon isotope composition of bulk organic matter, we compare modern 

and fossil mat-related structures, to characterize the marine palaeoenvironment in which the 

putative microbial mats formed. The data reveal the biogenicity of these structures, adding new 

insights into the origins of the Francevillian biota (El Albani et al., 2010, 2014; Ossa Ossa, 

2010; Parize et al., 2013; Ngombi Pemba, 2014; Reynaud et al., 2017). It is important that, we 

assessed and described the organizational, ecological and taphonomical processes that led 

to the development and preservation of the unique Francevillian biota. 

2 | GEOLOGICAL BACKGROUND 

The Francevillian basin, located in the southeastern part of the Republic of Gabon (Figure 

20A), is a 35,000 km² depression comprising 2.2–2.0 Ga marine sedimentary rocks that 

unconformably overly an Archaean basement (Weber, 1968). Petrographic and geochemical 
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analyses indicate that the Francevillian sediments were not affected by metamorphic 

transformation (maximum temperature 100 °C; Gauthier-Lafaye & Weber, 1989; Ngombi-

Pemba et al., 2014), resulting in the preservation of seawater composition at the time when 

deposition took place. Moreover, carbon isotopic and redox sensitive element compositions 

suggest that the “Lomagundi Event” was a global event (Canfield et al., 2013). 

The basin fill, composed of siliciclastic fluvial and marine deposits that are 1,000–2,500 m 

thick, is subdivided into four major lithostratigraphic formations, FA to FD (Figure 20B; Weber, 

1968; Gauthier-Lafaye & Weber, 1989; Gauthier-Lafaye, 2006; El Albani et al., 2010, 2014, 

2014). Fluviatile to deltaic conglomeratic sandstones, overlain by marine sandstones 

deposited in a tidal environment (i.e., syntectonic filling), make up the FA Formation, with the 

overlying sediments hosting diagenetic uranium ore deposits and the natural nuclear fission 

reactors of Oklo (Gauthier-Lafaye & Weber, 1989, 2003). The marine-dominated FB sequence 

Figure 20: Geological map and lithostratigraphic column. (A) Geological map of the Francevillian basin. 
The studied quarry is Moulendé (green star). Geological map adopted from Bouton et al. (2009b). (B) 
Synthetic lithostratigraphy of the Francevillian series. Four sedimentary units rest unconformably on 
Archean rocks. The red star indicates the detailed lithostratigraphic column observed in the Moulendé 
quarry (Figure 21). 
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rests unconformably on FA. The former was deposited below storm wave base during basin 

deepening and is subdivided into the FB1 (a, b and c) and FB2 (a and b) subunits. The FB1a 

and FB1b subunits are composed of interbedded shales, sandstones and conglomerate, 

stacked into fining upwards packages, while the overlying FB1c subunit mainly consists of 

black shales with a thin iron formation, likely corresponding to a maximum flooding surface. 

This is then overlain by thick Mn-rich carbonates. Massive sandstone beds of the FB2a subunit, 

probably deposited in channels near the fair-weather wave base, are capped by thinly 

laminated black shales that are 5 m thick, and interbedded with thin siltstone layers (FB2b), 

presumably deposited by waning storm surges. Outcrops of the FB2b subunit are scarce but 

host the well-known colonial macroorganisms described in El Albani et al. (2010, 2014). The 

overlying FC Formation consists of dolomite and thickly-banded stromatolitic cherts that were 

deposited under shallow water conditions (Bertrand-Sarfati & Potin, 1994). The uppermost FD 

Formation consists mainly of black shales, with pyroclastic material at the top deposited in a 

deep marine environment (Gauthier-Lafaye & Weber, 2003). 

The Francevillian basin has been intensively studied because of economic interests in their 

uranium and manganese ore content (Gauthier-Lafaye & Weber, 1989, 2003). Therefore, 

various ages have been obtained for the Francevillian sediments. For example, monazites 

contained in Archaean plutonic rocks from the Chaillu massif close to the FA Formation 

transition provided U-Pb ages of 2,998 ± 25 Ma to 2,621 ± 30 Ma (Mouélé et al., 2014). A U-

Pb age of 2,050 ± 30 Ma reported for uranium mineralization, delineates early diagenesis at 

the FA-FB boundary (Gancarz, 1978). Coarse-grained syenites of the N’Goutou volcanic 

complex, in the northern part of the Republic of Gabon, that are interlayered with rocks at the 

base of the FB1 sequence, yield an Rb-Sr age of 2,143 ± 143 Ma (Bonhomme et al., 1982). It 

is considered that these volcanic rocks were formed simultaneously with the sedimentary 

rocks. Diagenetic illites from the top of the FB1b subunit have been dated at 2,099 ± 115 Ma 

using the Sm-Nd method (Bros et al., 1992). At last, recent dating of zircons from welded tuffs 

near the top of the FD Formation produced a U-Pb age of 2,083 ± 6 Ma (Horie et al., 2005). 

The Palaeoproterozoic Francevillian MRS were discovered in the Moulendé quarry, the same 

fossiliferous quarry where large colonial organisms have been reported (El Albani et al., 2010, 

2014). MRS are heterogeneously distributed in the Upper FB2a subunit, as well as in the 

overlying laminated black shale. The latter is 5 m thick and forms the FB2b subunit (Figure 

21), covering a ~20 m thick host interval. 
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3 | METHODS  

3.1 | Sampling and sample preparation 

About one hundred samples were collected in order to describe large-scale variability in 

morphology, structural organization and diversity from outcrops localized in one locality over 

several years (Figure 20). All samples were logged to provide information on their spatial and 

time repartitions of the studied area (Figure 21), and then photographed at the University of 

Poitiers using a Nikon Europe D610 digital single-lens reflex camera equipped with a Nikon 

AF-S 24–120 mm f/4G ED VR lens. Polished slabs were observed using a ZEISS Discovery.V8 

stereoscope combined with Axio Cam ERc 5s microscope camera. Based on this pre-

screening analysis, representative samples were selected and powdered in an agate mortar 

for elemental and carbon isotope systematics. 

3.2 | Petrographic and mineralogical analysis 

Petrographic and mineralogical examinations were performed by transmitted and reflected 

light on eight polished thin sections using a Nikon ECLIPSE E600 POL microscope equipped 

with a Nikon Digital Sight DS-U1 camera and NIS-Element D software for scanning 

observations. Seven thin sections were carbon coated and examined for textural and 

compositional analyses using a FEI Quanta 200 scanning electron microscope (SEM) at the 

University of Lille 1. The SEM, coupled to Rontec energy-dispersive spectra (EDS) for semi-

quantitative mineral analysis in backscattered electron mode (BSE), was operated at 15 kV 

accelerating volts and a 1 nA beam current at a working distance of 10.5 mm. 

3.3 | Carbon analysis 

Raman spectroscopy was used to determine the composition of carbon preserved within the 

MRS on two representative samples. Analyses were carried out at the University of Poitiers 

with a HORIBA JOBIN YVON Labram HR800UV, an integrated Olympus confocal microscope 

coupled to a Peltier-cooled CCD detector. All analyses were performed by means of 514.5 nm 

Ar+ laser of 1 mW, 200 μm confocal hole, 1,800 grooves/mm grating. Data recording and 

treatment were done with LabSpec 5 software. 

Ten representative samples, composed of five mat samples and five associated surrounding 

sediments, were crushed for the determination of the elemental content of associated organic 

matter, as well as carbon and sulfur composition, at the University of Poitiers. Analyses were 

performed using a CHNS analyzer, model FlashEA 1112 (Thermofisher Scientific) by flash 

dynamic combustion at 970 °C under a constant flow of helium. Data were recorded using 

Eager 300 software. A calibration curve was obtained with sulfanilamide and BBOT—2,5-

Bis(5-tert-butyl-benzoxazol-2-yl) thiophene—before each analysis. The results of carbon 
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contents include both inorganic and organic carbon, but petrographic analyses showed that 

calcium carbonate and dolomite concentrations were low. 

Stable carbon isotope measurements (12C, 13C) of organic matter from 14 mat samples (from 

both FB2a and FB2b subunits) were conducted at the Stable Isotopes Laboratory of UMR 

Pegase (INRA Rennes, France), using an elemental analyzer coupled with an isotope ratio 

mass spectrometer (IRMS; VG Isoprime; UMR PEGASE—INRA Rennes). More than 500 mg 

of fine-grained powders were analyzed and loaded in tin capsules for each sample. IAEA-C6 

Figure 21: Detailed lithostratigraphic column. Composite columnar section of the Moulendé quarry in 
the FB2 Member showing the vertical distribution of ten representative types of mat-related structures 
(MRS) and sedimentary structures (SS). 
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(sucrose ANU, δ13C = −10.63‰), USGS-24 (graphite, δ13C = −15.98‰), USGS-40 (glutamic 

acid, δ13C = −26.32‰) and Urea Isotopic Working Standard (δ13C = −38.3‰) were used as 

reference standards. Data are expressed as delta values (‰) relative to Vienna Pee Dee 

Belemnite (V-PDB). No correction was added to the measured values, and the analytical 

uncertainty is estimated to be lower than 0.2‰. 

4 | FACIES ANALYSIS OF THE MOULENDÉ QUARRY 

The Moulendé quarry has been examined over an area of ~5 ha, for a total of nine studied 

outcrops (Figure 22A). Among them, the F8 outcrop (Figures 22A-C) was logged in detail 

because of its well-exposed strata and sedimentary structures. It is the only outcrop where the 

FB2a-FB2b transition is observed with accompanying black shale deposits. Lithological 

composition, vertical facies relationships and sedimentary features allow recognition of two 

depositional facies from the MRS-bearing strata. 

4.1 | Facies 1 

Thick-bedded, coarse-grained sandstones represent the main facies of the Moulendé quarry. 

These deposits are commonly referred to the Poubara sandstones (FB2a subunit; Figures 21, 

22A-C). This facies is 15 m thick in the quarry, as well as in the closest drill core (GR5; Azziley 

Azzibrouck, 1986), but could be up to 100 m thick elsewhere in the basin (Weber, 1968). 

Interbedded thin-bedded, coarse-grained sandstones and laminated black shales form 

heterolithic beds. The uppermost massive sandstone bed is laterally heterogeneous in 

thickness, and its bedding surface is undulatory. At the top of several massive sandstone beds, 

sedimentary features, including load structures, sandstone clasts and water escape structures, 

such as dishes, are present. These beds occasionally contain dm-scale hummocky cross-

stratification (HCS), restricted to the upper part of the succession (Figures 21, 22D; Reynaud 

et al., 2017). 

4.2 | Facies 2 

Numerous thin-bedded, parallel-laminated black shales with interbeds of siltstones lie 

conformably upon Facies 1. They form stacks of variable thickness in the upper part of the 

studied succession and are about 5 m thick. Connected to the underlying facies and 

approximately 0.4 m in height, a sandstone dyke cross-cuts these multilayered black shales 

(Figures 21, 22E). There is no evidence of fracturing along the dyke, indicating that the 

sediments were not consolidated prior to injection. The main component of facies 2 is 

characterized by rhythmic successions of mm-scale light and dark laminae of siltstones and 

shales. Small-scale cross-laminae are found within mm-thick interbedded siltstones. Load-

shaped and flame-shaped structures forming convolute bedding (Figures 21, 22F) are 
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observed in interbedded medium-to-coarse-grained siltstone beds ranging from 2 to 5 cm in 

thickness. Interference ripples are also observed, indicating palaeowaves coming from two 

directions (Figures 21, 22G). At last, a dm-scale bed containing dark-colored convex laminae 

associated with cm-scale current ripples comprise the thickest interbedded coarse-grained 

siltstones (Figures 21, 22H). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 22: Plane view and outcrop pictures of sedimentary facies in the Moulendé quarry. (A) 
Representation of the quarry from plane view. Red box indicates the main studied outcrop in B (F8).F 
= outcrops. (B) Details of the bedding geometry at the transition between massive sandstone beds and 
thinly laminated black shales. (C) Closer view of B. (D) Cross-section view of decimeter scale 
hummocky cross-stratifications (HCS), FB2a subunit. (E) Sandstone dyke, FB2a—FB2b transition. 
Coin diameter: ~2 cm. (F) Cross-section view of convolute structures, FB2b subunit. (G) Bedding plane 
view of interference ripples, FB2b subunit. (H) Longitudinal view of dark-colored convex laminae 
associated with cm-scale foreset beds, FB2b subunit. 
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4.3 | Interpretations 

The variation in thickness of the uppermost massive sandstone level (at ~15 m in the 

stratigraphy) may be related to detachment folds and troughs later infilled by overlying 

sediments (Reynaud et al., 2017). Sudden and rapid deposition of coarse-grained sediments 

produce load and dish structures by immediate dewatering (Reineck & Singh, 1980). Rapid 

sedimentation also results in sandstone dykes formed by elevated pore pressures leading to 

fluidization of the unconsolidated sediment. In addition, conditions that are favorable for the 

formation of HCS are commonly found between the fair-weather and storm wave base 

(Immenhauser, 2009). Various interpretations have been proposed for the 

palaeoenvironmental setting of the FB2a subunit. They range from a deltaic 

palaeoenvironment subjected to tidal influence (El Albani et al., 2010; Ossa Ossa, 2010), to a 

shoreface palaeoenvironmental setting (Ngombi Pemba, 2014), to a turbidite lobe setting in 

waters deeper than 200 m (Parize et al., 2013). Reynaud et al. (2017) showed that the Poubara 

sandstones are composed of high-density sediment gravity flow deposits, emplaced during a 

forced regressive system tract. These authors underline that the Francevillian basin was likely 

isolated because of the absence of wave deposits. They also noticed the presence of linguoid 

and interference ripples that is consistent with shallow water settings. Thinly laminated black 

shales are deposited in a relatively quiet water setting but interrupted by quickly deposited 

supplies of millimeter-to-centimeter-scale siltstones. These laminae host many sedimentary 

structures that indicate a strong current. Reynaud et al. (2017) suggest that these sediments 

were deposited close to the maximum regressive surface whereas Parize et al. (2013) argue 

for the deposition of turbidites on an upper slope setting. 

5 | MAT-RELATED STRUCTURES (MRS) IN THE FB2 MEMBER 

The MRS documented here come from a 20 m thick interval of the FB2 sequence (Figure 21). 

Some specimens are entirely or partially pyritized, while others display a few isolated pyrite 

grains within the mat layers. Following the classification scheme by Sarkar et al. (2008) the 

Francevillian MRS are divided into two major categories: (a) mat-layer structures, representing 

potential in situ growth of a microbial mat (Figures 23, 24; Appendix 1) and (b) mat-protected 

structures (Figure 25), possibly formed by abiotic processes but requiring the protection of a 

microbial mat (Davies et al., 2016). 

5.1 | Mat-layer structures 

This group of MRS represents the “mat-layer itself that may be intact, deformed or rafted” 

(Sarkar et al., 2008). In this work, we interpret well-preserved, intact mat growth according to 

the following criteria. 
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5.1.1 | “Elephant-skin” textures 

Description 

“Elephant-skin” textures (Runnegar & Fedonkin, 1992) encompass quasi-polygonal, 

geometrically distinct reticulate patterns, ranging from the millimeter to centimeter scale, and 

bearing bulges or ridges (Figures 23A-C). They are both identified at the top of the massive 

Poubara sandstones and the interbedded siltstones in the black shales (Figure 21). Individual 

polygons are 0.3–1.3 cm in diameter, with a maximum relief of 0.2 cm. 

Microscopic analyses show reticulate patterns preserved as non-homogenous dark laminae 

above a light, coarser material 200–600 μm thick (Figures 26A, F). The overlying layer consists 

of abundant wavy-crinkly laminae entangling 20–50 μm quartz grains and heavy minerals (e.g., 

titanium oxides, apatites and monazites); the latter suggested by the relative proportions of the 

elements found through SEM-EDS analysis (Appendix 2), as well as transmitted and reflected 

light microscopy. Most of the grains in the wavy-crinkly laminae are randomly arranged within 

a clayey matrix and are dominated by O, Al, Si, Mg, K and Fe (Appendices 2, 3). Reticulate 

patterns are also C-rich (up to 8.52%) compared to the underlying sandstone bed, as evident 

from the Raman (Figures 27A-C) and organic elemental analyses (Appendix 4). The 

carbonaceous layer is punctuated by tufted microstructures, either on bulge rims or within the 

bulges, with similar striking morphologies to each other and where clay layers are almost 

vertically oriented (Figures 26F, 28A, B). Based upon the description by Noffke et al. (2013), 

the height/base index is 30/100 to 120/220 μm long, separated at regular distances of 150–

230 μm from each other. 

Interpretation 

“Elephant-skin” textures are formed by a specific arrangement of tufts, pinnacles, bulges and 

smaller-scale bulges arranged into ridges. Tufts, often arising in ridge junctions or at the 

intersection of microbial bulges, are proposed as a particular type-feature of cyanobacterial 

mat filaments growing vertically towards a light source (phototaxis; Gerdes et al., 2000; Porada 

& Bouougri, 2007; Bose & Chafetz, 2009). These textures are known in modern supratidal 

environments (Gerdes et al., 2000; Gerdes, 2007; Bose & Chafetz, 2009; Taj et al., 2014), but 

have also been recorded and described in some ancient shallow water environments from the 

terminal Proterozoic (Runnegar & Fedonkin, 1992; Gehling, 1999), and perhaps even the 

Archaean (Flannery & Walter, 2012). However, Shepard & Sumner (2010) debated the role of 

phototaxis in the formation of reticulate patterns and tufted structures. They investigated 

whether filamentous Cyanobacteria were influenced by light to form polygonal structures or 
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whether they were related to their own morphotype. Thus, reticulate patterns may result from 

an undirected motility of filamentous bacteria without the influence of light. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 23: Microbial mat structures in the Francevillian B Formation (FB2): Mat-layer structures. (A-C) 
“Elephant-skin” textures. (D) Putative macro-tufted microbial mat. (E, F) Clustered domal buildups and 
flat pyritized microbial structure (red arrow). Macrofossil specimens (white arrows). (G) Isolated domal 
buildups. (H) Wrinkle marks. 
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5.1.2 | Putative macro-tufted microbial mat structures 

Description 

The putative macro-tufted microbial mats are preserved as positive epireliefs that display 

patches of vertical bump-like structures protruding 0.05–0.2 cm on the upper surface of 

interbedded, coarse-grained siltstones (Figures 21, 23D). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 24: Microbial mat structures in the Francevillian B Formation (FB2): Mat-layer structures. (A, B) 
Discoidal mats likely representing “fairy ring” structures. (C-E) Disc-shaped mats that display a 
cauliflower-like pattern. (F) Disc-shaped mat with internal wrinkle structures. (G) Small pyritized circular 
bodies. (H) Horizontal mat growth pattern. 
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Microscopic features seen in longitudinal thin sections reveal that the coarse-grained siltstone 

is draped by a 50–500 μm thin, dark, clay-rich layer with floating quartz grains (Figures 26B, 

G, H). These grains are clearly different in size compared to the coarser grains in the 

underlying sediment. Some clay particles are micaceous and oriented more or less parallel to 

the bedding plane. Furthermore, it can be noted that the thickness of this overlying dark layer 

varies along the longitudinal section. The thinner dark-colored layer is found at the top of the 

microtopography, whereas the thicker one overlies the troughs. 

SEM imaging reveals that the dark lamina encompasses heterogeneously-sized, 5–40 μm 

quartz grains and heavy minerals (Figure 28C), while clay minerals are positioned 

subvertically. In addition, EDS analyses suggest that these laminated minerals are mainly 

made of O, Si, Al, K elements, with minor Mg, Fe and Na (Appendix 3), consistent with the 

elemental composition of mica and illite minerals (e.g., Velde & Meunier, 2008). 

Interpretation 

A similar macro-tufted microbial mat was recorded from a 2.0 Ga palaeodesert environment 

where 0.2 cm high mound-like structures are randomly arranged on a fine-grained sandstone 

(Simpson et al., 2013). The mechanism behind the development of this feature in the 

sedimentary rock record remains unclear. However, by changing the polarity of their 

filamentous structure, the growth of a microbial biofilm is able to produce similar bump-like 

structures in modern sedimentary environment (Gerdes et al., 2000; Gerdes, 2007; Bose & 

Chafetz, 2009; Taj et al., 2014). This pattern may also result from the direct filling of the pre-

existing microtopography by mat-building organisms as they grow and expand (Simpson et al., 

2013). The smooth but bumpy morphology is likely enhanced by synsedimentary loading and 

post-depositional compaction, and so this bio-sedimentary expression could be viewed as a 

combined microbial and compaction feature. 

5.1.3 | Domal buildups 

Description 

Domal buildups are preserved as positive bed-top features on bedding surfaces of black shales 

(Figure 21). They are characterized by 0.1–0.4 cm convex, domal structures projecting 

upwards from the bedding plane. Distinctive features include a cluster of low mound-shaped 

structures, 0.4 cm in diameter, nearly equal in all instances and without any central 

depressions (Figures 23E, F). In an alternative manner, they can be isolated structures with a 

diameter ranging from 0.7 to 1.5 cm that seem to reveal a cauliflower-like texture associated 

with extensive positive relief, wrinkled structures (Figure 23G). Circular discs belonging to the 

oldest large colonial organisms (El Albani et al., 2014) seem closely associated with these 
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specific structures. Both isolated and clustered domal structures have been shown to be 

pyritized (Appendix 4). Bulk sulfur level of up 22.16% within the domal structures is associated 

with a carbon content <0.53%. There are also flat, pyritized mat-related structures without any 

particular distinctive features that tend to develop close to the clustered domes (Figure 23F; 

Appendix 1). 

Thin sections reveal a well-defined alternation of clay and silt layers beneath the domal 

structures (Figure 26C). Most of the quartz particles from the underlying sediment are 

laminated and/or have a length of grain-to-grain contact of mostly 20–80 μm. None of these 

grains were found in the topmost dark, clay layer. Furthermore, the domal structures typically 

show an indication of internal convex lamination between all pyrite grains (Figure 26I), which 

reflects the position of the domes in epirelief. 

Interpretation 

Domal buildups have been reported from fluvial and fluvio-deltaic settings in Mid-Proterozoic 

(Garlick, 1988; Schieber, 1998, 1999; Sheldon, 2012; Wilmeth et al., 2014) to shallow water 

settings in Late Cambrian times (Bottjer & Hagadorn, 2007). The latter authors proposed that 

they “may represent different life histories, biological affinities, and/or histories of interaction 

with the physical environment”. Previous studies have also invoked a distinct mat growth 

pattern (Wilmeth et al., 2014) and inferred that domal structures are built by an upward growth 

of microbial mats. This might reflect competition for light (Garlick, 1988; Schieber, 1999). The 

δ13Corg isotopic signatures of Mesoproterozoic domal-like structures in Copper Harbor 

Conglomerate (Upper Peninsula of Michigan) are attributed to photosynthesis (Sheldon, 2012). 

Extracellular polymeric substances possess chemical properties that protect cells by creating 

sharp geochemical gradients (Decho, 2000), while the anaerobic decay of the buried mat 

material facilitates the precipitation of diagenetic minerals such as pyrite, depending on sulfate 

and iron bioavailability. If this diagenetic mineralization follows individual layers within the EPS 

demarcated boundaries, or if it is associated with specific features, the former presence of 

microbial mats is overprinted and preserved as a mineralized signature (Schieber, 1999). 

Thus, sulfate-reducing microorganisms probably used the carbonaceous material from the 

domal buildups as their electron donor, thereby releasing hydrogen sulfide to react with 

available iron. This mechanism is supported by the recurrent low carbon to high sulfur contents 

in the materials. Analyses of the sulfur isotope contained in pyrite from the Francevillian series 

measured by Secondary Ion Mass Spectrometry (SIMS) further revealed negative δ34S values 

associated with widespread microbial decay, linked to the activities of the sulfate-reducing 

microorganisms (El Albani et al., 2014). 
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5.1.4 | Discoidal microbial colonies 

Description 

A discoidal microbial colony (Grazhdankin & Gerdes, 2007) is a term for a mat layer that 

includes disc-shaped, internal, centimeter-scale features (Figures 24A-G). Two major distinct 

discoidal microbial colony-like morphologies occur on bedding planes in the black shale unit 

(Figure 21). The first is characterized by centimeter to the decimeter scale clusters of outward-

convex, rod-shaped structures with internal pyritized concentric bands, possessing a series of 

~0.4 cm wide light and dark zones (Figures 24A, B). This specific feature does not exhibit any 

relief. The second variety is made up of well-marked circular bodies represented by sharp 

outlines separating the specimens from the surrounding black shale (Figures 24C-G). The 

disc-shaped colonies display slight internal concentric zonations, wrinkle features or a lack of 

any specific morphological characteristics. A variety of the specimens have a 1.1–1.7 cm high 

disc-shaped relief with concentric rims restricted to the edges, which may present themselves 

as cauliflower-like patterns varying between 3.3 and 8.2 cm in diameter (Figures 24C-E). There 

are numerous distinct large euhedral pyrite crystals on these structures. Less common are 

disc-shaped bodies of 2.3 cm in diameter and represented by a minor relief, internal millimeter-

scale wrinkles, and devoid of sharp outlines (Figure 24F). Other observable discoidal 

structures are relatively small (~0.5 cm diameter) that do not have particular features (Figure 

24G). However, these are the only structures that are entirely pyritized by tiny pyrite crystals. 

Interpretation 

Previous studies have shown that a wide range of variability exists in the morphology and 

organization of modern discoidal microbial colonies in natural environments (Gerdes et al., 

1993; Banerjee et al., 2014; Sarkar et al., 2014) as well as under laboratory conditions 

(Matsushita et al., 2004). Concentric zonations with a series of light and dark bands represent 

a particular variety of discoidal microbial colony known as “fairy rings.” Modern “fairy ring” 

structures are ubiquitous in salt marshes (Gerdes et al., 1993; Gerdes, 2007) and in shallow 

water environments (Banerjee et al., 2014). The concentric ring-shaped structures of the 

Francevillian series discoidal structures clearly display the same striking morphologies. All 

modern examples indicate that filamentous Cyanobacteria and diatoms, which are embedded 

in EPS and crowned by micro-pinnacles, form these concentric ring-shaped structures. This 

arrangement is likely not random but represents an oriented behavior that might be triggered 

by external environmental factors (Gerdes, 2007). So far, the generally accepted mechanism 

of formation involves escaping gas bubbles from the substrate, which may cause concentric 

wave propagation (Gerdes et al., 1994). In a subsequent way, chemotactic responses initiated 

by adapted filamentous Cyanobacteria may form the concentric organizational patterns. At 
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present, the oldest discoidal microbial colonies that have been described are from 

Mesoproterozoic and Neoproterozoic shallow submarine environments (Grazhdankin & 

Gerdes, 2007; Banerjee et al., 2010, 2014; Sarkar et al., 2014), where pyritized filamentous 

structures are sometimes preserved (Grazhdankin & Gerdes, 2007). 

 

 

 

 

Figure 25: Mat-related structures in the Francevillian B Formation (FB2): Mat-protected structures. (A, 
B) Parallel wavy wrinkle structures. (C) Cross-cutting wrinkle structures. (D) “Kinneyia” structure. (E) 
Linear pattern. Dashed red box indicates the position of the magnification in F. Red arrow shows the 
location where the Raman spectroscopy was performed. The Raman spectra are visible in Figure 27D. 
(F) Micrometric spots interpreting as oriented grains. (G) Linear patterns with several parallel ridges. 
(H) Nodular-like structure. 



 
 

76 
 

5.1.5 | Horizontal mat growth pattern 

Description 

A unique, outward-convex, spindle-shaped structure extending over 34 cm is developed on 

the bedding plane surface of the black shale unit (Figures 21, 24H). The structure appears 

similar to the spindle-shaped “fairy ring” structures described above. However, this structure is 

represented by tiny, 0.1 cm tall, arched ridges, rising horizontally, following a well-defined 

geometric pattern. These sharp-crested ridges of 0.15 cm in width are regularly spaced, 

commonly dissected and slightly undulated. It appears that the laminae convexity of the whole 

structure is unevenly distributed, ranging from 55 to 86 degrees. 

Interpretation 

The horizontal mat growth pattern could be related to “fairy ring” structures with which the 

pattern shares some similarities (e.g., outward-convex, spindle-shaped, sharp-crested ridges). 

Nevertheless, there are no alternations of light and dark zones. Processes implicated in the 

formation of “fairy ring” structures may be involved here, but topography is added. The 

orientation of the wave propagation and subsequent millimeter-sized ripples may be induced 

by gravity. Then, pinnacle-forming organisms would interact with the nutrient front by 

chemotactic responses to colonize the substratum, producing the distinct morphology 

preserved in the sedimentary record. In an alternative way, localized mat failure and strain 

induced by gravity, waves or currents could also explain the morphology as a mechanical 

deformation of biogenically stabilized sediment. Although it has not been suggested in other 

studies, morphological features including a point of origin, persistent “growth” in one vector, 

and sharp boundaries could also be explained by an underwater seep that is confined by a 

biomat and promotes mat growth in a downslope direction. In any case, the parallel 

arrangement of ridges, as well as the regularity of components in the horizontal mat growth 

pattern, suggests a biotic origin. 

5.2 | Mat-protected structures 

This category of mat-related structures arises from structures that probably require mats for 

their preservation, the excepting being wrinkle marks. 

5.2.1 | Wrinkle structures 

Description 

Based on morphology, three types of wrinkle structures are categorized here: wrinkle marks, 

parallel wavy wrinkle structures and cross-cutting wrinkle structures. Wrinkle marks are 
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represented as laterally continuous or discontinuous, slight, outward-convex positive relief on 

bedding plane of the black shales (Figures 21, 23H). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 26: Optical photomicrographs of mat-related structures. (A) Transmitted thin section of 
“elephant-skin” texture. Dashed red box denoting area magnified in F. (B) Transmitted thin section of 
putative macro-tufted microbial mat. Dashed red boxes denoting areas magnified in G and H. (C) 
Transmitted thin section of an isolated domal buildup. Dashed red box denoting area magnified in I. (D) 
Transmitted thin section of parallel wavy wrinkle structures. Dashed red box denoting area magnified 
in J. (E) Transmitted thin section of a linear pattern. Dashed red boxes denoting areas magnified in K 
and Figure 28E. (F) Tufted microstructures and wavy-crinkly laminae. Dashed red box denoting area 
magnified in Figure 28A. (G, H) Thickness variation across the mat layer with floating grains embedded 
by clays (red arrows). Mica (white arrows). Dashed red box denoting area magnified in Figure 28C. (I) 
Reflected magnified thin section of an entirely pyritized dome. An internal convex lamination is indicated 
by dashed red lines. (J) Clay laminae do not onlap the rippled siltstone bed but rather well follow its 
topography. Oriented grains (arrows). (K) High amount of quartz particles (arrows as example) within 
dark-coloured laminae. Dashed red box denoting area magnified in Figure 28D. 
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Parallel wavy wrinkle structures are preserved as sinuous, continuous ridges separated by 

parallel, narrow valleys extending for <10 cm on bedding surfaces of sandstones and 

interbedded thin-to-medium-bedded siltstones (Figures 21, 25A, B). The ridges have rounded 

tops and steep sides, with an individual ridge elevation of 0.1 cm and a spacing of 0.4 cm. 

Organic elemental analysis of one sample from the black shale unit does not reveal significant 

differences in carbon content between the parallel wavy wrinkle structures and the surrounding 

sediment (Appendix 4). However, microscopic analysis of thin sections, cut perpendicularly 

through the wrinkles, indicates that a dark-colored layer caps the coarse, silt-sized rippled 

structures. Further down, the sediment displays quasi-planar laminations (Figure 26D). 

Oriented quartz grains trapped within the carbonaceous layer (Figure 26J) appear to have the 

same grain size as those found in the rippled structure. Tiny floating grains are also embedded 

in the clay-sized fractions. Sheets of various clay particles entangle several heavy minerals, 

mainly titanium oxides (Appendix 3). 

Cross-cutting wrinkle structures (Banerjee & Jeevankumar, 2005) are characterized by 

bifurcating and frequently interconnected asymmetric ridges with intervening subparallel 

troughs on the bedding surface of black shales (Figures 21, 25C). The rounded ridges are 0.1–

0.2 cm high, 0.4–0.5 cm wide, and their spacings vary from 0.4 to 1 cm. A few dome-like 

structures of 0.5–0.6 cm are close to these cross-cutting wrinkle structures (Figure 25C). 

Interpretation 

Wrinkle structures are one of the most common sedimentary features related to microbial mats. 

They are found over a large palaeogeographic range, including the deep-sea (Buatois & 

Mángano, 2003; Flood et al., 2014), shallow marine (Hagadorn & Bottjer, 1997; Banerjee & 

Jeevankumar, 2005; Sarkar et al., 2006, 2014, 2016; Porada & Bouougri, 2007; Mata & Bottjer, 

2009; Banerjee et al., 2014; Buatois et al., 2014; Yang et al., 2017), fluvial and lacustrine (Chu 

et al., 2015, 2017), and even continental environments (Simpson et al., 2013). Some 

researchers claimed that relative microbial community growth correlates to with irregular 

surface of wrinkle structures (Hagadorn & Bottjer, 1997; Banerjee & Jeevankumar, 2005; 

Sarkar et al., 2006, 2014). 

Loading and dewatering processes have also been proposed for wrinkle generation (Noffke et 

al., 2002). A recent study has proposed that abiotic mechanisms are unable to create 

millimeter-scale ripples (3–15 mm wavelengths) because waves with small orbital amplitudes 

are not strong enough to mobilize sand and silt grains (Mariotti et al., 2014). In wave tank 

experiments, millimeter-scale ripples were perfectly reproduced by means of microbial 

aggregates rolling along the substrate and transporting grains. The preservation of such 

structures requires burial by fine material that may be represented by the biostabilization of a 
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bacterial community. The dark-colored layer overlapping the silt-sized rippled structures 

(Figures 26D, J) is probably induced by EPS that acts as a trap for particles from the 

surrounding environment (Hagadorn & Bottjer, 1997). Oriented grains are result of a growing 

biofilm that envelops, lifts, rotates and orientates the grains (Noffke et al., 1997, 2001). By 

combining morphological description and petrographic study, it appears that wrinkle structures 

are polygenic. Both mat-layer and mat-protected structures are therefore most likely 

represented in this case. 

5.2.2 | “Kinneyia” structures 

Description 

“Kinneyia” structures are characterized by clearly distinct, short, sinuous ridges and troughs of 

0.2 cm in width and <0.1 cm in height on the bedding surface of the black shale unit (Figures 

Figure 27: Polished slab of “elephant-skin” texture and Raman spectra of both “elephant-skin” texture 
and linear pattern. (A) Polished slab in cross-section perpendicular to bedding plane. Non-homogenous 
dark layer preserved above a pronounced boundary. Red arrow and white arrow indicate Raman 
spectra in B and C, respectively. (B) Representative Raman spectra of the microbial mat within bulges. 
It shows the presence of three carbon peaks (“C”) at ~1202 cm–1 (“D4” disordered peak), 1,336 cm−1 
(the “D1” disordered peak) and 1,603 cm−1 (the “G” graphite peak). (C) Typical Raman spectra of 
sandstone with quartz (“Q”) peaks. (D) Representative Raman spectra of mat layers of linear pattern 
indicated in Figure 25E. It shows the presence of three carbon peaks (“C”) at ~1,170 cm−1 (“D4” 
disordered peak), 1,344 cm−1 (the “D1” disordered peak) and 1,603 cm−1 (the “G” graphite peak). (E) 
Typical Raman spectra of host sediment of linear pattern, with quartz (Q) peaks and very small 
intensities of “C” peaks. 
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21, 25D). These structures fit with the definition of “Kinneyia” as proposed by Porada et al. 

(2008), that is, they are “comparatively short, curved, frequently bifurcating, flat-topped crests, 

0.5–1 mm high and 1–2 mm wide, which are separated by parallel, round-bottomed 

depressions. The crests are usually steep sided and may run parallel”. 

Interpretation 

The origins of “Kinneyia” structures have long been among the most problematic to 

understand. From their initial description as fossil algae (Walcott, 1914) to the present day 

where the term is now used to describe MRS, they have been interpreted in various ways 

(Hagadorn & Bottjer, 1997; Noffke et al., 2002; Porada & Bouougri, 2007; Porada et al., 2008; 

Thomas et al., 2013; Mariotti et al., 2014). However, few hypotheses properly explain how the 

underlying sediment is affected (Davies et al., 2016). Of late, “Kinneyia” structures were 

successfully reproduced in wave tank experiments using microbial aggregates (Mariotti et al., 

2014), although the sharply defined morphology of the depressions preserved might suggest 

that gas bubbles formed beneath the biomat could also be a possible mechanism (Pflüger, 

1999). It has also been demonstrated that “Kinneyia” is a polygenetic texture (Davies et al., 

2016), but the Francevillian “Kinneyia” structures do not rule out formation by biotic mediators. 

5.2.3 | Linear patterns 

Description 

Linear patterns are characterized by 0.1–0.3 cm high, parallel, linear ridges, slightly undulated 

on the bedding surfaces of massive sandstones and interbedded siltstones (Figures 21, 25E, 

G). They are of varying size, ranging from 2 to 8 cm in length and 0.3–0.7 cm in width. Around 

these linear ridges, the surface morphology is not uniformly flat but bears micrometric spots 

that seem to be embedded in the matrix (Figure 25F). Furthermore, Raman spectroscopy 

indicates this dark-colored layer is carbon-rich compared to the underlying sediments (Figures 

27D, E). 

Microscopic observations reveal that the 100–300 μm thick, carbon-rich layer lies on lighter, 

sand-sized quartz grains and consists of multiple, well-defined sheets of clay minerals (Figures 

26E, K). SEM imaging shows that numerous small quartz grains and heavy minerals, such as 

apatite, titanium oxide and zircon, are embedded in the clay matrix (Figures 28D, E). This 

matrix is formed by O, Si, Al, Mg, Fe and K elements that is chlorite and illite, as expressed by 

EDS analyses (Appendix 3). Furthermore, sand-sized quartz grains are observed inside the 

ridges as well as the surrounding sediment but are separated by a clayish undulated layer 

(Figure 28E). The quartz grains inside the ridges and those from the host rock appear randomly 

oriented. 
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Interpretation 

According to the identification of linear patterns in modern tidal flats by Porada & Bouougri 

(2007) “straight to irregular ridges are developed at distance of 1–2 cm and are locally 

interrupted or reduced to faint lines on the flat mat surface”. Towards the water line, oriented 

bacterial filaments dominate these structures. In experimental studies, Shepard & Sumner 

(2010) observed linear ridges of up to 15 cm long made of cyanobacterial filaments running 

parallel to the incident light. Moreover, it has been proposed that a faint rippled surface may 

imply a linear pattern because of the preferential microbial growth following slight ridges 

(Bouougri & Porada, 2007; Gerdes, 2007; Porada & Bouougri, 2007). 

 

Figure 28: SEM imaging of mat-related structures. (A) Magnified view of box area in Figure 26F. 
Upward clay laminae within tufted microstructures and wavy-crinkly layers. (B). Tufted microstructures 
and heavy minerals constitute bulges of the “elephant-skin” texture. (C) Magnified view of box area in 
Figure 26H. Quartz grains, heavy minerals and randomly oriented clays constitute the dark-coloured 
mat layer. (D) Magnified view of box area in Figure 26K. Detrital particles wrapped by sheet clays. (E) 
Magnified view of box area in Figure 26E. Clay minerals above and throughout the ridge (arrow). No 
significant clue of liquefaction nor microbial shrinkage. 
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The presence of carbonaceous material within the dark-colored layer is congruent with a biotic 

origin. Microtextures, such as tiny quartz particles and heavy minerals embedded in the matrix, 

are caused by the trapping and binding processes related to microbial activity (Gerdes, 2007; 

Noffke, 2010). Individual grains bound in the organic matrix can be compared to those 

observed with laboratory-grown Cyanobacteria. These are described as oriented grains that 

are pushed upwards during their growths (Noffke et al., 2001; Noffke, 2010). 

On a macroscopic level, the Francevillian MRS strongly resemble the linear structures 

described above, commonly equivalent in shape but slightly smaller in size. However, no 

microscopic features were described until now. Taking microtextures into account, it seems 

unlikely that bacterial orientation is capable of mobilizing large amount of sediments to form 

ridges. Microbial shrinkage caused by a period of subaerial exposition, is also a possibility 

(e.g., Chu et al., 2017; Kovalchuk et al., 2017), although the surface morphologies and 

microtextures are not consistent with this process. Also, dilational strain on a mildly dipping 

sediment surface could explain these features, but their orientations are irregular and their 

distributions are sporadic. Liquefaction underneath the microbial mat, due to a rise in pressure 

(e.g., Porada et al., 2007), could have been the cause of these particular ridges but neither 

sediment rising nor upward-facing microbial laminae beneath the ridges have been observed. 

At last, linear patterns may result from two growth periods interrupted by small and rippled 

sedimentary structures (Figure 28E). This condition might be the best explanation for microbial 

laminae throughout the linear ridges, and the second mat growth period may have followed 

the ridge orientation as previously thought (Bouougri & Porada, 2007; Gerdes, 2007; Porada 

& Bouougri, 2007). In some way, linear patterns are considered to be mat-protected structures. 

5.2.4 | Nodule-like structures 

Description 

Nodule-like structures are characterized by an elongated shape approximately 10 cm long and 

an irregular surface topography on the bedding surfaces of black shales (Figures 21, 25H). 

The surfaces of nodule-like structures comprise several millimeter-scale, tiny, crinkled ridges 

that are randomly distributed. Composed of silt-sized grains and capped by a dark-colored 

wrinkle layer, the nodule-like structure was observed in a polished slab. 

Interpretation 

Similar nodular to biscuit-like surface structures have been observed in laboratory-cultured 

bacteria and in modern supratidal settings (Gerdes, 2007). This atypical morphology is thought 

to be produced by a relative abundance of coccoid Cyanobacteria. However, the Francevillian 

nodular structures possibly reflect mat-protected structures instead of mat growth structures 
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since the internal part of the nodules is not composed of organic matter but rather of quartz 

particles. 

5.3 | Isotopic analyses 

The δ13C values (V-PDB) of the organic fraction, measured on different mat morphologies in 

both sandstone and black shale facies range from −30.67‰ to −41.26‰ (Table 2). These 

values are similar to previous determinations on the bulk δ13C of the organic matter within the 

FB2 sequence, varying between ca. −35‰ and −30‰ (Gauthier-Lafaye & Weber, 2003; 

Canfield et al., 2013). 

Table 2: δ13C values of organic matter in mat-related structures (MRS). 

Subunits Samples δ 13Corg (‰) 

 
FB2b 

Black shale 

MRS_1 -34.92 
MRS_2 -34.41 
MRS_3 -32.45 
MRS_4 -41.26 

   

FB2a 
Sandstone 

MRS_5 -31.68 
MRS_6-1 -32.72 
MRS_6-2 -33.32 
MRS_7 -33.95 
MRS_8 -33.55 
MRS_9 -33.66 
MRS_10 -33.61 
MRS_11 -32.28 
MRS_12 -30.67 
MRS_13 -31.95 
MRS_14 -32.03 

      

 

6 | DISCUSSION 

6.1 | Biogenicity 

The biogenicity criteria reviewed in Noffke (2009) and Wacey (2009) establishes the 

investigated mat-like structures to be of a microbial mat origin, having formed on the shallow 

marginal self-environment of the 2.1 Ga Francevillian basin (Reynaud et al., 2017). The 

sedimentary facies on which the structures are identified must not have undergone 

metamorphism beyond greenschist grade (Noffke, 2009). This is in agreement with the 

absence of metamorphic overprint in the Francevillian facies (maximum temperature 100 °C; 

Gauthier-Lafaye & Weber, 1989; Ngombi-Pemba et al., 2014). In terms of shape and size, the 
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Francevillian MRS are a perfect match to those described in the Precambrian and the 

Phanerozoic (Appendices 5, 6) in accordance with the size distribution between modern and 

ancient MRS, which should be comparable (Noffke, 2009). In general, the taphonomic 

preservation window of MRS in the sedimentary record is valid, but not restricted by ecological 

setting (Davies et al., 2016). Noffke (2009) suggested that most MRS are related to 

photoautotrophic mats formed in well-lit shallow marine environments, preferentially on fine 

sand deposits, even though recent studies argued that such features can also arise on deep 

marine sediments that do not receive light (Davies et al., 2016). Regardless, our samples 

originated from a shallow marine setting associated with rapid sand flow deposits within a well-

lit portion of the 2.1 Ga Francevillian continental shelf (Reynaud et al., 2017). 

Microtextural composition of the analyzed fabric further supports the biological trapping, 

binding (or “flypaper” effect) and orientation of grains induced by the growth and development 

of microbial mats and their hydrologically-controlled interaction with sediments. The 

Francevillian MRS express this biological process by containing clay particles, floating grains 

of silt-sized quartz and concentrated heavy minerals, as well as by wavy-crinkly laminae 

(Figures 26F-K, 28; Appendices 2, 3). These form well-defined organo-sedimentary structures 

caused by microbial baffling and trapping. The randomly oriented clay minerals in mat laminae 

suggest that they were trapped on the mat surface whereas laminated clay particles suggest 

a probable alignment by compaction (Schieber, 1998). Oriented grains reflect a particular 

microtexture (Figures 25F, 26J), while grain size matches that of the underlying substratum. It 

is commonly thought that these particles were dragged upwards by cyanobacterial mat growth 

(Noffke et al., 1997, 2001). 

In addition, geochemical evidence suggests bacterially induced biological processes 

characterized by carbonaceous material enriched in light carbon (Figure 27; Table 2) and 

pyritized structures (Figures 23E-G, 24A-E, G, 26C, I) that are depleted in heavy sulfur. The 

latter points to diagenetic mat destruction through burial decay (Noffke, 2009; Noffke et al., 

2013) and anaerobic respiration of that organic carbon by sulfate-reducing microorganisms (El 

Albani et al., 2014; Hill et al., 2016). 

6.2 | Palaeoenvironmental interpretations and implications 

Modern mat-related structures are mostly described in carbonate and siliciclastic environments 

but few have been described from shale deposits. The presence of black shales with large 

amounts of organic matter deposited in the photic zone may arise in restricted to isolated 

basins (Schwark & Frimmel, 2004). Some anoxygenic photosynthetic bacteria even prospered 

in these palaeoecological conditions and their high productivity may be related to the 

availability of essential nutrients. For any MRS-bearing rocks, the hydraulic pattern must be 
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moderated with a low sedimentation rate to promote the development of microbial communities 

on a substrate (Schieber, 1999; Gerdes et al., 2000; Gerdes, 2007; Noffke, 2009, 2010). As 

an indicator of palaeohydrological conditions, clay minerals and silt-sized grains within mat 

layers, are taken to represent currents strong enough to move thin particles but insufficient to 

transport sand-sized grains (Schieber, 1998; Noffke, 2009). Silt-sized sedimentary particles 

and heavy minerals can also be baffled and trapped by cyanobacterial filaments moving 

vertically upwards in order to escape being buried by the small-sized particles, as well as their 

need to reach optimal light conditions for growth (Noffke, 2009, 2010). 

In this study, some of the mat-like structures, including the “elephant-skin” morphotypes, the 

tufted structures, and the linear patterns, tend to be associated with silty lenses (Figure 21), 

suggesting that the baffling and grain trapping processes were operating in potential microbial 

mat-dominated environments at 2.1 Ga. Further, the comparable association of several MRS 

to the distribution of modern and fossil analogues have been used to improve the reliability of 

palaeoenvironmental marine interpretations, including physical processes such as desiccation 

and erosion and biological activity (Bose & Chafetz, 2009; Noffke et al., 2013; Banerjee et al., 

2014; Sarkar et al., 2014). It is important that, the absence of desiccation and erosion-induced 

MRS in the Francevillian rocks suggest a quiet underwater environment from the time of 

deposition to when the sediments were lithified and buried. 

The Palaeoproterozoic Francevillian MRS possess a wide spectrum of morphologies that can 

be related to photoautotrophic microbial assemblages. Indeed, discoidal microbial colonies in 

the modern environments and domal buildups in ancient settings are results of cyanobacterial 

chemotaxis or phototaxis behaviors (Gerdes, 2007). The biological mechanisms leading to 

oriented grains has been reproduced with cultures of Cyanobacteria (Noffke et al., 2001). 

Reticulate patterns and tufted microbial mats have striking morphologies with modern 

analogues built by filamentous Cyanobacteria (Appendix 5A; Gerdes et al., 2000; Gerdes, 

2007; Bose & Chafetz, 2009; Taj et al., 2014). It is thought that their formation implies a 

phototactic behavior (Gerdes et al., 2000; Reyes et al., 2013), whereas laboratory-cultured 

filamentous Cyanobacteria show a dependency on oxygen concentration (Sim et al., 2012). It 

has also been proposed that the undirected gliding motility of filamentous bacteria species may 

form these structures (Shepard & Sumner, 2010). Therefore, all bacteria with highly motile 

filaments are believed to be able to display these morphologies. Filamentous sulfur-oxidizing 

bacteria may also have the ability to produce “elephant-skin”-like and tuft-like structures (Flood 

et al., 2014). However, research by genomic comparisons reveals that these phenotypic traits 

were most likely inherited by horizontal gene transfers from the Cyanobacteria (Flood et al., 

2014). In other words, those aerobic chemolithoautotrophs may not have been in existence at 

2.1 Ga. In addition, recent studies in a perennially ice-covered Antarctic lake have shown the 
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specific assemblage of a photosynthetic microbial ecosystem (Sumner et al., 2015; Jungblut 

et al., 2016), with Cyanobacteria forming tuft-related structures exclusively found in the oxic 

zone where irradiance is at its highest, whereas flat bacterial mats of anoxygenic 

photoautotrophs are restricted to the deeper euxinic zone experiencing lower irradiance. Thus, 

“elephant-skin” and tufted structures may possibly have a link with oxygenic photoautotrophic 

microorganisms. It is important that, Flannery & Walter (2012) and Homann et al. (2015) 

thought that Cyanobacteria are the only microorganisms capable of producing vertical 

structures or tufts. 

6.3 | Geomicrobiological implications 

It is well established that carbon fixation by autotrophic organisms preferentially incorporates 

light 12C over heavy 13C isotopes in biomass (Schidlowski, 1988, 2001). In this regard, the 

δ13Corg values ranging from −30.67‰ to −41.26‰ (average −32.94 ± 1.17‰) reported here are 

within the expected range for autotrophic carbon fixation (Schidlowski, 1988, 2001; Berg et al., 

2010). The typical δ13Corg values generated by the widespread activity of ribulose 1,5-

bisphosphate carboxylase/oxygenase (RuBisCo), common in oxyphototrophic Cyanobacteria 

have average values from −20‰ to −30‰. These values are less negatively fractionated than 

an—oxygenic phototrophs (Quandt et al., 1977; McNevin et al., 2007; Berg et al., 2010), while 

more negative values <−30‰ are related to autotrophic carbon fixation in the reductive acetyl 

CoA pathway (i.e., methanogenesis). In the case of the latter, acetoclastic methanogenesis 

diagenetically supplies isotopically light 12C methane to anaerobic oxidation of methane (AOM), 

the latter often comprising a consortia of sulfate reducers and methanotrophs (Conrad et al., 

2010). Therefore, autotrophic carbon fixation via acetyl CoA pathway, combined with 

anaerobic oxidation of fixed Corg, would effectively lead to deposition of residual Corg enriched 

in light 12C in the range found in this study. Such fixation of CO2 coupled with diagenetic 

recycling of phototrophically derived Corg would have inevitably resulted in the sequential 

overprinting of light δ13C in buried biomats. The bulk δ13Corg signatures <−30‰ are, therefore, 

most parsimoniously interpreted to represent a mixed isotopic signal resulting from the 

activities of various primary producers and heterotrophs. 

The FB2b subunit hosts the first known multicellular organisms closely associated with biomats 

(Figures 21, 29). Burrows, trails and resting traces of metazoans are often closely associated 

with biomats in the past, being interpreted as sophisticated feeding behaviors (e.g., Buatois & 

Mángano, 2012; Pecoits et al., 2012; Buatois et al., 2014; Meyer et al., 2014; Chu et al., 2015). 

In modern environments, photosynthetic bacterial mats create thin O2-rich layers, thus 

providing benthic O2 oases for macroorganisms that may mine mat layers for unexploited 

nutrients and O2 (Gingras et al., 2011). It is perhaps not a coincidence then that the biomats 
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and macroorganisms belong to the same strata. Moreover, the generation of 

microenvironments due to the chemical properties of EPS (Decho, 2000) may permit soft-

tissue mineralization, providing further protection against degradation (Sagemann et al., 1999). 

Thus, the biomats may have stabilized the depositional surfaces and sheltered the 

macroorganisms, allowing them to become imprinted into the rock record. In an interesting 

way, the large colonial organisms associated with bacterial communities are only known from 

the FB2b rocks. Although other black shale facies are recorded in the Francevillian basin (e.g., 

the ~2.08 Ga FD black shale formation; Figure 20B), they were deposited in deeper 

environments beyond the euphotic zone. 

 

Figure 29: Examples of fossil macroorganisms associated with microbial mats. (A) Pyritized lobate 
form just beneath “fairy ring” structures. (B) Disc with radially striated core (arrow) lies on domal 
buildups. (C, D) Disc or lobate form and flat pyritized microbial structures on the same strata are closely 
associated. (E) Circular discs (arrows) rest on wrinkle marks. (F) Disc and lobate form are close to 
wrinkle marks on the same level or not. 
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7 | CONCLUSION  

Mat-related structures of the 2.1 Ga Francevillian series exhibit ten types of surface 

morphologies, providing a new window into the highly diversified Palaeoproterozoic microbial 

life at that time. Mats are preserved in excellent conservation conditions from a 20 m thick 

interval of sandstone and black shale facies. 

Microtexture analyses provide strong evidence in favor of mat-colonized sediment. Oriented 

grains, floating grains, heavy mineral concentrations, randomly oriented clays, pyritized 

structures and wavy-crinkly laminae all reflect the growth of microbial communities. 

Comparisons with ancient and modern analogues, as well as stable carbon isotope analyses, 

suggest growth within a palaeoenvironmental settings corresponding to the euphotic zone, 

likely <100 m deep. Associations between Palaeoproterozoic, large colonial organisms and 

mats may be similar to interactions of Ediacaran early metazoans and microbial carpets where 

O2-producing cyanobacterial mats may explain this specific pattern. In addition, microbial mats 

may have played a major role in sediment biostabilization, fostering the preservation of 

complex macroorganisms that represent the first ecosystem comprising microbial biofilms and 

large colonial life forms. 
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2.3. The role of Gabonese MRS closely associated with the advanced 

forms of life 

The Francevillian sedimentary rocks shelter a large microbial diversity and exquisitely 

preserved macroorganisms displaying signs of coordinated growth (Figure 29). In the same 

location, newly discovered, biologically mediated string-shaped structures are also closely 

associated with the MRS (El Albani et al., 2019; associated work §2), which adds 

unprecedented information to the uniqueness of the Palaeoproterozoic biosphere. A complex 

organism capable of migrating to reach food resources may have formed these specific 

structures. According to the authors, the producer may have been an amoeboidlike organism, 

since the aggregation of modern amoeboid cells into a migratory slug phase in cellular slime 

molds produces similar patterns. Collectively, the Francevillian Series hosts evidence for 

complex organisms using the mats as a food source. As mentioned in the previous section, 

the oxygenic photosynthesizers may have also provided “oxygen oases” for multicellular 

(eukaryotic?) organisms. It remains uncertain whether O2 concentrations were significant at 

the time of Francevillian deposition or oxyphototrophic Cyanobacteria sufficiently enhanced O2 

levels to the surrounding environment for the rise of complex organisms. 

The appearance of metazoans was firmly attributed to the accumulation of oxygen during the 

Neoproterozoic Oxidation Event (Och & Shields-Zhou, 2012), but the O2 demand of early 

animals is not well established. Sperling et al. (2013) theoretically estimated the minimum O2 

requirement for the last common ancestor of bilaterians (advanced animal), varying between 

0.14% and 0.36% PAL. Nonetheless, these theoretical values are a simplified view of complex 

organisms, as these did not incorporate metabolic and physiological requirements. The low 

atmospheric O2 concentrations (< 0.1% PAL) during the mid-Proterozoic is well below the 

minimum O2 demand and, therefore, may give support to the delayed rise of metazoans 

(Planavsky et al., 2014b). Laboratory-cultured demosponges, perceived as ancient equivalents 

for early metazoans, have shown survival skills under low O2 levels (0.5% PAL < pO2 < 4% 

PAL; Mills et al., 2014), but it remains unclear if such oxygenated conditions were met at the 

emergence of earliest animals. Thus, their origin and diversification may not have been 

triggered by a change of redox conditions. 

Regardless of whether the emergence of complex macroorganisms is linked to the presence 

of molecular oxygen or other processes, either scenario can be questioned only if the 

Precambrian biological structures are preserved. Indeed, the fossilization of macroorganisms 

is likely enhanced by benthic matgrounds that biostabilize the substrate and delay the organic 

matter decomposition (Iniesto et al., 2016, 2017). Subsequent mineralization processes can 

further protect the specimens during the burial stages.  
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2.4. Highlights of Part 2 

 Optical and electron microscopies, Raman spectroscopy, and carbon isotopes were 

used to demonstrate the biogenic origin of the studied samples. 

 The results show a large microbial diversity of more than ten representative 

morphotypes that are preserved as mat-growth and mat-protected structures. 

 The inferred depositional setting is related to a shallow water palaeoenvironment within 

the euphotic zone with oxyphototrophic Cyanobacteria as the main constituent of MRS.  

 The organizational pattern between the complex life forms and MRS clearly indicates 

the key role of microbial mats that likely sustained the development of macroorganisms 

in oxygen-lean conditions. 

 The preservation of macroorganisms was enhanced by the intrinsic properties of 

microbes, the latter of which biostabilized the substrate and favored the mineralization 

process during early diagenesis. 
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PART 3: MICROBE-MINERAL INTERACTIONS 
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3.1. Introduction 

The specific sorption properties of microbes enhance the trapping and binding of anionic and 

cationic compounds as well as fine- to coarse-grained mineral particles. Actually, suspended 

clay minerals can facilitate the encrustation of filamentous bacteria within days, which rises the 

idea that microbes may preserve the mineralogical fraction of the surrounding environments in 

which they prospered (Newman et al., 2016, 2017). Then, the active sites around the cells 

and/or within the EPS can subsequently promote the nucleation and mineral precipitation of 

authigenic clays (Cuadros, 2017). It is frequently documented that microorganisms are capable 

of mediating the authigenesis of a large number of minerals such as clay particles (Wacey et 

al., 2014 and references therein), iron oxides (Konhauser, 1998), and calcium carbonates 

(Brasier et al., 2018). 

The Francevillian Series hosts distinct evidence for benthic microbial communities that show 

a large variability in morphological textures (see section 2.2; Aubineau et al., 2018). Despite 

their old age, the MRS display limited deformation and compaction processes. In this regard, 

their extraction from the underlying host sediments has been performed. Since the clay 

mineralogy in the Francevillian deposits has been extensively studied (e.g., Ossa Ossa et al., 

2013; Ngombi-Pemba et al., 2014; Bankole et al., 2015, 2018), it seems relevant to examine 

clay minerals from the MRS and host sandstones and black shales. Therefore, the bulk and 

<2 µm clay fraction of both facies are presented in this part. Besides, the detrital and authigenic 

clay contributions can be evidenced. Because microbes have been widely recognized as a 

mediator for clay transformation (see review in Cuadros, 2017), this third part also aims at 

describing and discussing the microbe-mineral interactions in the 2.1 Ga-old Francevillian 

sedimentary rocks, if any. Finally, part 3 distinguishes the MRS into two different mat textures 

based on their sulfur content and lithostratigraphic position. The benthic microbial communities 

are described as non-pyritized MRS and pyritized MRS. 
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3.2. The link between biological processes and K-rich phyllosilicates 

This section is dedicated to the published article in Nature Communications. 
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Abstract 

Illitization requires potassium incorporation into a smectite precursor, a process akin to reverse 

weathering. However, it remains unclear if microbes facilitate K+ uptake to the sediments, and 

whether illitization was important in the geological past. The 2.1-billion-year-old Francevillian 

Series of Gabon has been shown to host mat-related structures (MRS), and, in this regard, 

these rocks offer a unique opportunity to test whether ancient microbes induced illitization. 

Here we show high K content confined to illite particles that are abundant in the facies bearing 

MRS, but not in the host sandstone and black shale. This observation suggests that microbial 

biofilms trapped K+ from the seawater and released it into the pore-waters during respiration 

resulting in illitization. The K-rich illite developed exclusively in the fossilised MRS thus 

provides a new biosignature for metasediments derived from K-feldspar-depleted rocks that 

were abundant crustal components on ancient Earth. 

1 | INTRODUCTION  

The conversion of smectite to illite-smectite mixed-layer minerals (I-S MLMs) is a multistep 

process that takes place during diagenesis, and is mainly controlled by temperature, time, and 

K+ availability (Perry Jr & Hower, 1970; Hower et al., 1976; Środoń, 1984; Velde et al., 1986). 
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The illitization process progressively converts hydrated smectite-rich layers to illite-rich layers, 

resulting in a common co-occurrence of smectite-rich, randomly interstratified I-S MLMs and 

long-range ordered I-S MLMs (Lanson et al., 2009; Ferrage et al., 2011). Two main 

mechanisms for smectite to illite transformation have been inferred, and these are likely linked 

to specific environmental conditions that are yet to be defined (Hower et al., 1976; Nadeau et 

al., 1985; Drits et al., 1997; Lanson et al., 2009; Ferrage et al., 2011). A solid-state 

transformation characterized by a progressive replacement of smectite with illite via 

tetrahedral/octahedral Al substitutions and interlayer exchange has been proposed (Hower et 

al., 1976; Drits et al., 1997). The most likely mechanism involves the dissolution of the smectite 

lattice and growth of illite crystals due to the Ostwald ripening-like effect (Nadeau et al., 1985; 

Lanson et al., 2009; Ferrage et al., 2011). 

Microorganisms are capable of precipitating and transforming clay minerals as a result of their 

high surface reactivity and metabolic activity (Fortin et al., 1998; Konhauser & Urrutia, 1999; 

Kim et al., 2004; O’Reilly et al., 2005; Zhang et al., 2007; Vorhies & Gaines, 2009; Wacey et 

al., 2014; Pace et al., 2016; Cuadros, 2017). Perhaps one of the most striking examples is the 

transformation of hydrated smectite to illite through a process that involves the microbial 

release of structural Fe(III) from the smectite lattice via dissimilatory iron reduction (DIR) (Kim 

et al., 2004; Zhang et al., 2007; Vorhies & Gaines, 2009). This results in the negative charge 

of the octahedral sheet and K+ uptake into the interlayer spaces to balance the structural 

charge imposed by DIR, thus enhancing the illitization process. In laboratory experiments, this 

clay transformation is enhanced by an abundant supply of K+ cations to the medium (Kim et 

al., 2004; Zhang et al., 2007). In natural systems, K-rich fluids and dissolution of K-feldspar 

may also provide K+ for this reaction to take place (Cuadros, 2017). A biologically controlled 

K+ addition to sediments during diagenesis has not yet been described. 

The Francevillian Formation B (FB) marine sedimentary rocks are exquisitely preserved within 

the Francevillian basin in southeastern Gabon (Bouton et al., 2009b) (Figure 30A; Appendix 

7A). The maximum burial depth is estimated to reach about 2 km with minimal burial 

temperature (Gauthier-Lafaye & Weber, 1989, 2003; Ngombi-Pemba et al., 2014). An 

assemblage of diagenetic illite, chlorite, I-S MLMs, and K-bentonite characterizes the FB 

Formation (Ossa Ossa et al., 2013; Ngombi-Pemba et al., 2014; Bankole et al., 2018). These 

sediments were deposited in an oxygenated environment (Canfield et al., 2013) 2.1 billion 

years ago (Horie et al., 2005) during a transgression (FB1 Member) followed by a sea-level fall 

(FB2 Member). The shallowing brought the depositional site to the photic zone and allowed the 

formation of mat-related structures (MRS) under the dominant influence of Cyanobacteria 

(Reynaud et al., 2017; Aubineau et al., 2018). The marine FB2 Member, which bears the MRS, 

is essentially a massive sandstone deposit (FB2a unit) overlain by black shales and diagenetic 
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carbonates interbedded with thin siltstone layers (FB2b unit; Appendix 7B). Here, we present 

whole-rock and in situ geochemical analyses, bulk XRD, electron microscopy images, and 

synchrotron-based elemental distribution maps from MRS and their host sediments. We 

studied samples from a 15-m-thick, coarse-grained sandstone that conformably underlies a 5-

m-thick, thinly-bedded black shale that hosts the oldest large colonial macrofossils with 

evidence for organism motility previously described from the FB2 Member of the FB Formation 

(El Albani et al., 2010, 2014, 2019) (Appendix 7B). This study highlights the K enrichments that 

are localized in illite particles within fossilized MRS, and, most crucially, it provides insight for 

the search of biosignatures in early Earth’s sediments where stable isotope evidence are 

controversial. These findings have also important implications for Earth’s climate and ocean 

chemistry in Palaeoproterozoic, which we discuss. 

2 | RESULTS  

2.1 | Textures of mat-related structures 

The investigated MRS exhibit a range of surface morphologies including those generated 

through mat propagation (mat-growth structures) and mat preservation/protection of structures 

formed independently from mat growth (mat-protected structures) (Sarkar et al., 2008; 

Reynaud et al., 2017; Aubineau et al., 2018). The elephant-skin texture (Figure 30B) is one of 

the most common mat-growth morphologies showing evidence for biological activity (i.e., 

undirected gliding motility, phototactic behavior), while wrinkle and kinneyia structures, linear 

Figure 30: Geological map and field photographs of the FB2 Member outcrops, Gabon. (A) Geological 
map of the Francevillian basin adapted from Bouton et al. (2009b). The studied area is the Moulendé 
Quarry (green star). (B) Elephant-skin texture on the bedding plane of coarse-grained sandstones. Inset 
box shows reticulate patterns. (C) Micrometer-thick microbial mat laminae (blue arrow) on the bedding 
plane of sandstones with rounded pits (white arrows). 
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ridges, and nodule-like structures point to the biostabilization of sediment (Shepard & Sumner, 

2010; Reyes et al., 2013). Mat laminae associated with irregular rounded pits (Figure 30C) 

provide evidence for biofilms that were capable of bioweathering the substratum onto which 

they were attached (Flemming et al., 2016). Scanning electron microscopy - back-scattered 

electron imaging (SEM-BSE) coupled to energy-dispersive X-ray spectroscopy (EDX) displays 

textures and mineralogical compositions within the mat laminae that are different from host 

sediments (Figure 31; Appendices 8, 9) (Aubineau et al., 2018).  

Laminated black shales host pyritized MRS that are primarily composed of 20 to 30 µm 

euhedral pyrite grains (Appendices 8C, D). The total sulfur content (higher than 6 wt%) within 

these MRS is associated with low total organic carbon content (Appendix 10). In addition, 

laminations between pyrite crystals, reflecting successive mat growth, were recently 

documented (Aubineau et al., 2018). The non-pyritized MRS (with less than 4 wt% of S) 

comprise tufted microbial fabrics above coarse-grained sandstones (Figure 31A) with 

abundant nearly circular voids within the mat structures filled with titanium oxides, and they 

Figure 31: Biogenetic fabrics in the mat-related structures. The MRS textures are shown through SEM 
images. (A) Tufted microbial fabrics developed above the poorly-sorted quartz sandstone. Yellow and 
blue arrows point to tufts and quartz grains, respectively. (B) A void-filling titanium oxides that may have 
filled an oxygen bubble produced within the microbial mat. (C) Nearly-circular void filled with titanium 
oxides at the tip of a cone-like feature (green arrows). Detrital dioctahedral micas (e.g., muscovite) are 
shown by purple arrows. 
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are typically enriched in heavy minerals, such as titanium oxides and zircons (Figures 31B, C; 

Appendices 8E, 9, 10). Inferred to be gas escape features, the voids show a pre-compactional 

formation whereby the clay particles are disorganized around the cone-like structures yet 

aligned above them.  

2.2 | Potassium enrichment in the mat-related structures 

Whole-rock geochemical analyses of major elements are presented in Appendix 10. Our data 

show higher K2O/SiO2 ratios for the MRS compared to the surrounding sediments, thus 

indicating a potassium-rich source specific to this lithology (Figure 32). The observed 

difference in the dataset is statistically significant (n= 41; Kruskal-Wallis test: 2 = 33.29, df = 

3, p-value < 10-7). Pairwise comparisons show that the difference between all pairs of groups 

is also statistically significant (Appendix 11). The subtle, but significant difference in ratios 

between pyritized mats and black shales from the FB2b unit might be related to contamination 

of some black shale sediments during the extraction of pyritized mat structures (Figure 32). 

Binary plots of selected major elements were used to compare the MRS and host sediments 

(Supplementary Note 1; Appendix 12), as well as the likely control of mineral composition and 

the effect of quartz dilution on these sediments. 

 

 

Figure 32: K2O/SiO2 ratios from mat-related structures and host sediments. Pyritized MRS are hosted 
by black shales and non-pyritized MRS are observed on bedding surface of sandstones. The data for 
each lithology are represented as box plots with a red square showing the mean, black diamonds 
corresponding to individual samples, 50% of the data are shown as a box and whiskers extend to 1.5 
times the interquartile range. 
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Synchrotron-based scanning X-ray Fluorescence microscopy (XFM) study was performed on 

millimeter-sized areas of representative samples. This non-destructive, element-specific 

imaging technique provides the distribution of S, K, Ca, Ba, Mn, Fe, Ni, Cu, Zn, Ga, Ge, and 

As with micron-scale spatial resolution and high analytical sensitivity. The distributions of S 

and K were imaged in pyritized MRS (Figure 33A), black shale (Figure 33B), and non-pyritized 

MRS (Figure 33C). Sulfur is restricted to pyrite microcrystals (Figures 33A, C), highlighting the 

difference between pyritized and non-pyritized MRS. Pyrite crystals are not enriched in K. 

Potassium is homogeneously distributed throughout the MRS and black shales, without 

significant micro-scale heterogeneities. The K-distribution maps reveal a higher K content in 

the pyritized and non-pyritized MRS compared to that in the host sediments. 

2.3 | Potassium-rich clay assemblage patterns 

Eleven representative samples, consisting of five MRS and six host sediments from the FB2 

Member, were further analyzed using the X-ray diffraction (XRD) technique (Figures 34A, D; 

Appendices 13-15). The stacking mode (R, Reichweite ordering parameter) of I-S MLMs, 

ranging from R0 (randomly interstratified) to R1 (long-range ordered) MLMs, was calculated 

(see Methods) to characterize the illite content with a higher R parameter corresponding to a 

higher illite content. The mineral assemblage of the MRS (both non-pyritized and pyritized 

types) includes quartz, mica, illite, chlorite, K-rich R3 I-S MLMs, and pyrite. In contrast, the 

Figure 33: High-resolution sulfur and potassium distribution maps. (A) Pyritized MRS. Red arrows point 
to K enrichment between pyrite crystals and in the host sediment of MRS. (B) Black shales. (C) Non-
pyritized MRS. Higher X-ray fluorescence (XRF) intensities correspond to higher S and K contents. For 
easier comparison, a common intensity scale was chosen for the K distribution maps. 
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host sediments contain quartz, mica, illite, chlorite, R0 I-S MLMs, and dolomite (Appendices 

13-15). Notably, K-feldspars have been shown to be entirely absent, while plagioclase is 

present in the FB and FC formation lithologies, potentially reflecting provenance composition 

or depositional rather than climatic (via intense weathering) control (Ngombi-Pemba et al., 

2014; Bankole et al., 2015). XRD patterns of the <2 µm fraction from the MRS show peaks at 

10.56-10.37 Å in air-dried (AD) preparations splitting into 11.08-10.82 Å and ~9.9 Å peaks after 

ethylene glycolation (EG), consistent with characteristics of R3 I-S MLMs (Figure 34A; 

Appendices 14A, C). Smectite-rich R0 I-S MLMs, mixed with R3 I-S MLMs, in the host 

sediments are indicated by the shift of the 001 peak from around 14.35-14.1 Å in AD to 17.22-

16.92 Å in EG (Figure 34D; Appendices 14B, D). The 002 peak of pure smectite close to 8.5 

Å (Figure 34D) further characterizes the host sediments. 

The modelling results by the NEWMOD program (Reynolds Jr & Reynolds III, 1996) for the 

MRS confirm the lack of R0 I-S MLMs. In contrast, the relative abundance of R3 I-S MLMs, 

Figure 34: Mineralogical composition of the <2 µm clay-size fractions. X-ray diffraction profiles of 
oriented preparations after air-drying (black lines) and glycolation (red lines) and their transmission-
electron images are given. (A) Microbial mat specimen. (B) Large, well-crystallized lath from microbial 
mat laminae. The inset shows selected area electron diffraction (SAED) pattern. hk0 pattern shows a 
hexagonal structure typical of phyllosilicates and coherently stacked crystals. (C) Hexagonal habit of 
illite from a mat sample. (D) Associated sandstone sediment. (E) Lathlike and poorly crystallized 
particles from the host sandstone. (F) Tiny hexagonal-shaped particles from the host sediment. [Green 
areas correspond to long-range ordered illite–smectite mixed- layer minerals (R3 I/S MLM); Blue areas 
represent randomly ordered illite–smectite mixed-layer minerals (R0 I/S MLM); smectite (S); chlorite 
(Ch); mixed-layer (ML); illite/mica (I/M); anatase (An); quartz (Q); pyrite (Py); barite (Ba); calcite (Ca)]. 
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together with a relative enrichment in detrital mica and chlorite, are higher than in the host 

sediments (Appendices 16-18), suggesting an intense dissolution of the reactive clay fraction 

and K input. In addition, smectite layers represent less than 12% of the R3 stacking in both the 

MRS and sediments, but are more abundant in the R0 I-S MLMs (S = 65%).  

Transmission electron microscopy (TEM) was used to image the <2 µm clay-sized fraction 

and, specifically, the illite crystal habit. The illites form large laths, up to 10 µm long and 0.6 

µm wide (Figure 34B; Appendices 19A-C), as well as hexagonal particles 0.2 to 0.5 µm in 

size in the MRS (Figure 34C; Appendices 19D-F). The large lath-shaped particles indicate a 

well-crystallized illite growth through an Ostwald ripening-like process in which the small 

particles are dissolved, while large particles grow at their expense in order to minimize surface 

free energy (Nadeau et al., 1985; Inoue et al., 1988; Inoue & Kitagawa, 1994). The hexagonal 

particles represent steady-state growth during an advanced stage of illitization. The particle 

size of illite is much smaller in the host sediments than in the MRS. Illite in the host sediments 

predominantly forms lath-shaped particles 0.15–0.4 µm long and 0.05 µm wide, with a few 

hexagonal particles up to 0.2 µm in size (Figures 34E, F; Appendices 19G, H). These tiny lath-

shaped particles correspond to poorly crystallized illite (Inoue et al., 1988; Meunier & Velde, 

2004). 

3 | DISCUSSION 

The textural and geochemical observations of the pyritized MRS suggest that the organic 

carbon was oxidized via dissimilatory sulfate reduction (DSR) (El Albani et al., 2014). This 

mechanism is also supported by the common diagenetic mineralization of individual mat 

layers, arguing for the former presence of organic carbon (Schieber, 1999). Moreover, if the 

earlier interpretation of the MRS in the FB2 Member being cyanobacterial in origin is correct 

(Aubineau et al., 2018), then the tufted appearance might be related to the escape of oxygen 

bubbles similar to that described in modern and ancient stromatolites (Bosak et al., 2009, 2010; 

Sallstedt et al., 2018). The differences between non-pyritized MRS and pyritized MRS might 

thus reflect a higher sedimentation rate and energy in the depositional setting of the non-

pyritized MRS where a rapid burial would not have allowed sulfidic pore-waters to develop. 

Alternatively, this difference might be due to less reactive iron initially supplied to the 

depositional setting where the non-pyritized MRS were formed, consistent with the inferred 

shallow-water and high energy conditions. 

The illitization process results in different abundances of illite and smectite, but points toward 

the association of the illite end-member with the MRS. The source of K+ for diagenetic smectite-

to-illite transformation is commonly linked to the dissolution of K-rich tuffs, K-feldspars, and 

micaceous minerals, as well as to migrating K-rich fluids (Meunier & Velde, 2004). Petrographic 
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and XRD observations argue against significant contribution of K-rich tuffs to the composition 

of the FB2 Member. The survival of R0 I-S MLMs (i.e., smectite-rich) in both the sandstones 

and black shales lacking the MRS is consistent with incomplete illitization, attributed to the lack 

of K-feldspars in the FB Formation sediments (Ngombi-Pemba et al., 2014; Bankole et al., 

2015). In our samples, dioctahedral micas (e.g., muscovite) are only mechanically deformed 

(Figure 31C; Appendix 9), reflecting a limitation to no chemical alteration under diagenetic 

conditions (Bassett, 1960) and, therefore, they cannot be considered as a significant source 

of K+. Moreover, it is unlikely that an external abiotic supply (e.g., K-rich fluids or K-bearing 

minerals) would have provided K+ only to the µm-thick microbial fabrics, but not to the host 

sediments. Organic matter could delay illitization by inhibiting exchange of interlayer cations 

(Li et al., 2016); nonetheless non-pyritized MRS show both high organic carbon content 

(Appendix 10) and an advanced stage of illitization. 

Our observations imply instead that microbes played two roles in the illitization process. First, 

the large mineral surface area of smectite may have helped to bind organic compounds within 

interlayer spaces (Kennedy et al., 2002). The concentration of organic matter is critical 

because illitization is promoted via DIR, a process that oxidizes the sorbed organic carbon via 

reduction of Fe(III) minerals, and ultimately releases Fe(II) to the sediment pore-waters (Zhang 

et al., 2007). Second, the microbes sequestered K+ into the MRS of the FB2 Member. In the 

case of the latter, potassium is one of the most essential cations for microorganisms to 

maintain their cellular machinery (Epstein, 2003), and, as a consequence, it is typically 

enriched in cells relative to seawater (Mulkidjanian et al., 2012). 

Biologically derived K could have been incorporated into MRS through the K+ uptake into the 

living microbial cells, and/or K+ absorption by reactive organic macromolecules – containing 

carboxyl, phosphate and hydroxyl groups – as part of the cell envelope or extracellular 

polymeric substances (EPS) of biofilms. In the first process, the structure of the K+ channel 

(e.g., proteins controlling K+ transport across cell membranes) forms a selectivity filter that 

prevents Na+ uptake, but works perfectly for incorporating K cations (Doyle, 1998). Thus, K+ 

contributes to the regulation of osmotic pressure differences, the control of internal pH, and 

the activation of intracellular enzymes (Epstein, 2003); the thylakoid potassium channel (SynK) 

even promotes an optimal photosynthesis in Cyanobacteria (Checchetto et al., 2012). As a 

result of K-dependent metabolic reactions, the intracellular concentration of K+ in modern cells 

(100 mM) is one order of magnitude greater than that in the seawater (Williams & Da Silva, 

2006; Mulkidjanian et al., 2012), further supporting the ability of microbes to sequester this 

macronutrient. The second K+ enrichment process involves the electrostatic binding of metal 

cations from solution to the cell wall and/or EPS, and in turn, the nucleation and mineral 

precipitation of authigenic mineral phases (Konhauser, 1998; Dupraz & Visscher, 2005). 
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Indeed, microbial cell surfaces have been shown to concentrate K+ from solution (e.g., 

Beveridge & Fyfe, 1985), and importantly, increased  K+ supply has been shown to stimulate 

the production of EPS by some bacterial strains (Wilkinson et al., 1954). In addition, microbial 

respiration of EPS during early diagenesis could liberate adsorbed cations into the pore-

waters, thus inducing K+ supersaturation that can additionally promote mineral authigenesis 

(Dupraz et al., 2009). Regardless of the path for K+ uptake, biologically derived K+ would have 

been required to facilitate the smectite-to-illite transformation during both decay of microbial 

mat organic matter and early diagenesis.  

The proposed mechanism of bacterially enhanced illitization has important implications for the 

Palaeoproterozoic climate and ocean chemistry because the facilitated removal of K+ from 

seawater into the clay fraction of sediments is akin to the modern reverse weathering process 

(Mackenzie & Garrels, 1966) to explain difference in the chemical composition of rivers and 

seawater. Formation of authigenic clays in the oceans involves (as an unbalanced reaction): 

Si(OH)4 + cations (K+, Mg2+, Fe2+, Al3+) + HCO3
-  clay mineral + CO2 + H2O. In the Amazon 

continental shelf, reverse weathering was estimated to account for a sink of 10% of the annual 

riverine supply of K+ to the oceans (Michalopoulos & Aller, 1995). Moreover, the release of 

CO2 from bicarbonate consumption has been recently inferred to have helped maintain a warm 

Precambrian Earth at a time of lower solar luminosity and stabilized marine pH at lower values 

by releasing protons to seawater (Isson & Planavsky, 2018). While the conversion of smectite 

to illite is different (Boles & Franks, 1979): smectite + K+  illite + cations (Na+, Ca2+, Mg2+, 

Fe2+) + Si(OH)4, its importance lies in the enforcing ultimate removal of K+ from seawater with 

MRS, which would have strengthened the reverse weathering buffer on global climate during 

the Precambrian. Notably, in the absence of terrestrial vegetation and limited clay burial on 

landmasses in the Precambrian to consume K+ released by chemical weathering, terrestrial K+ 

fluxes to the oceans would have been significantly larger than in the Phanerozoic (McMahon 

& Davies, 2018). The K content in Precambrian seawater is highly uncertain with estimates 

ranging from those lower than that in the modern seawater to those that are higher (Holland, 

1984; Weiershäuser & Spooner, 2005; Spear et al., 2014; Marty et al., 2018). Large land 

masses likely did not emerge until ~2.5 Ga (Bindeman et al., 2018), thus the continental margin 

repository for marine evaporites was smaller with the correspondingly larger content of Na and 

K in seawater (Holland, 1984; Knauth, 1998, 2005). Regardless, the ability of bacteria to 

facilitate the incorporation of K+ into illite at the time when microbial mats were likely more 

extensive in the oceans in the absence of grazing metazoans (Seilacher & Pflüger, 1994) 

provides a previously unrecognized biological feedback on the Earth surface system to control 

seawater pH and the atmospheric CO2 content. 
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The recognition of ancient metabolic activity more specific than biogenic graphite is also of 

paramount importance in the search for Archean biosignatures. In this regard, we suggest that 

the process of illitization in association with the MRS might be evidence of biologically supplied 

K+. Until now, this concept has not been tested because of the common abundance of K-

feldspars in Phanerozoic and Precambrian sedimentary basins, which is related to the 

presence of felsic igneous rocks in the continental crust of all ages (Greber et al., 2017). 

However, the predominance of mafic and ultramafic igneous rocks in the Archean and early 

Proterozoic greenstone belts (Arndt et al., 2008; Moyen & Martin, 2012) requires a different 

mechanism to explain the K+ enrichment with respect to host sediments that lack potassium-

rich detrital minerals and illite-rich authigenic clays. Our finding of K-controlled mineral 

transformation during diagenesis in clay-rich shale deposits provides a new insight for seeking 

a potential biosignature in the early Earth’s sedimentary environments that lacked granitoids 

in their provenance and where morphologic and carbon isotope evidence for MRS are often 

compromised. 

4 | METHODS 

4.1 | Sampling and sample preparation 

We collected more than one hundred MRS with their associated host sediments from 

Moulendé Quarry, Francevillian basin, Gabon. The samples were photographed at the 

University of Poitiers using a Nikon Europe D610 digital single-lens reflex camera equipped 

with a Nikon AF-S 24-120 mm f/4G ED VR lens. Textural contrast between mat specimens 

and host sediments was investigated on polished slab sections with a ZEISS Discovery V8 

stereoscope coupled with a Axio Cam ERc 5s microscope camera. Thirty samples covering all 

rock types were selected for mineralogical analyses. The µm-thick mat laminae (both non-

pyritized and pyritized, defined according to petrographic analyses (Aubineau et al., 2018) and 

their sulfur content) were carefully removed from their underlying host rocks by using a cutter 

blade to avoid contamination. Directly below the mat-bearing rocks, sandstone or black shale 

sediments were gently extracted with a hammer for mineralogical and geochemical analyses. 

MRS were carefully removed using spatula to extract and prepare <2 µm clay fraction and 

whole-rock powder for mineral and organic carbon analyses. 

4.2 | X-ray diffraction 

Approximatively the same quantity of the whole-rock powder and clay mineral fraction (<2 µm) 

from 11 samples were analyzed with a Bruker D8 ADVANCE diffractometer at the University 

of Poitiers using CuK radiation operating at 40 kV and 40 mA. The <2 µm clay fraction was 

separated by dispersion of gently hand-crushed bulk samples in deionized water with an Elma 
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S60 ultrasonic agitation device without any chemical pre-treatment (Moore & Reynolds Jr, 

1997). The dispersed particles were let to settle under gravity at a controlled room temperature 

of 20°C, and centrifuged to separate <2 µm clay fraction. Oriented slides were prepared by 

drying 1 mL of suspension on glass slides at room temperature. The <2 µm fraction of some 

smectite-rich and illite-rich samples has been Ca-saturated after three dispersions in 1M CaCl2 

solution followed by several washings with deionized water. This cation exchange 

homogenizes the sheets of swelling clays to keep stable interlayer properties. Analysis of 

whole-rock powder samples was performed over an angular range of 2-65° 2θ with a step size 

of 0.025° 2θ per 3 s. Oriented slides of the <2 µm clay fraction were analyzed at a step size of 

0.02° 2 per 3 s counting time and over 2 to 30° 2 angular range after successive air drying 

(AD) and ethylene glycol (EG) saturation. Oriented Ca-saturated samples were then prepared 

and analyzed in AD and EG states. Background stripping, indexing of peaks, and mineral 

identification were done using Bruker Eva software by comparing with International Centre for 

Diffraction Data (ICDD) files. Illite polytypes were observed on randomly oriented powders (<2 

µm clay fraction) and analyzed at a step size of 0.01° 2 per 2 s counting time and over 19 to 

33° 2 angular range. The results were compared with reference data (Bailey, 1980; Drits, 

1993; Haines & Van Der Pluijm, 2008). Illite with 2M1 and 1Mt polytypes represent detrital and 

diagenetic illite, respectively (Grathoff et al., 2001).  

4.3 | X-ray diffraction profile modelling 

The stacking mode (R, Reichweite ordering parameter) of I-S MLMs ranging from randomly 

interstratified (R=0) MLMs to long-range ordered MLMs (R= 1, 2 and 3) as well as the 

proportion of smectite and illite layers were determined by fitting experimental Ca-saturated 

samples in AD and EG states (over 2–30°2 CuK) using the NEWMOD 2.0 program 

simulation (Reynolds Jr & Reynolds III, 1996). When the same solution is obtained for the AD 

and EG states, we assumed the fit is acceptable. The instrumental and experimental factors 

such as horizontal and vertical beam divergences, goniometer radius, length and thickness of 

the oriented slides were introduced without further adjustment (Drits & Tchoubar, 1990). 

Sigmastar (degree of orientation of the clay particles on the slide) was set between 12 and 18° 

and the mass absorption coefficient (µ*) to 45 cm2/g, as suggested by Moore and Reynolds 

(Moore & Reynolds Jr, 1997). Angular domains containing non-clay mineral reflections were 

not included in the profile-fitting process. 

4.4 | Electron microscopy 

Polished slab sections of selected samples were carbon coated and imaged with a FEI Quanta 

200 scanning electron microscope (SEM) equipped with an energy dispersive X-Ray 
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Spectrometer (EDX) at the University of Lille. Mineral identification and documentation of 

textural relationships were acquired in back-scattered electron mode (BSE) operated at 

accelerating voltage of 15 kV, 1 nA beam current, and a working distance of 10.5 mm. 

Transmission electron microscopy (TEM) analysis of the <2 µm clay fraction was performed 

with a JEOL 2100 UHR microscope working at 200 kV accelerating voltage with a LaB6 emitter 

and equipped with a JEOL EDX detector at the University of Poitiers. Samples were prepared 

for TEM analysis by suspending 1 mg of each sample in distilled water. A droplet of diluted 

suspension after ultrasonic treatment was deposited on a C-coated Au grid. Lath- and 

hexagon-shaped particles were selected from the grids because they only correspond to illitic 

minerals (Inoue et al., 1988; Inoue & Kitagawa, 1994; Meunier & Velde, 2004). Selected-area 

electron diffraction (SAED) patterns were collected to image the hexagonal net pattern of the 

analyzed particles in (hk0) reflections (Kumai, 1976; Veblen et al., 1990; Whitney & Velde, 

1993).  

4.5 | Whole rock analysis 

Whole-rock geochemical analyses of major elements were carried out on 18 biofilms and 23 

host sediments at Service d’Analyse des Roches et Minéraux (SARM) of the Centre de 

Recherches Pétrographiques et Géochimiques (CRPG), Nancy, France. Each sample was 

powdered in agate mortar and approximatively 1 g was fused with lithium metaborate (LiBO2) 

and dissolved in nitric acid. Major element concentrations were obtained by inductively-

coupled plasma atomic emission spectrometry (ICP-AES).  

4.6 | Statistics 

For descriptive treatment (boxplot) and statistical analyses, we used the R version 3.5.1 (R 

Core Team, 2018). The values for each group do not fulfil the assumption of normality and the 

Bartlett test of homogeneity of variances was computed prior statistical analyses. Our data 

returned a significant result (Bartlett test, 2 = 26.92, df = 3, p-value < 10-6), indicating overall 

inter-group heteroscedasticity of the dataset. According to these results, a multiple factor non-

parametric test (i.e., Kruskal-Wallis test) was used to calculate whether the difference in   

K2O/SiO2 ratios is statistically significant or not among lithologies. Finally, post hoc pairwise 

multiple comparison tests according to Conover were applied to figure out which pairs of 

groups (i.e., lithologies) are different.  

4.7 | Carbon analysis 

MRS and their host sediments were powdered for the measurement of organic matter content. 

We used a FlashEA 1112 (ThermoFisher Scientific) CHNS analyser for flash dynamic 

combustion at 970°C under a constant helium flow. An Eager 300 software was used for data 
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acquisition. A calibration curve was performed with aspartic acid and nicotinamide before each 

analysis. Carbon content includes both inorganic and organic carbon, but whole-rock 

geochemical data show that CaO content is low. 

4.8 | Synchrotron-based scanning X-ray microscopy 

Polished slab sections of representative samples were chosen for scanning XRM analysis. 

The XRM measurements were performed on several areas within the studied samples at the 

Nanoscopium hard X-ray nanoprobe beamline (Somogyi et al., 2015) of Synchrotron Soleil 

(L'Orme des Merisiers Saint-Aubin, France). The monochromatic X-ray beam of 12 keV energy 

was focused on the sample area by a Kirckpatrick-Baez nano-focusing mirror. In order to obtain 

micrometre resolution for elemental maps of mm2–sized sample areas, we used the fast 

continuous scanning (FLYSCAN) technique (Medjoubi et al., 2013). Full XRF spectra were 

collected for each pixel of the scans by two Si-drift detectors (VITUS H50, KETEK GmbH) in 

order to increase the solid angle of detection. The XRF spectra of the two detectors were 

added and this sum was used for calculating the distributions of S, K, Ca, Ba, Mn, Fe, Ni, Cu, 

Zn, Ga, Ge and As in the measured sample regions. Each elemental map was normalized to 

10 ms/pixel exposure time. 
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SUPPLEMENTARY NOTE 1  

Geochemical comparisons of selected major elements between MRS and host 

sediments. 

Al2O3 content reveals a negative relationship with SiO2 in terms of clastic grain size (Appendix 

12A), with shales being more aluminous than sandstone. This is to be expected, but 

surprisingly, non-pyritized MRS also have a higher SiO2 content and K2O/SiO2 ratio than 

pyritized MRS (Figure 32), indicating that quartz dilution is unlikely. Moreover, the Francevillian 

FB2 Member shales do not contain silica excess with respect to the average shale (Appendix 

10) (Taylor & McLennan, 2001), inconsistent with extensive silicification during early 

diagenesis. Al2O3 displays a positive correlation with K2O in pyritized MRS and host sediments, 

but shows no trend for non-pyritized MRS (Appendix 12B), suggesting the presence of K-poor 

clays. Lithologies show different K2O and Na2O relationships, but, on the average, K2O and 

Na2O contents co-vary (Appendix 12C), consistent with a similar relationship shown by 

chemical analyses of fine-grained illite (Środoń & Eberl, 1984). MgO exhibits no significant 

correlation with Al2O3 (Appendix 12D), indicating the presence of Mg-bearing carbonate and/or 

Mg-poor phyllosilicates. Collectively, these binary plots highlight that the variations in major 

element content are controlled by mineralogy (e.g., type of detrital and/or authigenic clays 

present in lithologies). 
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3.3. Highlights of Part 3 

 The potassium content in both the MRS and host sediments was measured by whole-

rock analysis and synchrotron-based X-ray fluorescence.  

 The X-ray diffraction profiles and transmission electron images show abundant and 

well-crystallized illite particles in the MRS, but not in the host rocks. 

 The results point to a K enrichment confined to the MRS. 

 The K was incorporated during the living of microbes and subsequently released after 

the decay of organic matter, enhancing the illitization process. 

 The bacterially mediated illitization is akin to the reverse weathering process, which 

could have promoted feedbacks on seawater pH and climate, 2.1 Ga ago.  

 The biologically derived K allows to recognize a new biosignature, providing new 

insights for seeking early life in Archaean rocks.  
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4.1. Introduction 

Part 4 now discriminates the MRS into three different mat textures described as pyritized MRS, 

poorly pyritized MRS, and unpyritized “elephant-skin” textures (EST). These are defined 

according to petrographic analyses (Aubineau et al., 2018) and their sulfur content. The 

Francevillian MRS have shown to be characterized by K-rich phyllosilicates, while the host 

sediments are defined by K-poor clay minerals (see section 3.2; Aubineau et al., 2019). This 

occurred from a biologically induced trapping of seawater K+. In this regard, it seems likely that 

others cations would have been trapped in the microbial communities, especially because 

modern microbial cells tend to contain a measurable amount of trace elements important for 

the maintenance of cell function. This fourth part is intended to ascertain whether the MRS 

concentrate trace elements passively and/or actively. In addition, the interaction between toxic 

compounds and microbial communities is discussed through the following section. Indeed, the 

supply of toxicants (e.g., oxidized arsenic species) to the Francevillian depositional 

environments in the wake of the GOE was recently documented by Chi Fru et al., 2019 

(associated works §3). 

The carbon isotope compositions of MRS have been previously determined (see section 2.2; 

Aubineau et al., 2018), but values from the different microbial morphotypes and host rocks 

have not yet been explored. Moreover, the investigation of nitrogen isotopes in the 

Francevillian MRS and host rocks is also undertaken for deciphering new microbial 

biogeochemical processes. The isotope analyses further characterize the studied samples and 

are reported in the last section of part 4. Lastly, Fe-based proxy analyses are provided to 

constrain the local redox conditions. 
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4.2. A biocontrolled trace element enrichment?  

This section is dedicated to an article that is submitted in the journal Chemical Geology. 

 

Trace element characterization of ca. 2.1-billion-year-old shallow-marine microbial 

mats from the Francevillian Series, Gabon  

Jérémie Aubineau1*, Abderrazak El Albani1, Andrey Bekker2, Ernest Chi Fru3, Andrea 

Somogyi4, Kadda Medjoubi4, Armelle Riboulleau5, Alain Meunier1, & Kurt O. Konhauser6 

1UMR 7285 CNRS IC2MP, University of Poitiers, Poitiers, France. 2Department of Earth and 

Planetary Sciences, University of California, Riverside, CA, 92521, USA. 3Centre of 

Geobiology and Geochemistry, School of Earth and Ocean Sciences, College of Physical 

Sciences and Engineering, Cardiff University, Cardiff CF10 3AT, Wales, UK. 4Nanoscopium 

beamline Synchrotron Soleil, BP 48, Saint-Aubin, 91192 GIF-sur-Yvette, France. 5UMR 8187 

CNRS LOG, University of Lille, ULCO, Villeneuve d’Ascq, France. 6Department of Earth and 

Atmospheric Sciences, University of Alberta, Edmonton, Alberta, Canada. 

*corresponding author: jeremie.aubineau@univ-poitiers.fr 

Abstract 

The sedimentary fabrics of Precambrian mat-related structures (MRS) represent some of the 

oldest convincing evidence for early life on Earth. The ca. 2.1 billion-year (Ga) old MRS in the 

FB2 Member of the Francevillian basin in Gabon has received considerable attention not only 

because they contain remnants of microbial mats that colonized large areas in oxygenated, 

shallow-marine settings, but also since they contain evidence for ancient multicellular 

organisms that thrived on these microbial mats using them as a food source. Despite these 

insights, what remains lacking is a full characterization of the geochemical composition of the 

MRS to test whether the bulk composition of fossilized MRS is distinct from the host sediments 

(sandstones and shales). Here, we show that the trace element (TE) content of microbial 

textures belonging to pyritized MRS, poorly pyritized MRS, and “elephant-skin” textures (EST) 

is highly variable and differs from that of the host sediments. The poorly pyritized MRS contain 

a unique matrix with embedded Ti- and Zr-rich minerals and syngenetically enriched in TE. 

The EST, some of which are developed along the same stratigraphic horizon as the poorly 

pyritized MRS, display a distinct distribution of TE-bearing heavy minerals, suggesting a local 

difference in physical conditions during sedimentation. Similarly, high chalcophile element (CE) 

content in pyrite-bearing MRS relative to the host sediments of the FB2 Member further points 

to local bacterially influenced enrichments with high rates of microbial sulfate reduction during 
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early diagenesis. The geochemical relationship between the MRS and the Francevillian 

sediments (e.g., FB, FC, and FD formations) indicates that specific, biological pathways for CE 

enrichments (i.e., microbially controlled accumulation) are not obvious. Our findings highlight 

bulk-rock TE distinction between the 2.1-billion-year-old MRS and their host sediments, but 

also indicate that environmental conditions, such as hydrodynamic regime and water-column 

redox chemistry, may simply overwhelm any potential biological signal. Our data imply that 

microbial activity played a role in the enrichment of local sediment TE content in the 

Francevillian Group, but suggest that bulk MRS TE concentrations are a poor example of a 

Paleoproterozoic biosignature. 

Keywords 

Microbial mats, trace element content, biological signal, environmental factors, 

Palaeoproterozoic 

1 | INTRODUCTION 

The ca. 2.1 billion-year-old Francevillian sedimentary rocks record significant changes in the 

Earth’s ocean and atmosphere chemistry as they were deposited in the immediate aftermath 

of the first substantial rise of atmospheric oxygen (Holland, 2002; Bekker, 2015a) and 

coincident with Earth’s longest and most extreme marine positive carbon isotope excursion (El 

Albani et al., 2010; Canfield et al., 2013; Bekker, 2015b). These sediments record the presence 

of cm-sized macroscopic fossils with a wide range of characteristics, including lobate, 

elongated, rod-shaped, and disc-shaped morphotypes (El Albani et al., 2010, 2014), as well 

as diverse string-shaped structures that have been interpreted as evidence for ancient 

organism motility (El Albani et al., 2019). In addition, benthic microbial mat communities 

prevailed in the Francevillian sedimentary deposits (Reynaud et al., 2017; Aubineau et al., 

2018) and are now preserved as mat-related structures (MRS) with an exceptional diversity of 

mat growth patterns (e.g., “elephant-skin” texture, “fairy rings”) and mat-protected features 

(e.g., wrinkle structures) (Aubineau et al., 2018). Based on the observed tufted microtextures 

and comparison with modern analogues it has been suggested that shallow-marine conditions 

within the photic zone allowed the development of phototrophic microbial mats composed of 

oxygenic photosynthesizers such as cyanobacteria (Reynaud et al., 2017; Aubineau et al., 

2018). Lastly, these MRS have been shown to record an ancient metabolic activity through a 

K-controlled mineral transformation that occurred during diagenesis (Aubineau et al., 2019). 

The observation of MRS in the Francevillian Group, therefore, offers us the opportunity to 

further ascertain whether specific chemical “biosignatures” unique to MRS might also be 

present. This is crucial because organic microbial remnants, preserved as graphite, are 
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common features in early Archean rocks (Schidlowski et al., 1979; Mojzsis et al., 1996; Rosing, 

1999; Nutman et al., 2016; Dodd et al., 2017), but these have been subjected to deep burial 

diagenesis or metamorphism, and as a consequence, without clear physical features of MRS, 

it is difficult to assess their biogenicity. Indeed, it has been suggested that carbonaceous matter 

may have been generated abiotically under hydrothermal conditions via a process similar to 

the Fischer–Tropsch synthesis (Brasier et al., 2002; Van Zuilen et al., 2002; Lindsay et al., 

2005). Therefore, seeking chemical biosignatures for ancient microbial mats is a sensible way 

forward because it is well documented that modern microbial mats, comprised of various 

bacterial species and their extracellular polymeric substances (EPS), are frequently enriched 

in metal cations in the nmol/g (Huerta-Diaz et al., 2011, 2012; Petrash et al., 2015) to µg/g 

(Webster-Brown & Webster, 2007; Sancho-Tomás et al., 2018) range. This is a function of the 

EPS containing a variety of organic functional groups (e.g., carboxyl, phosphate, and 

sulfhydryl) that deprotonate at circum-neutral pH conditions, thus making them anionic and 

prone to metal adsorption and potential authigenic mineral nucleation (Konhauser, 1997). The 

same functional groups are also responsible for the trapping and binding of detrital particles 

onto the surface of mats as they grow upward, including heavy mineral grains, such as titanium 

oxides and zircons (Homann et al., 2015), or clays (Konhauser, 1998; Newman et al., 2016, 

2017; Playter et al., 2017). 

There is no reason to believe that Precambrian mats behaved differently from the modern so 

it stands to reason that fossilized mat fabrics should similarly show TE enrichments relative to 

host sediments. In this regard, we measured the bulk TE concentrations of the MRS and host 

sediments of sandstone and black shale from the ca. 2.1 Ga Francevillian FB2 Member of the 

Francevillian Group in Gabon to ascertain whether potential biological TE enrichments are 

recorded. These sedimentary rocks were chosen because previous work has already 

demonstrated that they contain diverse microbial mat morphotypes (Aubineau et al., 2018, 

2019), previously described as pyritized MRS, poorly pyritized MRS, and unpyritized “elephant-

skin” textures (EST). The rocks also possess geochemical record that tracks Earth’s 

oxygenation history and MRS with associated K enrichment (Canfield et al., 2013; Aubineau 

et al., 2019; Chi Fru et al., 2019). 

2 | GEOLOGICAL CONTEXT OF THE FRANCEVILLIAN SERIES 

The unmetamorphosed and minimally deformed ca. 2.1 Ga old Francevillian Group in 

southeastern Gabon is a 1.0 to 2.5 km-thick succession that overlies an Archean crystalline 

basement (Figure 35A) (Gauthier-Lafaye & Weber, 1989; Weber et al., 2016). 

Lithostratigraphically, the Francevillian Group has been divided into five formations, labelled 

FA to FE from the oldest to youngest (Figure 35B) (Weber, 1968). The Archean crystalline 
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basement is mainly composed of granitoids and greenstone belts (Thiéblemont et al., 2009) 

with ages ca. 3.0–2.9 Ga (Mouélé et al., 2014). The basal FA Formation unconformably 

overlies the Archean basement and is predominantly composed of fluvial to fluvio-deltaic, 

coarse- to fine-grained quartz arenites, and conglomerates with minor interlayered mudstones. 

Collectively, this sedimentary sequence indicates a progressive transition to marine conditions 

(Gauthier-Lafaye & Weber, 1989; Bankole et al., 2015). 

 

The predominantly marine FB Formation sedimentary rocks conformably overlie the FA 

Formation and are characterized by fine-grained sediments with interbedded debris flows, 

dolostones, thin iron-rich horizons, manganese ore deposits, and sandstones (Gauthier-

Lafaye, 1986; Gauthier-Lafaye & Weber, 1989). The FB Formation is classically subdivided 

into FB1 (including a, b, and c units) and FB2 (with a and b units) members based on lithological 

Figure 35: Geological map of the Paleoproterozoic Franceville sub-basin (A; modified from Bouton et 
al. (2009)) and general lithostratigraphic column of the Francevillian Series (B). The studied area (the 
Moulendé Quarry) is shown with the green star. [1Horie et al. (2005); 2Thiéblemont et al. (2009); 3Bros 
et al. (1992); 4Mouélé et al. (2014)]. 
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variations (Weber, 1968; Azziley Azzibrouck, 1986). The FB1 Member is dominated by 

greenish, silty to sandy shales, heterolithic beds that consist of shales alternating with 

interbedded dolomite-cemented siltstones, and manganese-rich black shales (Azziley 

Azzibrouck, 1986; Pombo, 2004; Reynaud et al., 2017). The FB2 Member is essentially 

dominated by coarse-grained sandstones rapidly deposited from high-density gravity currents 

(FB2a unit) that formed largely structureless to dewatered beds (Reynaud et al., 2017). The 

sandstones are overlain by black shales with thin interlayered siltstones (FB2b unit), deposited 

during a sea-level fall. Overall, the FB2 sediments were deposited in a shallow-marine 

environment with an oxygenated water column (Canfield et al., 2013; Ossa Ossa et al., 2018). 

The overlying FC Formation consists of massive dolostone beds, and stromatolitic cherts 

interbedded with black shales (Weber, 1968; Bertrand-Sarfati & Potin, 1994; Amard & 

Bertrand-Sarfati, 1997; Préat et al., 2011). Moreover, an exceptionally preserved, Gunflint-type 

microfossil assemblage was recently documented in cherts of the FC Formation, giving support 

to the diverse ecosystem in the Francevillian basin (Lekele Baghekema et al., 2017). The FD 

Formation is mainly dominated by black shales alternating with volcanic tuffs and fine- to 

medium-grained sandstones (Thiéblemont et al., 2014). The topmost FE Formation consists 

of medium-grained arkose with interlayered shales (Gauthier-Lafaye & Weber, 1989; 

Thiéblemont et al., 2014).  

A number of radiometric ages have been obtained for the Francevillian Group sediments, but 

the timing of deposition of the Lower Francevillian Group (FA and FB formations) is still 

controversial. Diagenetic illites in the FB1b unit yielded a Sm-Nd isotope ages of 2099 ± 115 

Ma and 2036 ± 79 Ma on <0.4 μm and <0.2 μm clay fractions, respectively, which constrained 

the age of early diagenesis in this unit (Bros et al., 1992). Finally, the depositional age of the 

FD Formation is well constrained with ignimbrite tuffs and sandstones that provided U-Pb ages 

of 2083 ± 6 Ma (Horie et al., 2005) and 2072 ± 29 Ma (Thiéblemont et al., 2009), respectively. 

Based on 13Ccarb and 13Corg isotope compositions, the FB and FC formations also record the 

end of the Lomagundi carbon isotope excursion (El Albani et al., 2010; Préat et al., 2011; 

Canfield et al., 2013), dated elsewhere between 2.11 and 2.06 Ga (Karhu & Holland, 1996; 

Martin et al., 2013). Given these age constraints, the deposition of the Francevillian Group has 

likely occurred ca. 2.1 Ga ago, during a critical juncture when Earth’s atmosphere underwent 

a critical transition towards modern oxygenated conditions. 

3 | MATERIAL AND METHODS 

3.1 | Materials 

Highly diverse microbial mats and their host sediments were sampled from the Moulendé 

Quarry, Francevillian basin, Gabon. The mat layers were carefully separated from the 
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underlying sediments with a blade, avoiding contamination with the underlying sediments. 

Directly from below the MRS, the host sediments were also sampled for geochemical analyses. 

3.2 | Microscopy 

Mineral composition and textural relationships were studied in polished and carbon-coated thin 

sections, using a FEI Quanta 200 scanning electron microscope (SEM) equipped with an 

energy-dispersive X-Ray Spectrometer (EDX) as previously described (Aubineau et al., 2018). 

3.3 | Major and trace element analyses 

Whole-rock geochemical analyses of major and trace elements were performed on 7 pyritized 

MRS, 7 poorly pyritized MRS, 4 unpyritized “elephant-skin” textures, 7 sandstones, and 15 

black shale samples. Major element concentrations were measured by inductively-coupled 

plasma atomic emission spectrometry (ICP-AES), while trace and rare earth element (REE) 

contents were analyzed by inductively coupled plasma mass spectrometry (ICP-MS) at Service 

d’Analyse des Roches et Minéraux (SARM) of the Centre de Recherches Pétrographiques et 

Géochimiques (CRPG), Nancy, France. Each sample was powdered in agate mortar and 

approximately 1 g was fused with lithium metaborate (LiBO2) and dissolved in nitric acid. 

According to the analyzed trace element concentration, the uncertainty is lower than 5–10% 

for elemental concentrations > 50 ppm, lower than 5–20% for elemental concentrations 

between 10 and 1 ppm, and higher than 25% for elemental concentrations near the detection 

limit (Carignan et al., 2001). Descriptive statistics for trace elements were performed with R 

software (version 3.5.1; R Core Team, 2018) to enhance data resolution relative to the number 

of individual samples within each lithology. 

3.4 | X-ray fluorescence (XRF) microscopy 

Scanning X-ray fluorescence microscopy analysis was performed on polished slab sections of 

representative MRS samples. The XRF elemental distribution maps were collected on several 

areas within the investigated samples at the Nanoscopium hard X-ray nanoprobe beamline 

(Somogyi et al., 2015) of Synchrotron Soleil (L'Orme des Merisiers Saint-Aubin, France). The 

monochromatic X-ray beam with 12 keV energy was focused on the sample by a Kirckpatrick-

Baez nano-focusing mirror. We used the fast continuous scanning (FLYSCAN) technique to 

obtain micrometer resolution for elemental maps of mm2-sized sample areas (Medjoubi et al., 

2013). We have increased the solid angle of detection by the means of two Si-drift detectors 

(VITUS H50, KETEK GmbH) to collect full XRF spectra in each pixel of the scans. We provide 

the distribution of Fe, As, and Ni with micron-scale spatial resolution and high analytical 

sensitivity. Each elemental map was normalized to 10 ms/pixel exposure time. 
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4 | RESULTS 

4.1 | Textural diversity of MRS 

Mat-related structures, marine shales, and sandstones collected from across the FB2 Member 

(Figure 36A) are different in their macroscopic and microscopic textures, mineralogy, and 

geochemistry (Figures 36B-G; Appendices 20, 21). Pyritized MRS are developed on top of thin 

bedded, parallel-laminated black shales. They range from 0.8 to 3 mm in thickness and contain 

euhedral pyrite crystals, 20 to 30 µm in size (Figures 36B, C). In this study, pyritized MRS refer 

to flat pyritized structures, domal buildups, and “fairy ring” features that were previously 

described by Aubineau et al. (2018) in the same rocks. The poorly pyritized MRS from the 

sandstone unit reflect mat growth or mat-protected (resulting from mat preservation of 

structures formed independently from mat growth) patterns (Sarkar et al., 2008; Aubineau et 

al., 2018). They vary between 0.2 and 0.5 mm in thickness (Figures 36D, E), and contain a 

large number of detrital minerals (Figure 36E; Appendix 22) (Aubineau et al., 2018). Among 

them, randomly arranged zircons and titanium oxides, and clay particles up to 100 µm in size, 

are common. Numerous sub-euhedral to euhedral pyrite crystals with varying size, but 

generally smaller than those in the pyritized MRS, were observed at deeper levels in the poorly 

pyritized MRS (Appendix 23). In addition, interpreted gas escape and bubble-like structures, 

having clay minerals disorganized at the edges, but aligned around them, were likely formed 

before compaction (Figure 36E). The unpyritized EST, some of which developed on the same 

bedding plane in sandstones as the poorly pyritized MRS, is one of the most common mat 

morphologies, characterized by tufted microbial fabrics (Figures 36F, G) (Shepard & Sumner, 

2010; Reyes et al., 2013; Aubineau et al., 2018). They reach up to 2 mm in thickness and lack 

embedded heavy minerals and putative gas escape structures. 

4.2 | Provenance characterization 

The host sediments have similar chondrite-normalized REE + Y patterns (Figure 37A; 

Appendix 21) (Schmitt et al., 1964; Evensen et al., 1978). The steep light-REE pattern with a 

flat heavy-REE profile in the post-Archaean shales reflects REE abundances in the upper 

continental crust exposed to weathering (Taylor & McLennan, 2001; Large et al., 2018). REE 

contents decrease with increasing SiO2 content, reflecting quartz dilution. The similar REE + 

Y patterns of sandstone and black shale lithologies suggest that the sediments on which the 

MRS formed had the same provenance. Furthermore, sandstones and black shales are 

interlayered (Figure 36A), indicating that they were deposited in the same general setting, but 

at different energy levels (Reynaud et al., 2017). 
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The REE abundances have also been normalized to the Post-Archaean Australian Shale 

(PAAS) average, a widely used reference for normalizing sedimentary lithologies, allowing 

easy comparison to previous works (Figure 37B). The PAAS-normalized REE + Y patterns of 

black shales from the FB2 Member show moderately positive Eu anomalies (Eu/Eu*; see 

Figure 36: Lithostratigraphic column and representative mat-related structures (MRS) with their 
associated petrographic textures from both sandstone and black shale facies. (A) Composite 
lithostratigraphic section of the studied area in the FB2 Member showing the main microbial levels 
including pyritized MRS (flat pyritized, domal buildup, and ‘fairy ring’ structures), poorly pyritized MRS 
(mat-growth and mat-protected structures), and unpyritized MRS (EST: “elephant-skin” texture). (B) 
Flat pyritized MRS from the FB2b unit. (C) SEM image of pyritized MRS in cross-section perpendicular 
to the bedding plane. Pyrite grains and clay particles are developed within biofilms. (D) Mat-layer 
structures (white arrow) on the bedding surface of sandstone from the FB2a unit. (E) SEM image of 
micrometer-thick poorly pyritized MRS in cross-section perpendicular to the bedding plane. Green and 
purple arrows show trapped and bound heavy minerals and a gas escape structure, respectively. (F) 
“Elephant-skin” textures (EST) from the FB2a unit. Inset box shows reticulate pattern. (G) SEM image 
of tufted microbial fabrics from the EST above the poorly-sorted quartz sandstone. Blue arrow points 
to tufted microbial fabrics. Images in B and C, F, and G are modified from Aubineau et al. (2018) and 
Aubineau et al. (2019), respectively. 
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Appendix 21 for method of calculation), ranging from 1.29 to 1.44. A strong positive Eu 

anomaly in sediments is usually interpreted to indicate high-temperature hydrothermal fluxes 

to the water column (Bolhar et al., 2004; Planavsky et al., 2010; Hiebert et al., 2018). Moreover, 

the REE + Y patterns reveal a moderately steep trend with light-REE enrichments, as shown 

by shale-normalized Pr/Yb(SN) ratios ranging between 1.45 and 3.54 (Figure 37B; Appendix 

21). In addition, the binary plot of Fe/Ti vs. Al/(Al+Fe+Mn), which resolves the influence of a 

hydrothermal vs. detrital source (Figure 37C; cf. Pecoits et al. 2009), suggests that the studied 

black shales predominantly reflect a detrital source, with limited hydrothermal influence. 

Similarly, the average Y/Ho value of 31.4 (Appendix 21) is lower than the seawater Y/Ho ratio 

that is >44 (Bolhar et al., 2004), but above the invariable Y/Ho ratio of terrestrial materials 

(~26).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 37: Geochemistry of the host rocks, black shales (diamonds) and sandstones (circles). (A) 
Chondrite-normalized REE + Y patterns. Chondrite values are from Schmitt et al. (1964) and Evensen 
et al. (1978). (B) PAAS-normalized REE + Y patterns. PAAS values are from Taylor & McLennan 
(1985). (C) Binary plot of Fe/Ti vs. Al/(Al+Fe+Mn). 
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4.3 | Chemical composition of host sediment and MRS 

Descriptive statistical relationships among independent TE variables of MRS and individual 

sediment lithologies show the largest variation along the first and second Principal 

Components (PC) (Figure 38A). Collectively, both PC explain more than 78% of the total 

variance in the dataset (Appendix 24). According to the contribution of each variable along the 

PC1, the variation is induced by TE that are usually taken to be proxies of the detrital flux 

(Figure 38B; McLennan 1989, 2001; Tribovillard et al. 2006). Along the PC2, it appears that 

the metals enriched in pyrite, apart from Cd and Zn, are responsible for difference among 

lithologies. The PC1 accounts for 54.3% of the total variance, with the poorly pyritized MRS 

being different from the pyritized MRS, EST, and host sediments (Figure 38A). On the other 

hand, EST, pyritized MRS, and black shales do not cluster into distinctly separate groups. 

Their spread along the PC1 axis seems largely determined by the elements that are abundant 

in the heavy mineral fraction, as indicated by the large contribution of Zr and REE (Figure 38B). 

This is consistent with petrographic observations, which indicate the presence of detrital zircon 

and Ti-oxides in the poorly pyritized MRS. The PC2 contributes 24.4% to the total variance, 

with the pyritized MRS plotting above the poorly pyritized MRS, EST, and host sediments. The 

pyrite content likely controls their spread along the PC2 axis. One pyritized MRS sample has 

a signature similar to that of black shales, suggesting either a large contribution of the host 

sediment during sample separation or a depletion in metals enriched in pyrite compared to the 

other pyritized MRS (Figure 38A).  

Figure 38: Descriptive statistical treatments. (A) Principal component analysis on 40 individuals 
representing the relationship among 3 MRS morphotypes and 2 host sediments (black shales and 
sandstones) and 26 independent variables (trace element concentrations). (B) Contribution of each 
variable (%) along PC1 (left) and PC2 (right). The stronger the contribution of TE, the darker the bar is. 
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Stratigraphic geochemical profiles of the FB2 Member reveal dramatic difference in bulk 

composition among the three MRS morphotypes even on the same stratigraphic level, but also 

heterogeneous composition of the poorly pyritized and pyritized MRS (Figure 39). The 

enrichment factor The enrichment factor (EF; Tribovillard et al., 2006) relative to the average 

shale (see Figure 39 for method of calculation; Taylor & McLennan (2001), Li & Schoonmaker 

(2003)) assesses whether an element was authigenically enriched or depleted. The EF are 

considered detectable and substantial when they are >3 and >10, respectively (Algeo & 

Tribovillard, 2009). In our samples, EF have a mean of 2.1 for Ti (EFTi) and 6.6 for Zr (EFZr) for 

the poorly pyritized MRS, which have both elements moderately to strongly enriched. These 

elements are predominantly depleted to moderately enriched in the EST (mean EFTi = 0.2; 

mean EFZr = 2.5) and in the pyritized MRS (mean EFTi = 0.3; mean EFZr = 0.5). Chalcophile 

elements (CE) are depleted to weakly enriched (mean EFAs = 0.1; mean EFNi = 1.1), weakly 

enriched (mean EFAs = 1.4; mean EFNi = 2.0), and strongly enriched (mean EFAs = 13.2; mean 

EFNi = 14.5) in the EST, the poorly pyritized MRS, and the pyritized MRS, respectively. The 

host sediments (both sandstone and black shale) show no to weak overall TE enrichment for 

most samples, with mean EFs for Ti, Zr, As, and Ni of 0.4, 1.5, 0.5, and 1.2, respectively 

(Appendix 25). 

Figure 39: Stratigraphic profile of enrichment factors (EF) of selected detrital and chalcophile elements 
within MRS. EF relative to the average shale (Ti, Zr, Ni concentrations for the average shale are from 
Taylor & McLennan (2001) and As concentration for the average shale is from Li & Schoonmaker 
(2003)) were calculated as (X/Al)sample/(X/Al)average shale, where X stands for the element concentration. 
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Generally, CE are enriched within the sediment in association with S-bearing minerals, and 

when plotted against each other, show positive covariation. The trends found within the MRS 

and black shales from the FB2 Member show the expected pattern for the preferential 

incorporation of CE into sulfide minerals (Figures 40A, B). The mixing trends among the poorly 

pyritized MRS, EST, and host shale reflect the variable content of CE-bearing pyrite. 

Nonetheless, the correlation trends of pyritized MRS differ from those of pyrite-poor MRS and 

Figure 40: Relationships between chalcophile elements and sulfur for pyritized MRS, poorly pyritized 
MRS, unpyritized “elephant-skin” textures (EST), and Francevillian black shales (from the FB1b and 

FB1c units and the FD formation). (A) Cross plot of chalcophile element (As, Bi, Co, Cu, Mo, Ni, Pb, 
and Sb) contents vs. bulk S concentrations for MRS and host black shales. (B) Cross plot of As content 
vs. bulk S concentration for MRS and host black shales. Inset boxes (A and B) show covariations at low 

CE and S contents. (C) Cross plot of chalcophile (As, Bi, Co, Cu, Mo, Ni, Pb, and Sb) contents vs. bulk 
S concentration for MRS and all Francevillian Series black shales (green trend). (D) Cross plot of As 
content vs. bulk S concentration for MRS and all Francevillian Series black shales (green trend). (E) 
CE/S ratios for 3 MRS morphotypes and 2 host sediments (black shales and sandstones). CE and S 
contents for black shales of the Francevillian Series are from Canfield et al. (2013). Data for some 
samples are below the detection limit; in that case a value of half of the detection limit was used. 
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host sediments, indicating that either some intrinsic properties (e.g., mineralogy, organic 

matter, or bacterial sulfate reduction) controlled incorporation of pyrite-hosted metals or the 

dynamic supply of CE fluctuated. Moreover, 43% (R2=0.43) of total co-variation in the pyritized 

MRS between CE and S (Figure 40A) implies that CE are also associated with other 

components. We note that one pyritized MRS sample shows low CE contents by a factor of 10 

to 100, with moderate S concentration, revealing a high heterogeneity in CE content in pyritized 

MRS. 

Compiled data for CE and S contents of the Francevillian Series black shales (from the FB1b 

unit to FD Formation) illustrate an overall linear relationship (Figure 40C), suggesting that 

sulfide production controlled the enrichment in CE. The strong positive co-variation (R²= 0.64) 

for black shales of the Francevillian Series suggests that CE contents are only moderately 

controlled by other mineral phases. The pyritized MRS show a different trend with higher S 

contents for the same CE concentrations. The same trend is also observed for As and S 

(Figure 40D), indicating that the As content was affected by the same processes that control 

CE enrichments. Finally, the CE/S ratios of pyrite-poor MRS and the Francevillian Series black 

shales are mostly within the same range from 102 to 103, whereas the pyritized MRS show the 

lowest ratios down to 17 (Figure 40E). 

4.4 | High-resolution metal distribution in the MRS 

Millimeter-sized areas of each MRS morphotype were analyzed by synchrotron-based 

scanning XFM. The distribution maps of Fe, As, and Ni are shown in Figures 41 and 42. 

Although some Fe is hosted in phyllosilicates, the highest abundance of iron is in pyrite grains, 

highlighting the difference among the MRS. EST have low As and Ni contents close to the 

detection limit (Figure 41A). These elements are unlikely to be associated with pyrite, since it 

is not present at detectable level, which is also consistent with the absence of a strong 

relationship between CE and S in the EST. The poorly pyritized MRS contain higher CE 

concentrations that are heterogeneously distributed in pyrite grains (Figure 41B). A few small, 

euhedral pyrite crystals display As-rich cores. Arsenic is preferentially located within the pyrite 

cores in the pyritized MRS with a variation in As content of  10% (1 SD), whereas Ni is mostly 

concentrated within the overgrowths (Figure 41C). This pattern suggests high As content in 

early pore-waters from which pyrite cores nucleated and higher Ni content during later 

diagenesis when the overgrowths were formed. The As distribution within individual pyrite 

crystals is heterogeneous, resulting from micrometer-thick As-rich rims around the cores and 

a decrease in As content toward the crystal surface (Figure 42). Ni also exhibits a highly 

variable abundance pattern often with a micrometer-thick Ni-rich zone at the pyrite crystal 
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surface. CE appear to be enriched by a factor of 15 (As) and 6 (Ni) in pyritized MRS compared 

to poorly pyritized MRS. 

5 | DISCUSSION 

5.1 | Microbial fabric and response to the environment 

At high concentrations of suspended material in the water column, laboratory-cultured 

cyanobacteria can become rapidly coated with clay minerals, which means that they may 

Figure 41: Synchrotron-based XFM showing the distribution of Fe, As, and Ni. (A) Unpyritized EST. (B) 
Poorly pyritized MRS. White arrow indicates As-rich pyrite core. (C) Pyritized MRS. The color bars 
indicate the intensity-scale of the metal X-Ray Fluorescence (XRF) distribution maps in counts/10 ms 
(black color, below detection limit). Higher XRF intensities correspond to higher metal contents. 
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preserve the TE and mineralogical context of detrital input to the depositional setting in which 

they lived (Newman et al., 2016, 2017; Playter et al., 2017). The Francevillian poorly pyritized 

MRS and EST contain in a high abundance TE-bearing heavy minerals relative to the host 

sandstone facies. The absence of heavy mineral enrichment in the overlying pyritized MRS 

reflects a significant decrease in sedimentation rate and energy in the depositional setting 

(Figure 43A), consistent with a change in sediment supply from sand-rich high density flows to 

fine-grained black shales (Reynaud et al., 2017). As such, the distribution of heavy minerals in 

the Francevillian Series MRS, or for that matter any MRS, is best explained by passive trapping 

and binding processes, rather than a selective and direct detrital entrapment (Sforna et al., 

2017). 

 

 

 

 

 

 

 

 

 

Importantly, poorly pyritized MRS and EST developed along the uppermost and same 

stratigraphic horizon in coarse-grained sediments (Figure 43). Although the transition from 

sandstone to black shale might imply a transgressive surface, the sandstones of the FB 

Formation were deposited from pulses of high density flows into a depositional setting with a 

background mud sedimentation (Reynaud et al., 2017). It is thus reasonable to assume that 

the poorly pyritized MRS and EST were formed under exactly the same depositional 

conditions. The variable abundance of Ti- and Zr-bearing heavy minerals in these mats only 

few meters apart likely reflects minor changes in environmental conditions under which the 

MRS flourished (e.g., hydrodynamic regime or sediment delivery pattern) (Figure 43A). These 

changes appear to have impacted microbial growth patterns, resulting in a shift to different mat 

morphology (Figure 43A). Indeed, numerous observations on stromatolite morphology have 

Figure 42: Combined As (green) and Ni (magenta) XRF maps for pyritized MRS. 
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shown active adaptation by the bacterial community to environmental conditions, such as 

water energy and the availability of light and nutrients (e.g., Allwood et al., 2006; Jahnert and 

Collins, 2012). Similarly, distribution patterns of distinct microbial mat morphotypes across 

ancient tidal flats constrain palaeoenvironmental conditions (Bose & Chafetz, 2009; Sarkar et 

al., 2014; Homann et al., 2015). 

The poorly pyritized MRS typically display the smallest mat thickness and planar morphologies 

that likely reflect a morphological adjustment to high energy hydrodynamic regime, while the 

EST and pyritized MRS show larger mat thicknesses and well-developed mat-growth fabrics 

(i.e., tufted features, domal buildups), indicating optimal growth conditions (e.g., Gerdes et al., 

2000). Difference in physical environmental conditions also likely led to highly variable 

abundance of TE-bearing heavy minerals in the Francevillian Group MRS and may have 

triggered ecologically controlled growth (Figure 43A). While mat morphology and thickness are 

linked to external environmental factors, it has been recently documented that the mat 

thickness may similarly influence the community structure (Suarez et al., 2019). This leads to 

different redox profiles and internal carbon recycling styles among the microbial communities 

since thick mats contain a well-expressed anoxic area in the mat structure, whereas thin mats 

create only a limited anoxic region (Suarez et al., 2019). However, effects of thickness on 

microbial architecture are difficult to quantify because the hydrodynamic regime (Battin et al., 

2003; Flemming et al., 2016), water depth (Lydmark et al., 2006), temperature (He et al., 2016), 

and dissolved carbon to nitrogen ratios (Okabe et al., 1996) also impact on the microbial 

community structure. Thus, in combination, these environmental parameters might have 

promoted the lack or poor expression of an anoxic zone in the thick unpyritized EST (Figure 

43B). 

5.2 | Microbial mineralization 

Recent studies on transition metals and metalloids associated with present-day hypersaline 

mats (Huerta-Diaz et al., 2012; Petrash et al., 2015; Sforna et al., 2017; Sancho-Tomás et al., 

2018) have revealed that TE can be trapped by and bound in the organic matrix, progressively 

accumulating with depth via incorporation into sulfides. The latter form as the original mat 

organic material is degraded by the activity of anaerobic heterotrophs (e.g., sulfate-reducing 

microorganisms), eventually diminishing the cation-binding capacity of the EPS matrix (Dupraz 

& Visscher, 2005; Dupraz et al., 2009). Then, as authigenic pyrite forms by the reaction of 

reactive Fe and biogenic H2S, liberated from mats to pore-waters metals are scavenged into 

sulfidic microenvironments where pyrite crystals grow (Figure 43B), resulting in high spatial 

variability of metal distribution (Huerta-Diaz & Morse, 1992; Sforna et al., 2017). The spatial 

restriction of pyrite grains to deeper levels in the mat in the poorly pyritized MRS or their 
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development over the entire mat structure in the pyritized MRS likely reflects the extent of the 

Figure 43: Conceptual model for the spatial and temporal TE variations in the Francevillian Group FB2 
unit MRS. (A) Processes that took place during the living stage of mats. Depositional local- to facies-
scale environmental factors controlled the distribution of heavy minerals in the Francevillian MRS. The 
external mat morphologies provide information on local ecologic conditions. (B) Short-lived first stage of 
pyrite formation on the earliest phase of diagenesis. The EPS degradation resulted in the release of CE 
to pore-waters. The amount of CE delivered with EPS decay should be proportional to the organic 
carbon content that is buried. Depending of sulfur and Fe availability, CE were trapped by fine-grained 
pyrite or diffused back to the water column. (B) Long-lived second stage of pyrite formation as 
diagenesis progressed. The rest of organic matter was degraded with, thus, larger amounts of H2S and 
Fe released to pore-waters. High concentrations of biogenic H2S were locally produced, but little CE 
were scavenged in coarse-grained pyrite. 
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anoxic region (Figure 43B).   

The pyrite overgrowths in the MRS that formed later during diagenesis precipitated from pore-

waters that were no longer enriched in As, but in Ni (Figure 43B). Alternatively, the preferential 

incorporation of As in the early pyrite phase and Ni in the later phase may simply suggest that 

these two elements have different kinetic behavior whereby As is more reactive towards H2S 

than Ni (Huerta-Diaz & Morse, 1992). Hydrothermal fluids affecting sediments during 

diagenesis could produce CE-rich pyrite rims (Large et al., 2009), but we have no evidence for 

migration of such fluids or late-stage remobilization that could account for strongly enriched 

CE in pyrite rims during late diagenesis. Variability in concentration of pyrite-hosted metals in 

the three microbial mat morphotypes is mainly linked to the sulfide production and 

concentration in pore-waters (Figures 43B, C). The relationship between CE and total S is, 

however, complicated since whole-rock data seem to reflect several host minerals. Some of 

these CE might be incorporated into clays, scavenged by organic matter, and/or absorbed onto 

the surface of Fe oxides (Nachtegaal et al., 2005; Chappaz et al., 2014; Chi Fru et al., 2019), 

which might explain weak to moderate correlations within each MRS morphotype. 

5.3 | Implication of weak enrichment in CE in the pyritized MRS 

The CE enrichment is not unique to the MRS, but instead typical for the depositional setting of 

the Francevillian Group where seawater and pore-water sulfide levels controlled their 

incorporation in sediments. The provenance analysis reveals the weak influence of 

hydrothermal fluids on the depositional site, and rather suggests that CE were supplied by 

continental weathering, since large variations in CE/S ratios for the Francevillian Group shales 

(FB1b-c units, and FC and FD formations) are not observed. However, the absence of 

substantial CE enrichment in the pyritized MRS is unexpected because they contained 

appreciable amounts of carbonaceous materials to maintain extensive pyritization. The 

pyritized MRS samples with high bulk-rock S concentrations have lower CE/S ratios than the 

Francevillian Group sediments, which requires an explanation for the weak enrichment in CE. 

Weak enrichment in CE in the pyritized MRS might reflect a change in fluxes to the ocean 

during the living stage of the MRS. However, this would not explain the similar range of CE 

content in the pyrite-poor MRS and the Francevillian Group black shales (FB1b-c units, and 

FC and FD formations). Similarly, different scavenging capabilities of planktonic (in the 

Francevillian Group black shales) and benthic (in MRS) organic matter is not likely to explain 

weak enrichment in CE in the pyritized MRS. Rather, low CE/S ratios recorded by the pyritized 

MRS could be related to profuse sulfide production in pore-waters in microenvironments with 

high content of easily degradable benthic organic matter. Highly negative δ34S values of the 

pyritized Francevillian Group macrobiota point to bacterial sulfate reduction during early 
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diagenesis with open connection to the overlying water column (El Albani et al., 2010, 2019). 

In this regard, we suggest that the amount of CE delivered to the sediments was largely 

controlled by both the mat thickness and sedimentary flux of organic matter (Figures 43B, C). 

With high concentration of biogenic H2S in the studied MRS, CE were not enriched to the same 

degree as in black shales from the Upper Francevillian Group, which were deposited under 

euxinic conditions where pyrite formed in the water column had access to a larger reservoir of 

CE.  

We propose that the pyrite formation and CE trapping in the pyritized MRS followed a two-

stage process, resulting in weak enrichment in CE (Figures 43B, C). First, the EPS degradation 

released to pore-waters CE, which were subsequently either incorporated into microcrystalline 

pyrite or returned to the water column (Figure 43B). As EPS degradation takes place 

immediately after deposition and last at most few days (Decho et al., 2005), CE trapping at this 

stage was limited by sulfur and/or iron availability and, specifically, their reduction and release 

from the sediments. Hence, CE that were not trapped by pyrite diffused back to the water 

column, resulting in loss of co-variance between CE and S contents. On the second, protracted 

stage, most of organic matter in sediments was degraded under anoxic and, locally, massive 

sulfidic conditions resulted in the formation of coarse-grained, crystalline pyrite and 

overgrowths with low CE contents (Figure 43C). As this stage lasted longer, larger amounts of 

sulfide and iron were released to pore-waters, whereas pyrite formed was not enriched in CE 

since CE were either already trapped or lost from sediments during EPS degradation on the 

first stage. 

The observed trend of weak enrichment in CE in the pyritized MRS thus reflects pyrite 

formation in pore-waters in the MRS and incorporation of CE, delivered to the sediments with 

organic matter, specifically with EPS, and released to pore-waters during EPS degradation 

rather than a specific, biologically controlled pathway for accumulation of CE. Diagenetic pyrite 

production within the MRS likely also enhanced the potential for preservation of the 

Francevillian Group macrobiota. 

6 | CONCLUSION 

Textural relationship and TE geochemistry argue for distinct biological signals in the 

Francevillian Group MRS relative to their host sediments, however no conclusive example of 

biologically controlled TE enrichment was found. Our results, summarized in Figure 43, 

indicate highly variable TE contents with environmental factors overprinting biologically 

controlled TE distribution.  
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A lack of accumulation of heavy minerals and pyrite-hosted CE characterizes the EST. The 

poorly pyritized MRS contain in high abundance Ti- and Zr-bearing minerals concentrated 

through passive absorption. External morphology of these two MRS could be a potential 

biogenicity indicator and provides information on local environmental and ecologic conditions, 

largely controlled by hydrodynamic regime and sediment supply. The CE concentrations in the 

poorly pyritized MRS co-vary with pyrite content, which indicates that the CE are largely hosted 

by pyrite. Abundant organic matter in the now pyritized MRS did not result in similar CE/S 

ratios as in the Francevillian Group black shales deposited in euxinic settings due to the limited 

trapping capacity of pore-waters close to the sediment-water interface immediately after 

sediment deposition when CE-enriched EPS degraded. Arsenic-rich pyrite cores indicate high 

As concentrations in the early diagenetic pore-waters, where it was likely supplied via decay 

of EPS. 

In short, bulk-rock TE data provide additional evidence for biological activity during deposition 

of the ca. 2.1 Ga Francevillian Group, but there is no definitive biological signal since physical 

controls and water column redox chemistry overrode microbial influence on TE distribution in 

MRS. Recognition of the overprinting power of physical and chemical environmental conditions 

over microbially imprinted TE patterns in MRS further contributes to our understanding of 

interactions among ancient microbial life and the environmental and biological controls 

affecting TE contents in MRS, and their relationship to TE sinks in deep time. 
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SUPPLEMENTARY DISCUSSION 

Interaction between MRS and toxicants 

Given the high As content in the As-rich pyrite nuclei of some of the MRS, it is reasonable to 

question what impact if any this had on the once living microbial mats. It has recently been 

documented that the appearance of arsenate [As(V)] and As-S minerals in sediments was 

linked to the Great Oxidation Event (GOE) at ca. 2.48 Ga ago (Chi Fru et al. 2019). Although 

we did not measure As oxidation states in our samples, As(V) has been recorded in the 

Francevillian FB and FD formations (Chi Fru et al., 2019). Arsenate is a well-known toxin to 

prokaryotes and eukaryotes even at nanomolar concentrations (Dyhrman & Haley, 2011). 

Thus, microbial cells of MRS would have needed to utilize an As detoxification system to pump 

out As that accumulated in the pore-waters. Arsenic methylation, linked to intensive 

detoxification in the modern ocean surface (Cullen & Reimer, 1989; Cutter & Cutter, 2006), 

likely had already evolved in Cyanobacteria by the Late Archean (Chen et al., 2017). The 

ubiquitous nature of arsenic resistance genes (ars gene) in the three domains of life clearly 

illustrates their universal requirement for protection against As toxicity (Chen et al., 2017; Ben 

Fekih et al., 2018). A wide range of biogeochemical As cycling pathways is thought to have 

evolved in the Paleoproterozoic (Chi Fru et al., 2019), but we have no evidence for 

demonstrating direct biological involvement in As cycling from our samples of MRS. Although 

As enrichment in pyrite from ancient MRS has never been reported so far, As-rich organic 

globules from Archean stromatolites (Sforna et al., 2014) and modern microbial mats (Sforna 

et al., 2017; Sancho-Tomás et al., 2018) might be appropriate analogues. Furthermore, a 

recent study suggests that As co-precipitation with sulfide minerals strongly reduces As toxicity 

(Chi Fru et al., 2018a), implying that there was an additional effective mechanism for reducing 

arsenic toxicity promoted by diagenetic activity of the sulfate-reducing bacteria in the 

Francevillian basin pore-waters. 
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4.3. Redox conditions in the FB2 Member 

This section is dedicated to an article in preparation. 

 

A transient state of nitrogen fixation before the end of the Lomagundi Event 

 

Abstract 

Evidence for nitrogen-replete conditions in the Palaeoproterozoic Era come from a suite of 

shallow marine sediments that spans the Great Oxidation Event (GOE). The oldest reported 

macrofossils and traces of multicellular organisms able to migrate, together with mat-building 

Cyanobacteria, make the ca. 2.1-billion-years-old palaeobiological record unique in the 

Francevillian FB2 Member, Gabon. The mat-related structures (MRS) have recently promoted 

numerous mineralogical and geochemical investigations for deciphering whether ancient MRS 

can be used to bring out biosignatures. However, a complete characterization of organic 

carbon and bulk nitrogen isotopes remains lacking in the FB2 Member. Here, we document 

new carbon and nitrogen data from ancient mats and their host sandstone and black shale 

rocks, combined with bottom water redox proxies, to further constrain the microbial 

biogeochemical processes of both benthic and planktonic lifestyles. Our Fe-based proxies and 

redox-sensitive metals point to a bottom water column dominated by oxic/suboxic 

environmental conditions in the FB2 Member. The C and N isotopes reveal slight distinctions 

between the MRS and host sediments, but unlikely characterize divergent microbial 

populations. The total fractionation of C isotopes (13C), heavier in the MRS relative the host 

sediments and down to -44‰, supports multiple trophic levels involved in the cycling of 

photosynthetically derived Corg, including phototrophy, heterotrophy and methanotrophy. 

Nitrogen isotope values range from -3.5 to +1.9‰, which is consistent with nitrogen fixation 

and brings strong evidence for a restricted nitrate reservoir in the FB2 Member. Modern 

microbial mats usually fix nitrogen due to high photosynthetic activity, revealing similar 

microbiogeochemical processes in the deep geological record. Considering that the first stage 

of deoxygenation in the Francevillian basin occurred during the deposition of the underlying 

sediments (Upper FB1 Member), coupled with an enhanced denitrification at the chemocline 

driving nitrogen loss, our data support a nitrogen limitation modulated by the basin-scale ocean 

redox structure. Since the isotopic composition of aerobic nitrogen cycling is recorded in the 

overlying deposits (FC Formation), combined with a moderate phosphate flux fueled by 

upwelling or oxidative weathering in the studied sediments, the starvation of bioavailable 
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nitrogen would have been transient in the aftermath of the GOE. Importantly, it is thus 

emphasized that diazotrophs would have sustained primary productivity in patterns similar to 

modern surface environments just downstream of upwelling systems. The nitrogen famine in 

the water column even transient would strengthen the explanation of the Francevillian complex 

life forms commonly present in the vicinity of the microbial mats. 

Keywords 

Microbial mats, upwelling, carbon recycling, nitrogen limitation, biogeochemistry, 

Palaeoproterozoic 

1 | INTRODUCTION 

The Palaeoproterozoic Francevillian Series from southeastern Gabon comprises five 

lithostratigraphic formations, referred to as the Francevillian FA, FB, FC, FD, and FE 

formations from the bottom to the top (Figure 17; Weber, 1968). Interestingly, the FB and FC 

formations were deposited at the end of the Lomagundi Event (LE) – the longest-lived positive 

carbon isotope excursion – (El Albani et al., 2010; Préat et al., 2011; Canfield et al., 2013) that 

is bracketed between 2.11 and 2.06 billion years (Ga) (Karhu & Holland, 1996; Martin et al., 

2013). The deposition of the Lower FB rocks (FB1 Member) was marked by the formation of 

iron and manganese sediments (Gauthier-Lafaye & Weber, 2003; Ossa Ossa et al., 2018), 

during which episodic submarine volcanism and hydrothermal activity likely sourced the 

aqueous Mn(II) and Fe(II). Upwelling events brought the reductants into the oxic, shallow 

continental shelf (Gauthier-Lafaye & Weber, 2003; Canfield et al., 2013), which would have 

driven to oxygen consumption and contributed to the first step of deoxygenation (Ossa Ossa 

et al., 2018). The sulfur isotope compositions of authigenic pyrite in the overlying Upper FB 

rocks (FB2 Member), however indicate that the water column was relatively oxygenated with 

abundant sulfate inventory (Canfield et al., 2013; Ossa Ossa et al., 2018). 

In the last decade, the FB2 Member provided tantalizing findings that comprise the first 

evidence for multicellular life (El Albani et al., 2010, 2014) and organism motility (El Albani et 

al., 2019). In addition, benthic microbial mats flourished in the vicinity of these advanced forms 

of life (Reynaud et al., 2017; Aubineau et al., 2018; El Albani et al., 2019). The bacterial 

features, preserved as MRS, display a wide array of surface morphologies including mat-

growth and mat-protected patterns. The former consists of the mat layer itself generated 

through mat propagation (e.g., “elephant-skin” structures, domal buildups, discoidal microbial 

colonies), while the latter arises from structures that needed mats for their 

preservation/protection (e.g., wrinkle and “kinneyia” structures). Morphological and 

microtexture observations have shown that the MRS were likely dominated by cyanobacterial 
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communities (Aubineau et al., 2018, 2019). In addition, some evidence suggest that the 

organic material in the Francevillian black shales possibly originated from planktonic algae (El 

Albani et al., 2014), relying on the presence of acritarch-like microfossils and absence of 

filaments. 

Modern microbial mat communities are capable of “fixing” atmospheric nitrogen gas (N2), 

during which bioavailable ammonia (NH3) is generated and subsequently consumed by 

microorganisms (Bebout et al., 1994; Herbert, 1999). The nitrogen fixation (or diazotrophy) 

provides the nitrogen requirements for primary production, thus sustaining mat growth. 

Cyanobacterial mats exhibit high nitrogen fixation activity (from 0.8 to 76 g N m-2 year-1), 

resulting from high rates of CO2 reduction during photosynthesis (Herbert, 1999; Woebken et 

al., 2015). The diverse microorganisms within the mat consume the whole bioavailable 

nitrogen that was produced by diazotrophs (Bebout et al., 1994). The nitrogenase (i.e., 

enzymatic complex responsible for the nitrogen fixation) is inactivated when high oxygen 

concentrations prevail. Given that, N2 fixers have had to develop biological innovations to 

handle with this oxygen stress (see review in Stal, 2001). For instance, the highest N2 fixation 

rates were observed during nighttime when the activity of O2-producing photosynthesizers is 

at the lowest rates (Bebout et al., 1994; Woebken et al., 2015). Environmental constraints, 

including nutrient limitation, elevated ammonium concentration, temperature, pH, and light may 

also exert a control on nitrogen fixation (Paerl et al., 1994). 

Modern phytoplanktonic blooms of N2-fixing photoautotrophs may also occur in surface waters 

just downstream of upwelling zones (Capone et al., 1998; Deutsch et al., 2007). Coastal 

upwelling systems correspond to wind-mediated movements of deep water to the surface 

during which the overlying water masses are pushed away from the coast. Upwelled waters 

usually exhale CO2 and bring nutrients into the photic zone, enhancing blooms of 

phytoplankton productivity. Upwelling regimes enhance the oxygen consumption in the 

underlying water column due to high rates of aerobic bacterial respiration, which is supported 

by high sinking fluxes of organic matter (Helly & Levin, 2004). This leads to the nitrogen loss 

through microbial denitrification (the reduction of NO3
– to N2) and anaerobic ammonium 

oxidation (anammox; NH4
+ oxidation coupled to NO2

- nitrate reduction) (Dalsgaard et al., 2005). 

During this process, NO3
– is scarce relative to PO4

3, resulting in the drawdown of the N:P ratio 

to a level much lower to the constant Redfield ratio of 16:1 (Redfield et al., 1963). Therefore, 

the nitrogen limitation in surface waters along upwelling transect appears as a natural 

consequence of high primary productivity. It has been argued that residual nutrients in surface 

waters of coastal upwelling systems can support the activity of N2-fixing Cyanobacteria 

(Deutsch et al., 2007). Then, the input of nitrogen fixation strongly increases, allowing to 

restore the N:P ratio in a negative feedback (Tyrrell, 1999). 
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In order to provide further insights into the microbial biogeochemistry at the end of the LE, our 

study focuses on the MRS and their associated host sediments of the Francevillian FB2 

Member. Both have been previously described for their mineralogy (Aubineau et al., 2019) and 

trace element contents (see section 4.2). Here, we present Fe-based analyses and redox-

sensitive metals to constrain local redox conditions of the depositional setting. Furthermore, 

we measured organic carbon (13Corg) and bulk nitrogen (15Nbulk) isotopes in both the MRS and 

host rocks to highlight potential differences in microbial ecology (benthic vs. planktonic 

communities). In conjunction with published data (Kipp et al., 2018; Ossa Ossa et al., 2018), 

we explore the spatial and temporal trends in carbon and nitrogen isotopes in the Upper 

Francevillian Series to ascertain whether a typical signature of microbial mats and a stratified 

ocean redox structure are recorded. 

2 | METHODS  

2.1 | Sampling 

All of our samples (both MRS and host sediments) come from outcrops in the Moulendé quarry. 

Before collecting outcrop material, we dug a few cm into the rock to remove the weathered 

outermost layers. Accordingly, sulfide-bearing sedimentary rocks were not typically oxidized in 

the outcrop samples. 

2.2 | Scanning electron microscopy 

Pyrite morphology of MRS and black shales was studied in carbon coated and polished slab 

sections, using a FEI Quanta 200 scanning electron microscope (SEM) equipped with an 

energy dispersive X-Ray Spectrometer (EDX), as previously described in section 4.2. Pyrite 

was specifically targeted for textural analysis to evaluate its morphology, as it can be readily 

affected by any potential oxidative weathering. 

2.3 | Whole-rock analysis 

Major and trace elements of powdered samples were analyzed by inductively-coupled plasma 

atomic emission spectrometry (ICP-AES) and inductively coupled plasma mass spectrometry 

(ICP-MS), respectively, as previously described in section 4.2. 

2.4 | Iron speciation analysis 

Iron speciation analysis (n = 14) was performed at the University of Cardiff, Walls. It provides 

palaeoredox information through a sequential extraction technique (Poulton & Canfield, 2005) 

followed by Fe analyses via atomic absorption spectroscopy. This allows to target the different 

pools of Fe that are considered “highly reactive” (FeHR) towards hydrogen sulfide in the 

diagenetic sequence. First, iron-bearing carbonate phases were extracted with a sodium 
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acetate solution for 48 hours (FeCarb). Second, samples were treated via a sodium dithionite 

buffer for 2 hours to extract Fe-oxyhydroxides (FeOx). The final step consists in a treatment with 

an ammonium oxalate solution for 6 hours that was used to extract mixed valence and/or highly 

crystalline Fe oxides, principally magnetite (FeMag). Iron present as pyrite (FePy) was extracted 

by weighing a CuS precipitate after an HCl and chromous chloride distillation, with Fe 

calculated assuming FeS2 stoichiometry (Canfield et al., 1986). Thus, the “highly reactive” pool 

of Fe is then calculated as follows: FeHR = FeCarb + FeOx + FeMag + FePy. The total Fe (FeT) 

content was analyzed by ICP-AES as mentioned above. The latter is characterized by three 

dominant iron pools (Poulton & Canfield, 2005): (i) FeHR; (ii) poorly reactive sheet Fe silicates 

(FePRS) that were extracted by boiling 12 N HCl for 2 minutes; and (iii) unreactive silicate Fe 

(FeU), calculated as FeU = FeT – FeHR – FePRS. Replicated samples (n = 5) gave an average 

standard deviation of 0.11 wt.% for FeCarb, 0.19 wt.% for FeOx, 0.004 wt.% for FeMag, 0.07 wt.% 

for FePRS, and 0.06 wt.% for FePy. 

Clarkson et al. (2014) have shown that the use of iron speciation is not appropriate for samples 

containing less than 0.5 wt% total Fe and organic carbon. Thus, we do not perform iron 

speciation analyses in such samples (mainly sandstones) to ensure of the robustness of 

values. 

2.5 | Carbon and nitrogen isotope analyses 

The carbon isotope analysis of organic matter (13Corg) and nitrogen isotope composition of 

bulk rock (15Nbulk) were performed on all lithologies (n = 34). The isotope values were 

measured by flash combustion on a Thermo Scientific DELTA V Advantage isotope ratio mass 

spectrometer (IRMS), operated under a constant helium flow, and coupled to a COSTECH 

4010 elemental analyzer (EA) at the University of California, Riverside. For 13Corg analysis, 

200 mg of whole rock powders were decarbonized with 6 N HCl for one hour at 70 °C. The 

solid residue was thoroughly rinsed in deionized water and dried in a clean hood overnight. 

Small aliquots of decarbonated residues (mostly less than 10 mg) were weighed into tin cups. 

For 15Nbulk analysis, large quantity of powdered bulk samples (between 20 and 50 mg) were 

weighed into larger tin cups with a blank after each sample. All isotope data are reported in 

standard notation relative to V-PDB and Air-N2 for 13C and 15N, respectively. UCM 

(acetinamide, 13C = -33.69‰, 15N = -0.75‰), glycine (13C = -36.57‰, 15N = 11.25‰), SDO-

1 (13C = -30‰, 15N = -0.80‰), and SGR (13C = -29.30‰, 15N = 17.40‰) in-house standards 

were used to calibrate isotope measurements. Replicated samples for 13Corg (n= 15) and 

15Nbulk (n = 22) yielded an average standard deviation (1) better than 0.13 and 0.15‰, 

respectively. Total organic carbon (TOC) and total nitrogen (TN) abundances were calculated 
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from peak CO2 and N2 areas, respectively. The 15Nbulk measurements with TN concentrations 

close to the detection limit were removed due the lack of repeatability. 

3 | RESULTS 

3.1 | Evaluating the addition/loss of sulfur 

Although our samples come from outcrops, Fe (oxyhydr)oxide coatings were not found 

surrounding the pyrite crystals (Figure 44). Moreover, we have no evidence for corroded pyrite. 

The formation of iron monosulfides (AVS, pyrrhotite) during sediment maturation and 

metamorphic reactions, by which pyrite deteriorates, induces changes in Fe speciation 

(Reinhard et al., 2013a; Slotznick et al., 2016). Nonetheless, the assemblage of iron sulfides 

in the MRS and host sediments is dominated by the presence of pyrite, as indicated by the X-

ray diffraction patterns (Appendix 13). We cannot exclude local redistribution of non-sulfidic Fe 

minerals during late diagenesis. Collectively, this suggests that Fe speciation systematic has 

not been compromised by secondary oxidative weathering. 

Figure 44: SEM images in backscatter mode of pyrite crystals. (A) Pyritized MRS. (B) Poorly pyritized 
MRS. (C) Black shales. 
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3.2 | Fe-based redox proxy analyses 

Iron speciation analysis, preferentially in shale lithofacies, is by far the most widely used 

method to evaluate local modern and ancient water column redox conditions (Poulton & 

Raiswell, 2002; Planavsky et al., 2011; Poulton & Canfield, 2011; Sperling et al., 2013; Chi Fru 

et al., 2018b). Sediments deposited under anoxic conditions are characterized by FeHR/FeT 

ratios higher than 0.38 driven by additional precipitation of FeHR minerals, while FeHR/FeT ratios 

are less than 0.22 under oxic conditions. Values between 0.22 and 0.38 are equivocal as they 

could reflect conditions when sedimentation rate is high or when the conversion of unsulfidized 

FeHR to less reactive minerals occurs during post-depositional transformation (Poulton & 

Canfield, 2011). Both mechanisms may mask Fe enrichments under anoxic water column 

conditions. If reactive Fe exceeds 38% of the FeT and if the FePy/FeHR values are below 0.7-

0.8, the deposition in ferruginous environments is expected (Poulton & Canfield, 2011). Values 

for FePy/FeHR that indicate sulfide-rich (euxinic) conditions tend to be higher this threshold. 

Alternatively, the FeT/Al proxy also provides Fe enrichments that discriminate oxic/anoxic 

depositional environments (Lyons & Severmann, 2006; Clarkson et al., 2014). This ratio is not 

affected by the possibility of a transfer of unsulfidized FeHR to FePRS during diagenesis or 

metamorphism, providing a particular interest to pair FeT/Al and iron speciation (Raiswell et al., 

2018). Modern marine sediments deposited under oxic environments show an average FeT/Al 

ratio of 0.55±11, and this value can be applied to any siliciclastic rocks (Clarkson et al., 2014). 

Thus, FeT/Al values rising above 0.66 (with a confidence threshold of 1) clearly indicate local 

Fe enrichments either under anoxic conditions or due to hydrothermal activity. Strong Fe 

enrichments (FeT/Al > 2) usually correspond to the addition of hydrothermal fluids into the 

depositional setting (Raiswell et al., 2018).  

Our Fe-based data were mainly obtained from the MRS and black shales, as iron speciation 

was not performed for sandstone samples (Figure 45; Table 3). The non-pyritized MRS 

samples (both poorly pyritized MRS and EST) are characterized by low FeT/Al ratios, a 

progressive increase in FeHR, and little FeHR converted to pyrite. Sandstones also indicate low 

FeT/Al values, but these results must be treated with caution because deposition of the FB2a 

unit arisen from high-density sand flows (Reynaud et al., 2017). Thus, Fe enrichments could 

have been swamped at high siliciclastic sedimentation rate (Lyons & Severmann, 2006). 

Unsurprisingly, the pyritized MRS have high FeT/Al, FeHR/FeT, and FePy/FeHR ratios. The anoxic 

(ferruginous and/or euxinic) conditions in the MRS are consistent with the activity of both 

dissimilatory iron reduction (DIR) and microbial sulfate reduction (MSR) during early 

diagenesis (Aubineau et al., 2018, 2019). The black shales of the FB2b unit show a lack of 

FeT/Al enrichment, a predominance of FeHR/FeT and FePy/FeHR lower than 0.38 and 0.7, 
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respectively. However, abrupt swings are recorded with substantial increases in highly reactive 

Fe to total Fe.  

The potential conversion of unsulfidized FeHR to FePRS in the Francevillian FB2 sediments is 

unlikely since pyritized microbial laminae, macrofossils, and string-like structures are 

extensively preserved (El Albani et al., 2010, 2019; Aubineau et al., 2018). Thus, sulfide 

production was not limited, meaning that the incorporation of ferrous iron into clay minerals 

during diagenesis was likely negligible. 

 

Figure 45: Geochemical data for the MRS and host sediments plotted along the lithostratigraphic profile 
of the studied sequence, FB2 Member. Grey and orange vertical lines represent redox distinctions from 
Raiswell et al. (2018) and the average PAAS value from Taylor & McLennan (1985), respectively. 
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Height FePy FeCarb FeOx FeMag FePRS FeHR/FeT FePy/FeHR Al FeT Mn K P Cr Mo U V Fe/Al Mn/Al* P/Al Cr/Al Mo/Al U/Al V/Al

m (wt. %) (wt. %) (wt. %) (wt. %) (wt. %) (wt. %) (wt. %) (wt. %) (wt. %) ppm ppm ppm ppm ppm 90** 70** 11** 0.1** 0.31** 15**

FB2b Pyritized MRS FPS_s5-mat 18.7 24.15 0.39 0.86 0.09 0.15 0.95 0.95 5.35 26.86 0.08 1.56 218 2.50 11.40 0.29 30.19 5.02 149 40.8 0.5 2.13 0.05 5.6

DB_s4-mat 17.1 15.10 0.59 0.98 0.07 0.16 0.80 0.90 5.14 20.80 0.12 1.50 218 10.95 19.81 0.62 30.27 4.05 242 42.5 2.1 3.85 0.12 5.9

FPS_s4-mat 16.3 25.17 0.33 0.64 0.07 0.29 0.90 0.96 4.37 29.02 0.07 1.11 218 2.50 13.94 0.30 23.48 6.64 151 49.9 0.6 3.19 0.07 5.4

FPS_s3-mat 16.2 - - - - - - - 5.09 24.68 0.09 1.34 218 2.50 10.23 0.36 30.67 4.85 181 42.9 0.5 2.01 0.07 6.0

DB_s3-mat 16.0 19.10 0.31 0.86 0.08 0.18 0.97 0.94 6.26 20.89 0.06 1.63 218 15.13 16.62 0.52 34.78 3.33 103 34.9 2.4 2.65 0.08 5.6

Black shales WS_s2-sed 19.7 - - - - - - - 10.40 1.90 1.85 3.34 218 48.71 0.25 1.02 53.37 0.18 1777 21.0 4.7 0.02 0.10 5.1

FPS_s5-sed 18.7 0.05 0.43 0.51 0.07 0.73 0.64 0.05 8.85 1.67 0.37 2.63 699 31.64 0.25 1.32 48.28 0.19 413 78.9 3.6 0.03 0.15 5.5

AFBSO-12# 18.6 0.35 0.13 9.87 2.41 0.05 3.01 742 54.76 0.76 1.21 52.97 0.24 55 75.2 5.5 0.08 0.12 5.4

LP_s4-sed 17.8 0.18 0.24 0.97 0.06 0.57 0.29 0.12 7.61 5.05 0.10 1.40 218 - - - - 0.66 128 28.7 - - - -
AFBSO-09# 17.5 0.14 0.37 6.38 4.55 0.57 1.22 524 40.61 0.76 1.08 32.39 0.71 898 82.1 6.4 0.12 0.17 5.1

DB_s4-sed 17.1 0.83 0.26 0.45 0.06 0.09 0.81 0.52 9.04 1.96 0.34 2.75 568 36.33 0.25 1.24 49.54 0.22 379 62.8 4.0 0.03 0.14 5.5

AFBSO-07# 16.5 7.03 0.25 0.01 2.36 218 42.50 0.63 1.03 34.45 0.04 8 31.1 6.0 0.09 0.15 4.9

FPS_s3-sed 16.2 0.17 0.00 0.00 0.07 0.15 0.15 0.70 8.51 1.64 0.24 2.45 699 29.61 0.85 1.28 45.40 0.19 282 82.0 3.5 0.10 0.15 5.3

AFBSO-06# 16.1 0.14 0.32 6.37 6.21 0.09 1.12 655 30.15 0.72 1.02 29.13 0.97 134 102.8 4.7 0.11 0.16 4.6

DB_s2-sed 16.0 - - - - - - - 9.45 1.50 0.23 2.98 218 47.73 0.25 1.32 57.54 0.16 244 23.1 5.1 0.03 0.14 6.1

FR_s1sed 16.0 0.33 0.33 0.37 0.06 0.06 0.66 0.30 9.98 1.65 0.19 3.14 611 33.21 0.25 1.24 50.73 0.17 189 61.2 3.3 0.03 0.12 5.1

MLS_s9-sed 15.5 - - - - - - - 10.13 2.12 0.28 3.21 218 48.28 0.93 1.13 49.27 0.21 280 21.6 4.8 0.09 0.11 4.9

FB2a Pyrite-poor MRS MLS_s1-mat 15.0 - - - - - - - 11.96 9.17 0.25 3.46 2445 196.00 4.76 8.54 96.43 0.77 208 204.5 16.4 0.40 0.71 8.1

MLS_s2-mat 15.0 1.89 0.29 1.35 0.06 0.00 0.54 0.53 12.34 6.61 0.08 3.36 1572 230.40 3.66 10.16 91.74 0.54 61 127.4 18.7 0.30 0.82 7.4

EST_s3-mat 15.0 0.05 0.37 0.58 0.06 0.10 0.44 0.05 14.78 2.43 0.03 2.31 437 50.23 0.85 3.19 82.74 0.16 18 29.5 3.4 0.06 0.22 5.6

MLS_s3-mat 15.0 - - - - - - - 10.94 9.33 0.12 2.87 2838 149.30 4.63 9.20 84.62 0.85 114 259.4 13.6 0.42 0.84 7.7

MLS_s4-mat 15.0 0.16 0.05 1.15 0.07 0.27 0.36 0.11 12.59 3.98 0.08 3.68 2227 208.40 1.44 8.92 93.92 0.32 67 176.9 16.6 0.11 0.71 7.5

MLS_s5-mat 15.0 0.20 0.35 1.62 0.07 0.20 0.50 0.09 12.99 4.48 0.07 3.56 2139 193.70 2.29 9.20 99.93 0.34 52 164.7 14.9 0.18 0.71 7.7

MLS_s10-mat 15.0 0.00 0.28 0.43 0.08 0.05 0.91 0.00 12.54 0.86 0.01 3.22 218 - - - - 0.07 5 17.4 - - - -
LP_s5-mat 15.0 0.12 0.00 0.78 0.06 0.32 0.30 0.13 15.18 3.17 0.12 4.76 2401 - - - - 0.21 80 158.2 - - - -

MLS_s3-mat 11.0 0.43 0.00 0.00 0.07 0.07 0.29 0.86 16.82 1.74 0.02 4.16 524 87.81 0.25 2.92 77.14 0.10 14 31.1 5.2 0.01 0.17 4.6

EST_s2-mat 6.8 0.00 0.00 0.00 0.07 0.07 0.04 0.00 16.63 1.74 0.01 4.76 742 36.63 0.57 3.51 75.49 0.10 8 44.6 2.2 0.03 0.21 4.5

Sandstones LP_s3-sed 15.0 - - - - - - - 1.30 0.46 0.05 0.26 218 2.50 0.25 0.16 4.88 0.36 414 167.4 0.2 0.12 3.74 0.3

MLS_s1-sed 15.0 - - - - - - - 2.47 0.68 0.09 0.50 218 2.50 0.25 0.21 9.04 0.28 356 88.5 0.1 0.09 3.67 0.1

MLS_s2-mat 15.0 - - - - - - - 1.70 0.56 0.21 0.22 218 2.50 0.25 0.20 6.23 0.33 1246 128.3 0.1 0.12 3.66 0.2

MLS_s3-sed 11.0 - - - - - - - 1.51 0.47 0.02 0.18 218 5.57 0.25 0.27 4.93 0.31 129 144.6 0.2 0.18 3.27 0.2

EST_s2-sed 6.8 - - - - - - - 0.78 0.44 0.002 0.15 306 9.62 0.80 0.34 2.64 0.56 22 391.9 1.0 0.44 3.39 0.7

Formation Lithology Sample ID
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FPS: flat pyritized structure; DB: domal buildup; WS: wrinkle structure; LP: linear pattern; FR: “fairy-ring” 
structure; MLS: mat-layer structure; EST: “elephant-skin” texture. 
*: ppm/wt.% unit; **: average ratio for the PAAS (Taylor & McLennan, 1985); -: not measured; #: values 
from (Ossa Ossa, 2010). Italicized values: samples where half or more of the analyses were below 
detection limits for that element. 

 

3.3 | Redox-sensitive metals 

We investigated sedimentary Mn, Cr, Mo, U, and V concentrations (Figure 46; Table 3). The 

average Mn concentration in the Francevillian FB2 Member is 0.18 wt.%, which is considerably 

higher than the Mn content of 0.085 wt.% for the Post-Archaean Australian Shales (PAAS; 

Taylor & McLennan, 1985). The Mn/Al ratios both in MRS and host sediments slightly increase 

upward, with values greater than the PAAS. On the other hand, the Cr/Al, Mo/Al, U/Al, and 

V/Al ratios remain low for most of samples, with values being lower than those for PAAS. The 

poorly pyritized MRS show higher values, but this is consistent with the presence of TE-

containing heavy minerals (Figure 38). Moreover, pyrite-containing MRS samples display 

enrichment in Mo because of local sulfide-rich conditions that microbes imposed during MSR 

(see section 4.2).  

 

 

Figure 46: Data of redox-sensitive metals for the MRS and host sediments plotted along the 
lithostratigraphic profile of the studied sequence, FB2 Member. Orange vertical lines correspond to 
average PAAS values from Taylor & McLennan (1985). 
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3.4 | Carbon, nitrogen, and phosphorus systematics 

The studied stratigraphic interval shows equivalent 13Corg values relative to the previous 

determinations within the FB2 Member (Gauthier-Lafaye & Weber, 2003; Canfield et al., 2013), 

but our bulk-rock 15N profile (Figure 45; Table 4) differs from the one obtained recently in the 

FC Formation (Kipp et al., 2018). The mean TOC for the sandstone facies is 0.28 wt.%, 

whereas that for the black shales is 2.21 wt.%. The TN contents for sandstones are close to 

the detection limit (0.01 wt.%) and must be interpreted with caution, while those for black 

shales are nearly constant, with an average of 0.07 wt.%. This increase is accompanied by a 

decrease in the mean 13Corg value, which is -31.47 ± 1.17‰ (1, n = 6) for sandstones and -

35.06 ± 0.76‰ (1, n = 9) for black shales. Thus, the FB2a-FB2b transition is marked by a 

shift toward negative 13Corg values. The mean 15Nbulk values for the fine-grained sediments 

are -0.17 ± 0.44‰ (1, n = 8; ranging from -0.79 to 0.55‰) without distinct compositional trend.  

We also explored the carbon and nitrogen contents and isotopes of different microbial textures 

(Figures 45, 47; Table 4). TOC is strongly enriched in the poorly pyritized MRS and EST (mean 

of 6.85 wt.% and 9.78 wt.%, respectively), while TOC contents for pyritized MRS are 

systematically below 0.87 wt.%. TN is uniformly enriched in the poorly pyritized MRS and EST 

(mean of 0.13 wt.% and 0.12, wt.%, respectively), but shifts to lower values in pyritized MRS 

(mean of 0.06 wt.%). The 13Corg values average -33.89 ± 0.85‰ (1, n = 9), -30.52 ± 0.40‰ 

(1, n = 3), and -33.70 ± 0.53‰ (1, n = 7) for the poorly pyritized MRS, EST, and pyritized 

MRS, respectively. The average 15Nbulk compositions are 0.84 ± 0.62‰ (1, n = 9), -1.15 ± 

2.04‰ (1, n = 3), and -1.53 ± 1.38‰ (1, n = 5) for the poorly pyritized MRS, EST, and 

pyritized MRS, respectively. Thus, it appears that the 13Corg values slightly discriminate the 

EST from the pyrite-containing MRS, while the 15Nbulk is similar between lithologies. 

n the meantime, the area is characterized by a progressive decrease in the mean P/Al ratios 

(ppm/wt.%), ranging from 184, 121, 56, and 42 for sandstones, non-pyritized MRS, black 

shales, and pyritized MRS, respectively (Figure 45; Table 4). The average P/Al content in the 

FB2a unit is higher than that for PAAS, while P/Al ratios in the FB2b unit show values near the 

average P/Al for PAAS. 
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Table 4: Carbon and nitrogen data for all measurements in this study. 

Formation  Lithology Sample ID Height δ13Corg TOC δ15Nbulk TN [C/N]bulk 
m (‰, V-PDB) (wt. %) (‰, Air) (wt. %) (atomic) 

                  

         
FB2b Pyritized MRS FPS_s5-mat 18.7 -33.39 0.56 -2.01 0.06 8.64 

  LP_s4-mat 17.8 -33.41 0.87 -2.47 0.10 9.84 

  DB_s4-mat 17.1 -34.41 - -0.21 0.07 - 

  FPS_s4-mat 16.3 -33.17 0.23 nd 0.04 9.84 

  FPS_s3-mat 16.2 -34.55 0.87 nd 0.04 25.47 

  DB&FPS_s1-mat 16.2 -33.79 0.60 0.33 0.05 13.89 

  DB_s3-mat 16.0 -33.17 0.50 -3.31 0.06 9.79 

         
 Black shales WS_s2-sed 19.7 -33.21 0.63 -0.31 0.08 9.69 

  FPS_s5-sed 18.7 -35.27 3.67 -0.56 0.07 58.87 

  LP_s4-sed 17.8 -36.17 0.67 nd 0.05 15.73 

  DB_s4-sed 17.1 -35.22 2.81 -0.53 0.08 43.46 

  FPS_s3-sed 16.2 -35.16 3.25 -0.14 0.06 63.20 

  DB_s2-sed 16.0 -35.36 3.02 0.11 0.08 45.73 

  FR_s1-sed 16.0 -34.91 1.73 0.55 0.08 26.02 

  FR_s2-sed 16.0 -35.54 2.35 0.30 0.07 38.37 

  MLS_s9-sed 15.5 -34.72 1.75 -0.79 0.08 26.06 

         
FB2a Pyrite-poor MRS MLS_s1-mat 15.0 -34.51 4.85 0.21 0.12 47.61 

  MLS_s2-mat 15.0 -33.68 8.13 0.72 0.15 63.67 

  EST_s3-mat 15.0 -30.05 12.71 0.32 0.11 129.94 

  MLS_s3-mat 15.0 -33.97 4.59 0.58 0.13 42.71 

  MLS_s4-mat 15.0 -33.97 8.55 0.74 0.12 82.81 

  MLS_s5-mat 15.0 -35.24 8.93 0.76 0.13 79.91 

  WS_s3-mat 15.0 -34.13 4.32 1.44 0.14 35.35 

  MLS_s10-mat 15.0 -32.17 18.24 1.85 0.16 136.33 

  LP_s5-mat 15.0 -34.17 2.55 -0.09 0.14 21.78 

  EST_s5-mat 15.0 -30.75 8.85 -0.28 0.10 100.40 

  MLS_s3-mat 11.0 -33.21 1.45 1.38 0.10 16.77 

  EST_s2-mat 6.8 -30.75 7.79 -3.48 0.13 69.69 

         
 Sandstones LP_s3-sed 15.0 -33.46 0.19 nd 0.01 22.66 

  MLS_s10-sed 15.0 -31.68 0.34 nd 0.01 39.78 

  MLS_s1-sed 15.0 -32.37 0.16 nd 0.01 18.94 

  MLS_s2-sed 15.0 -30.76 0.29 nd 0.01 33.44 

  MLS_s3-sed 11.0 -30.50 0.39 nd 0.01 45.21 

  EST_s2-sed 6.8 -30.05 0.33 nd 0.01 38.44 
                  

-: not measured; nd: not detected. Italicized values: samples where analyses were close to detection 
limits. FPS: flat pyritized structure; LP: linear pattern; DB: domal buildup; WS: wrinkle structure; FR: 
“fairy-ring” structure; MLS: mat-layer structure; EST: “elephant-skin” texture. 
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4 | DISCUSSION 

4.1 | Ocean chemistry reconstruction during deposition of the Francevillian FB2 Member 

To best evaluate confidently the redox of ancient water column, the Fe-based proxies must be 

coupled with other geochemical indicators. For instance, enrichments in redox-sensitive trace 

metals may be used to reconstruct bottom water redox conditions (Scott & Lyons, 2012). Some 

of these trace metals (e.g., Mo, U, and V) are readily scavenged in and beneath anoxic or 

sulfide-rich waters. The sandstone sediments are not amenable to investigation via Fe 

speciation, but in this lithofacies we noted depletions in Cr, Fe, Mo, U, and V, which possibly 

indicate oxic bottom water conditions. The overlying black shales show evidence for oxic 

depositional settings likely in proximity to the chemocline, as suggested by the presence of 

intermittently ferruginous anoxic conditions. The lack of enrichment of redox sensitive trace 

elements provides further support for relatively oxygenated waters. 

To explain the Fe- and Mn-enriched stratigraphic level in the Upper FB1 Member, Ossa Ossa 

et al. (2018) suggested a progressive oxidation of Fe(II) and Mn(II) as deep-water upwelled 

across a chemocline towards shallow, oxygenated waters. The Fe and Mn deposits are derived 

from the precipitation Fe(III) and Mn(IV) (oxyhydr)oxides in the water column, followed by early 

diagenetic dissimilatory Fe and Mn reduction, respectively. According to Reynaud et al. (2017), 

the Upper FB and Lower FC formations were deposited during a continuous regressive track 

from deep marine (FB1c unit) to submergent sabkha environments (Lower FC Formation). 

Therefore, the moderate Mn enrichments in the studied sediments strongly argue for 

depositional settings just downstream of the upwelling zone (Figure 48). The simplest 

Figure 47: Cross plot of carbon and nitrogen isotopes.  
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explanation for the lack of Fe enrichment in the FB2 Member is that Fe was oxidized and 

removed deeper along the upwelling regime, an assumption consistent with the higher oxygen 

requirement for Mn(II) oxidation than Fe(II) oxidation. In support of the proposed model, 

upwelling systems would explain the moderate P enrichments in the studied sandstone and 

some black shale samples. Therefore, the relatively elevated TOC in the black shales would 

have resulted from high rates of primary productivity. 

4.2 | Isotopic fidelity  

The N isotope composition in sedimentary rocks can be affected by three main episodes of 

post-depositional process, including early and burial diagenesis, and metamorphism (Ader et 

al., 2016). Therefore, before evaluating bulk-rock 15N signals, one must examine that the post-

depositional alteration has had negligible impact on the primary signal (Appendices 26, 27A). 

C/N values of the oceanic phytoplankton vary remarkably little, ranging from 4 to 10 (Gruber & 

Galloway, 2008; Ader et al., 2016). The analyzed MRS and host sediment samples show 

TOC/TN ratios predominantly falling between 5 and 100 (Appendix 26), which is consistent 

with moderate diagenetic reworking of primary biomass. The Francevillian FB2 Member has 

two MRS samples with TOC/TN values slightly above 100, suggesting that nitrogen may have 

been slightly lost during post-depositional thermal alteration. It has been shown that the 

transmission of 15N signal from primary producers to surface sediments under specific 

depositional settings does not imply isotopic fractionations (Robinson et al., 2012). This 

conformity is confirmed in areas with minimal O2 exposure time, high TOC content, and/or 

rapid sedimentation rate. 

The occurrence of Fe- and Mn-bearing carbonate minerals after the microbial reduction of Fe- 

and Mn-oxyhydroxides (Ossa Ossa et al., 2018), and the predominance of pyrite crystals 

suggest anoxic diagenetic conditions. Both early and late diagenesis under anoxic conditions 

can slightly modify the 15Nbulk values (Ader et al., 2016). The first step in this process, is the 

degradation of organic-bound N (i.e., remineralization), which releases N as NH4
+ to pore-

waters below the sediment-water interface. Then, NH4
+ can become incorporated into the 

interlayers of phyllosilicates after substitution for potassium cations. The phyllosilicate-bound 

N phases represent up to half of TN content (Müller, 1977). Our samples show a strong positive 

covariation (R2 = 0.74) between TN and K (wt.%), supporting NH4
+ fixation in K-rich clays during 

the breakdown of organic matter (Appendix 27B). Nonetheless, there is no correlation between 

15Nbulk and K (wt.%) (R2 = 0.11), which is consistent with the fact that this diagenetic transfer 

did not affect the bulk 15N signal. 
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With increasing burial depth and metamorphism, organic matter undergoes the thermal 

maturation, resulting in the preferential loss of 14N relative to 15N. Thus, the 15Nbulk values 

slightly increase of <1‰ at lower greenschist facies, 1 to 2‰ at greenschist facies, and up to 

4‰ at amphibolite facies (Bebout & Fogel, 1992; Ader et al., 1998). The Francevillian basin 

was not affected by metamorphic transformation (Gauthier-Lafaye & Weber, 1989; Ngombi-

Pemba et al., 2014), suggesting a maximum increase in bulk 15N signal of 1‰. In addition, 

strong positive covariations between 15Nbulk and TN, 15Nbulk and C/N, 13Corg and TOC, as well 

as 13Corg and C/N would indicate a metamorphic alteration, as light isotopes are more mobile 

than heavier ones and N is more mobile than C (Bebout & Fogel, 1992). In contrast, these 

correlations are not observed across our Francevillian samples (Appendix 27A), indicating a 

minimal effect of post-depositional processes on primary 15Nbulk and 13Corg values.  

4.3 | Interpretation of isotopic data in the FB2 Member 

4.3.1 | Carbon cycling  

Autotrophic microorganisms preferentially incorporate 12C from CO2, CH4, or other carbon-

bearing gases into their biomass as a function of their carbon fixation pathways, resulting in 

large fractionation of carbon isotopes. The C isotope fractionation during primary productivity 

is also affected by a combination of other factors, including growth rates, dissolved CO2 levels, 

and the ratio of volume to surface area (Hayes et al., 1999). In the MRS and host sediments, 

the fractionation of C isotopes roughly fluctuates between 30 and 36‰, assuming near-to-

modern marine dissolved inorganic carbon 13C values. Nonetheless, the 13C compositions 

for carbonate-containing rocks in the black shales average 6.6 ± 1.2‰ (1, n = 10; ranging 

from 5.5 to 9.6‰) (El Albani et al., 2010), which reflects marine carbonates deposited during 

the LE (Bekker et al., 2008). Accordingly, the total fractionation of C isotopes between 

carbonate and organic carbon (13C) was probably between 35 and 44‰ (with a confidence 

threshold of 1).  

Our samples show no obvious relationship between 13Corg values and TOC concentrations 

(Appendix 27A), which indicates an environmental influence on the isotopic data rather than 

post-depositional alterations. The 13C values in the FB2 host sediments may not result from 

the activity of photoautotrophs alone, instead they point to the contribution of organic matter 

derived from multiple carbon fixation pathways. Indeed, photosynthesizers yield 13Corg 

signatures typically between -20 and -35‰ through the Calvin–Benson–Bassham cycle 

(Schidlowski, 1987; Berg et al., 2010), the most successful C fixation pathway over Earth 

history (Nisbet & Sleep, 2001). The shift towards more negative 13Corg values in the black shale 

facies likely reflects an enhanced secondary productivity in the water column and near the 
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sediment–water interface (Hayes et al., 1999). Particularly, the CO2 fixation through the 

reductive acetyl-CoA pathway of strictly anaerobic microorganisms, including autotrophic and 

acetoclastic methanogens, and some sulfate reducers, renders 13Corg values down to around 

-42‰. Thus, this contributes to the deposition of residual organic carbon enriched in light 12C 

(Schidlowski, 1987; Zerkle et al., 2005; Stüeken et al., 2017). However, CO2 fixation pathways 

that generate a biomass lighter than −42‰ are unknown (Schidlowski, 1987; Zerkle et al., 

2005). Accordingly, the incorporation of isotopically “superlight” organic carbon into biomass 

is expected in our samples and it may be explained by the involvement of methanotrophy 

(Schidlowski, 1987; Zerkle et al., 2005). Such microbial activity relies on the methane oxidation 

during which variable electron acceptors are used. Thus, both aerobic and anaerobic 

processes may promote the oxidation of methane. The large Francevillian seawater sulfate 

reservoir at that time (Canfield et al., 2013; Ossa Ossa et al., 2018), together with the relatively 

high pyritization degree of a small reservoir of FeHR in black shales (Figure 45), would suggest 

that the anaerobic oxidation of methane occurred with sulfate as the most plausible oxidant 

(i.e., anaerobic oxidation of methane coupled to sulfate reduction). Collectively, negative 13Corg 

values beyond the range of phototroph-derived organic matter in the studied sediments argue 

for the addition of isotopically light biomass from the biological methane cycling below the 

sediment-water interface and during anoxic diagenesis (Figure 48). 

The presence of “elephant-skin” textures, “fairy ring” structures, tufted morphology, and 

oxygen-related gas bubbles suggest that filamentous Cyanobacteria were responsible for the 

establishment of Francevillian MRS (Aubineau et al., 2018, 2019). However, the large 13C 

fractionations higher than 35‰ in the MRS point to organic matter remineralization by sulfate 

Figure 48: Proposed palaeoenvironmental reconstruction during deposition of the Francevillian Series 
at the end of the Lomagundi Event (from the FB1c unit to the Lower FC Formation). Ocean redox 
conditions and biogeochemical cycles are shown (modified from Ossa Ossa et al., 2018). Orange and 
black dotted arrows indicate the limited expression of upwelling system and microbial processes, 
respectively. 
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reducers and CH4-based metabolisms, as explained above (Figure 48). The oxidation of 

carbonaceous material via the activity of MSR in the pyritized MRS explains the low TOC 

contents (Aubineau et al., 2018, 2019). Finally, the subtle difference in 13Corg values between 

the MRS morphotypes likely depends on the extent to which CO2 fixation, methane production, 

and methanotrophy operate to control the carbon isotope composition. In this regard, the 

benthic microbial communities were unlikely ecologically stratified. 

4.3.2 | Nitrogen cycling 

Our geochemical data tend to indicate predominantly the occurrence of oxic, shallow-water 

depositional settings in the FB2 Member. Well-oxygenated conditions were met in the overlying 

Lower FC Formation (Canfield et al., 2013), in which a pervasive aerobic N cycle has been 

recorded (Kipp et al., 2018). The latter is characterized by positive 15N values (from +4‰ to 

+7‰) that have been linked to rapid nitrification followed by non-quantitative denitrification in 

the water column. Such values clearly indicate the predominance of nitrate-using organisms 

that may comprise both prokaryotes and eukaryotes.  

In contrast, the N isotope compositions of our samples are inconsistent with the occurrence of 

aerobic N cycling. The 15N values between -2‰ and +1‰ usually pertain to the biological N2 

fixation using the Mo-bearing nitrogenase that is performed by prokaryotes – mainly 

Cyanobacteria (Bauersachs et al., 2009). At high Fe2+ concentrations, the fractionation driven 

by Mo-based diazotrophy can be more negative, by as much -4‰ (Zerkle et al., 2008). 

Alternative nitrogenase enzymes, in which Fe or V replace Mo in the active site, generate a 

more 14N-enriched biomass with 15N values as low as -8‰ (Zhang et al., 2014; Stüeken et al., 

2016). The unchanged nitrogen isotope composition of the atmosphere over the last 3 Ga 

(15Nair  0‰; Sano & Pillinger, 1990), together with minimal post-depositional alteration, 

suggest that the 15Nbulk values for the MRS and black shale samples correspond to the 

microbial N2 fixation by Mo-nitrogenase (Figure 48). This global expression of the nitrogen 

limitation indicates the predominance of diazotrophy in benthic habitats and water column. In 

addition, some MRS samples show 15N values between -4‰ and -2‰, which is consistent 

with the fact that local Fe2+-replete conditions may have been imposed by microbes during DIR 

(Aubineau et al., 2019). The high TOC, TN, and P contents at least in the pyrite-poor MRS hint 

that the productivity was intense. Accordingly, the presence of active N2 fixers in 

Palaeoproterozoic mat-building Cyanobacteria in ways similar to modern microbial mats 

(Herbert, 1999; Woebken et al., 2015), point to the existence of analogous microbial drivers of 

biogeochemical nitrogen cycling in the Francevillian basin. 
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We may consider that the black shales are actually composed of microbial mats where their 

specific isotopic signatures of N2 fixation would have been imposed to the black shale facies. 

However, the distinct morphological textures of microbial structures within the host sediment 

were not petrographically observed (Aubineau et al., 2018). Furthermore, the presence of 

microbial mats can be inferred by the record of an advanced stage of illitization process, 

resulting from a biologically mediated K enrichment (Aubineau et al., 2019). This biosignature 

is lacking in the host black shale facies. Given that, this leads to the assumption that (i) benthic 

communities did not occurred in the host black shales, and (ii) the carbonaceous material 

derived from the overlying water column was not enriched in K. Combined, these observations 

demonstrate the absence of microbial mat remnants in the fine-grained sediments. Modern 

analogue with an ecosystem dominated by N2 fixers can be found in the Black Sea and Cariaco 

Basin (Thunell et al., 2004; Fulton et al., 2012). These environments have a limited connection 

to the global ocean, resulting in nutrient starvation. Our samples have higher C/S ratios than 

those for the modern normal marine sediments (Appendix 28; (Berner & Raiswel, 1983), 

however the present-day marine sulfate reservoir (28 millimolar; mM) is not as large as the 

estimated sulfate pool in the Palaeoproterozoic (1-10 mM; Fakhraee et al., 2019). Hence, 

environmental signals of Francevillian FB2 sediments do not reflect a restricted depositional 

setting.  

Nitrogen isotopes along Mesoproterozoic cross-basinal transects usually recorded aerobic 

nitrogen cycling shoreward, while anaerobic nitrogen pathways were restricted to the anoxic 

deep basin (Stüeken, 2013; Koehler et al., 2017). In contrast, the shallow depositional setting 

of Francevillian FB2 rocks points to a nitrogen limitation. Given the high metabolic cost of 

biological N2 fixation (16 ATP per molecule of N2 fixed; Herbert, 1999), the 15N values near 

0‰ suggest that fixed nitrogen was indeed scares in this environment. Considering that the 

redox potential of Mn(II) oxidation is higher than NH4
+ oxidation, nitrifying microbes could have 

promoted the oxidation of NH4
+ to NO2

– or NO3
– since the redox threshold was crossed, as 

indicated by the extensive Mn deposits along the upwelling zone (Ossa Ossa et al., 2018). 

Although the Fe-based analyses, redox-sensitive trace elements and highly negative 34Spyrite 

values indicate a relatively oxygenated water column with significant sulfate concentrations, 

our data rather suggest that the buildup of nitrate reservoir was not high enough to leave the 

positive isotopic fingerprint (i.e., residual NO3
- isotopically heavy) via non-quantitative 

denitrification (Figure 48). In modern oceans, bioavailable P and Fe are the main nutrients for 

biological productivity in coastal upwelling systems (Capone & Hutchins, 2013). Their scarcity 

could have been the main limiting factors in the production of bioavailable nitrogen. Under 

widespread ferruginous conditions, it is accepted that phosphorus availability is restricted 

(Bekker & Holland, 2012; Reinhard et al., 2017), hampering rates of primary productivity and, 
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thus, limiting the biological oxygen production. In contrast, we observe high to moderate P 

contents in the Francevillian sediment samples, which implies that diazotrophy may have kept 

pace with upwelling of phosphorus. In modern surface water of upwelling zones, a shortage of 

iron induces low nitrogen fixation rates (Sohm et al., 2011). Petrographic and geochemical 

observations argue against a significant Fe limitation in the FB2 Member. Molybdenum, one of 

the essential constituents of the nitrogenase enzyme (Williams & Fraústo da Silva, 2002), 

would have been a limiting component for biological activity throughout the mid-Proterozoic 

(Anbar & Knoll, 2002). Particularly, Mo is scavenged from sulfur-rich seawater that became 

developed in ocean continental margins during the Proterozoic. We cannot completely rule out 

the possibility of Mo limitation in the FB2 Member, since low Mo contents have been predicted 

for Proterozoic oceans (Reinhard et al., 2013b). However, given that Mo-nitrogenase has been 

operating at Earth’s surface since ~3.2 Ga (Stüeken et al., 2015a), when Mo was likely much 

scarcer in the marine environment, it is perhaps unlikely that widespread Mo limitation occurred 

in the Paleoproterozoic, particularly during the “oxygen overshoot” interval during which marine 

trace metal inventories are thought to have expanded (Bekker & Holland, 2012; Partin et al., 

2013b). 

The threshold at which nitrification outpaces denitrification is modeled at low micromolar (>4.5 

to 11 µM) dissolved oxygen concentrations (Fennel et al., 2005; Kipp et al., 2018). The 

relatively large sulfate reservoir in the FB2 Member could have reached 10 mM dissolved 

sulfate contents, which are typical values observed during the LE (Planavsky et al., 2012). 

Estimates of O2 levels based on sulfur isotopes and seawater sulfate indicate contents of 

between 50 and 75 µM (Fakhraee et al., 2019). Although these values may have been lower 

due to the oxygen removal by an overwhelming supply of aqueous Fe(II) and Mn(II) along the 

upwelling transect, it is likely that oxygen was present at levels high enough to sustain a 

dissolved nitrate reservoir during deposition of the FB2 Member. Thus, if the observed 15N 

values are indicative of basinal- or global-scale, this would have likely been a transient state 

that ultimately yielded to more oxygenated and nitrate-replete conditions. In addition, high rates 

of primary production in the black shales, the lack of evidence of biolimiting elements, and 

combined with an aerobic nitrogen cycle of stable nitrate pool in the overlying sediments (Kipp 

et al., 2018), are consistent with the short-lived N scarcity. 

In this regard, we invoke that the nitrogen limitation was likely modulated by the ocean redox 

structure (Figure 48). A rapid nitrogen removal due to nitrification and subsequent 

denitrification has been proposed to be a dominant feature at the oxic/anoxic transition (Fennel 

et al., 2005). Intense denitrification leads to severe loss of fixed nitrogen, which may promote 

surface activity of N2 fixers (Deutsch et al., 2007). This model has been highlighted in Cambrian 

settings whereby eustatic fluctuations and input of P through upwelling would have enhanced 
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nitrogen fixation in shallow depositional environments (Chang et al., 2019). In addition, the 

nitrate reservoir would have been severely depleted by denitrification or anammox if the 

chemocline was relatively shallow, particularly within the photic zone (Ader et al., 2014). 

Accordingly, the significant amount of fixed nitrogen lost via denitrification and anammox at the 

chemocline during a sea level fall would have led to the drawdown of the reservoir of 

bioavailable nitrogen, and then, in turn, promoted diazotrophy. 

4.4 | Implications for primary productivity and the development of complex life forms in the 

Upper FB Formation 

Our results provide evidence for high N2 fixation rates both in MRS and the water column. The 

N2 fixation in microbial mats is a typical signature, however, benthic communities do not 

contribute to the N budget of the overlying water column (Bebout et al., 1994; Herbert, 1999). 

Rather, cyanobacterial blooms in the water column may replenish the bioavailable nitrogen. 

Under nitrate-depleted and P-replete conditions, diazotrophic photoautotrophs sustain primary 

productivity since phosphate is in excess relative to nitrogen requirements (Tyrrell, 1999). A 

modelling approach has indicated that high phosphate flux, derived from crustal weathering 

and/or upwelling regime (Bekker & Holland, 2012), leads to the rise of N2 fixation flux and 

inventory, which in turn invigorates oxygen production and accumulation (Fennel et al., 2005). 

This assumption was recently evidence in Palaeoproterozoic rocks in the aftermath of GOE 

(Luo et al., 2018). The latter authors proposed that the loss of bioavailable nitrogen was 

efficiently balanced by its replenishment through high productivity of cyanobacterial 

diazotrophy. This has likely promoted the widespread proliferation of nitrate-assimilating 

organisms afterwards (Kipp et al., 2018). Although the aerobic nitrogen cycling following the 

GOE may have been pervasive as predicted (Zerkle et al., 2017; Kipp et al., 2018), our data 

suggest that local fluctuations in redox conditions controlled the nitrogen dynamic in the 

Francevillian Series. To summarize, the short-lived N scarcity in the FB2 Member suggests that 

the nutrient remaining in surface waters along the upwelling transect was capable of sustaining 

diazotrophy. The latter metabolic pathway could have allowed fixed nitrogen to accumulate, 

consistent with the buildup of a large dissolved nitrogen reservoir in oxygen-replete conditions 

in the overlying FC Formation.  

The widespread occurrence of aerobic nitrogen cycling in the early Palaeoproterozoic indicates 

the prevalence of nitrate-assimilating organisms (Kipp et al., 2018). This biomass could have 

hosted eukaryotes, although molecular fossils pertaining to such advanced life forms are 

lacking until the late Palaeoproterozoic (Brocks et al., 2005). Assuming that the complex and 

highly organized organisms from the FB2 Member comprised nitrate- and oxygen-dependent 

metabolic processes, in ways similar to eukaryotic metabolisms, the nitrogen limitation in the 
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water column even transient may explain the relatively close association between these 

complex macrofossils and MRS. Thus, the shallow microbial mats here may have played two 

roles for the proliferation of multicellular macroorganisms of various sizes and shapes. First, 

the MRS would have alleviated the oxygen limitation by creating “oxygen oases” (Aubineau et 

al., 2018). Indeed, oxygen concentrations in modern mats can be up to 4 times higher than in 

low oxygen settings, hinting the copious amounts of oxygen that are produced by 

oxyphototrophic Cyanobacteria (Gingras et al., 2011). Second, the high nitrogen fixation 

activity in cyanobacterial mats, combined with the presence of nitrifying bacteria, would have 

offered a pervasive source of bioavailable fixed nitrogen for nitrate-fueled organisms. Thus, 

the ancient multicellular organisms used the mats as oxygen and nutrient resources in oceans 

that had yet to become fully oxygenated. 

5 | CONCLUSION  

The combined use of bottom water redox proxies and carbon and nitrogen isotopes in the 

Francevillian MRS and host sediments allowed us to better constrain redox conditions and 

microbial biogeochemical cycling at the end of the Lomagundi Event. Our results summarized 

in Figure 48, suggest a short-lived nitrate scarcity in the water column as well as a nitrogen 

fixation in benthic microbial communities. Importantly, the presence of multiple C pathways 

and N2 fixers in Palaeoproterozoic microbial structures points to the existence of 

biogeochemical carbon and nitrogen cycling in patterns similar to modern microbial mats. 

In short, the large marine sulfate reservoir and the relatively oxygenated water mass indicate 

that the nitrogen limitation was likely controlled by the ocean redox structure in upwelling 

zones. Nutrient supply from upwelled waters may have promoted cyanobacterial blooms in 

surface environments, replenishing the bioavailable nitrogen pool. This would have enhanced 

the development of nitrate-assimilating organisms in the FC Formation. Although worldwide 

oxic conditions prevailed at the end of the LE, our results show that basin-scale redox 

fluctuations would have driven nitrate consumption, explaining potentially the unique 

association between the large colonial organisms and the MRS.  
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4.4. Highlights of Part 4 

 The trace element distribution in the MRS shows passive accumulation of heavy 

minerals during mat growth and passive absorption of chalcophile elements in pyrite 

during diagenesis.  

 Differences of TE-containing heavy minerals are observed in the MRS morphotypes, 

but these are consistent with changes of physical sedimentological conditions. 

 There is no evidence for a biocontrolled TE enrichment in the benthic mats. 

 Biogeochemical carbon and nitrogen cycling in the 2.1 Ga-old Francevillian MRS are 

equivalent to those observed in modern microbial mats. 

 The overall nitrogen limitation in the Upper FB2 Member was likely transient and 

modulated by the basin-scale ocean redox structure.  
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CONCLUSION AND PERSPECTIVES 

 

This work aims at documenting the microbial diversity in Palaeoproterozoic rocks from the 

Francevillian Basin, Gabon. It is subsequently studied the mineralogical and geochemical 

record of these bacterial mats to reveal putative microbially induced signatures. The studied 

area has been previously explored because of the occurrence of the oldest large colonial 

organisms. Hence, the description of the organizational, ecological and taphonomical 

processes of the unique 2.1 Ga-old ecosystem is of considerable interest for investigating 

evolutionary innovations in the wake of the first significant accumulation of oxygen in Earth’s 

atmosphere. 

General conclusions 

Through a combination of macroscopic analyses, scanning electron microscopy to mineral 

identification and documentation of textural relationships, Raman spectroscopy, and organic 

elemental analyses, the first result of this work allows to assess the true biological antiquity of 

putative mat-like structures. The MRS display more than ten different morphotypes, filling the 

gap between the Archaean and Mesoproterozoic mat record. Moreover, the mat-related 

microtextures are distinct and comprise perfectly preserved tufted structures, fossilized gas 

bubbles, and concentrated heavy minerals, among others. Collectively, these results likely 

indicate the presence of biologically formed structures that are related to oxyphototrophic 

Cyanobacteria as the main mat-building microorganisms. Given that, palaeoenvironmental 

interpretations were inferred to strongly constrain the depositional setting in which the 

Francevillian biota thrived. Thus, the lack of microbial structures indicative of physical 

processes such as desiccation and erosion, combined with the light-dependent requirement of 

photosynthesizers, support a quiet shallow water environment within the photic zone. The 

relatively close association between the benthic microbial communities and the advanced 

forms of life may hypothesize that the MRS played a role for oxygen and food resources. 

The mineralogical study of the MRS and underlying host sediments has been then considered, 

being one of the main purposes of this PhD work. The X-ray diffraction and transmission 

electron microscopy were used in rare studies for describing the clay-size fraction of microbial 

structures. These analytical techniques coupled with X-ray fluorescence microscopy reveal 

high K content localized in well-crystallized illite particles that are abundant in the MRS, but 

not in the host rocks. Considering the absence of K-feldspars in the FB Formation, the lack of 

K addition in the medium did not promote a complete illitization reaction in the Francevillian 
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host sediments. This is consistent with the occurrence of K-feldspar-depleted tonalite-

trondhjemite-granodiorites that are crustal components in the West Congolese block. The 

advanced stage of illitization in the µm-thick mats rather suggests that microbes trapped K+ 

from the seawater and released it into the pore-waters during degradation and burial of organic 

matter. Thus, this study demonstrates that the illitization process through a biologically 

supplied K recorded an ancient metabolic activity in sedimentary environments. This work 

provides a new biosignature for investigating early life on Archaean sediments that lacked 

granitoids in their provenance. 

Furthermore, the facilitated removal of K+ from seawater into the clay fraction is a process akin 

to the reverse weathering. The latter leads to the release of carbon dioxide, which would have 

helped maintain warm conditions during the faint young sun paradox. Thus, the bacterially 

enhanced illitization is also linked to a biological feedback that controlled CO2 concentration of 

Earth’s atmosphere and seawater pH. 

With the aid of whole-rock geochemical analyses and XRF elemental distribution maps, 

discrepancies in trace element abundance between the MRS and host sediments have been 

described. The microbial mat laminae embed a large amount of Ti- and Zr-rich heavy minerals 

that are syngenetically enriched in TE. The observed differences in TE content between the 

mat morphotypes reflect both global and local variations of hydrodynamic regime and sediment 

supply. In addition, the chalcophile element distribution in pyrite-containing bacterial structures 

supports enrichments during early diagenesis in ways similar to those for modern microbialites. 

In our studied samples, there is no evidence for a biocontrolled CE enrichment, as indicated 

by the absence of higher CE/S ratios in the MRS. The apparent variations in CE concentration 

between the MRS and host sediments simply hint a large sulfide production that is imposed 

locally by high sulfate reduction rates. This first geochemical study highlights bulk-rock TE 

distinctions between the MRS and host rocks, but changes of environmental factors may 

simply overwhelm any potential biological signal. This leads to the assumption that the bulk 

TE data should not be used as a biological proxy in the deep rock record. 

Finally, special attention was paid to determine the carbon and nitrogen isotope compositions 

of ancient MRS and sediments coupled with local seawater redox data. The carbon and 

nitrogen isotopes reveal slight distinctions between the mats and host sediments, but unlikely 

characterize diverse microbial populations. Thus, the organic carbon geochemistry supports 

multiple trophic levels involved in the cycling of photosynthetically derived Corg, including 

phototrophy, heterotrophy and methanotrophy. Both the mat and sediment facies show 

nitrogen isotope values best explained by nitrogen fixation. Considering the N composition of 

black shales, it brings strong evidence for a restricted nitrate reservoir in the Upper FB 
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Formation, which was likely modulated by the ocean redox structure. This nitrogen famine 

would have been transient because of the likely high denitrification rate at the chemocline in 

the underlying sediments (Upper FB1 Member) and the fully operational aerobic N cycling in 

the overlying sediments (Lower FC Formation). The abundant nutrient supply in surface waters 

just downstream of upwelling systems would have allowed diazotrophs to keep pace by 

replenishing bioavailable nitrogen. Importantly, the presence of multiple C pathways and N2 

fixers in the Palaeoproterozoic MRS points to the occurrence of biogeochemical cycling in 

patterns equivalent to modern microbial mats. Thus, the isotope analyses allow unravelling the 

existence of analogous microbiogeochemical processes during the Palaeoproterozoic.  

Collectively, these results show that the MRS have recorded a wide range of mineralogical and 

geochemical information. The geobiological study is of considerable interest as it may provide 

clues for identifying early life on Archaean sedimentary rocks. Moreover, interactions between 

the benthic microbial communities and the macroorganisms in the Francevillian FB2 Member 

provide a unique ecological snapshot at the time of the first emergence of complex biosphere, 

2.1 Ga ago. 

Future works 

In order to go beyond this PhD work, it would be interesting to interpret ancient biosignatures 

through molecular fossils in the studied rocks. The Francevillian organic matter is considered 

overmature, and, therefore, few analyses have been conducted. The lipid biomarker analysis 

by the way of infrared spectroscopy and gas chromatography-mass spectrometry could be of 

deep interests for investigating the organic functional groups that compose the carbonaceous 

material. For instance, these working tools are used for understanding organic-mineral 

interactions (Kebukawa et al., 2019) or deciphering the predominance of algal vs. bacterial 

input in the depositional setting (e.g., Pehr et al., 2018; Riboulleau et al., 2018). Moreover, the 

oldest lipid molecular fossils that indicate the presence of eukaryotes were found in 820-Ma-

old sediments (Brocks et al., 2017). A putative occurrence of eukaryotes in Gabonese rocks 

would be of paramount importance in the evolutionary history of life and allow to support the 

early emergence of those organisms in Palaeoproterozoic (e.g., Gold et al., 2017; Kipp et al., 

2018). 

Whole-rock geochemical data were used in this work to ascertain the potential of such 

analyses for distinguishing biological structures from non-biological features. However, the 

geochemical study in relation to the provenance (i.e., the detrital source origin) has not yet 

been treated. The provenance analysis is a convenient method as it is mainly applied on fine-

grained sediments to explore their palaeotectonic and/or palaeogeographic settings (e.g., 
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McLennan et al., 1983; McLennan, 1989; Armstrong-Altrin et al., 2004). This study would 

constrain the basin-scale depositional setting in which the MRS flourished. Besides, some 

results obtained by this geochemical approach were reported from the FA (Bankole, 2015) and 

FB formations (Bankole et al., 2018). Thus, it would be interesting to compare information from 

the different lithostratigraphic formations to better understand the evolution of provenance in 

the Franceville sub-basin. 

The CE content via bulk-rock measurements in the MRS does not show biocontrolled metal 

enrichments. However, this could be explained by the fact that the whole-rock analysis reflects 

a wide range of host mineral fractions, which makes the relationships difficult to interpret. One 

way to avoid this would be to perform laser ablation-inductively coupled plasma-mass 

spectrometry (LA-ICP-MS) analyses on sedimentary pyrite in the MRS and sediments. This 

widely used approach shows a considerable range of CE compositions (Large et al., 2014; 

Gregory et al., 2015). Thus, variations of S to trace element ratio distribution between the MRS 

and Francevillian rocks, among the same pyrite texture, might indicate whether the CE is 

scavenged from a biocontrolled process or enriched via a secondary fluids. 

In this work, the investigation of sulfur isotope composition of MRS is lacking. Although 

numerous S isotope data from the Francevillian multicellular organisms have been published 

(El Albani et al., 2010, 2014, 2019), such analyses in the MRS would allow a complete 

understanding on the biogeochemical sulfur cycling in the Francevillian biota. Besides, the S 

isotope composition would explain the various pyritization degrees of MRS and elucidate their 

timing relationship during the diagenesis. Indeed, a slow burial of MRS would have not 

restricted the MSR from the large sulfate pool of seawater, leading to extensive pyritization 

and negative 34S values. In contrast, a rapid burial of MRS would have led to a reservoir effect, 

resulting in limited pyritization and positive 34S values.  
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CONCLUSION ET PERSPECTIVES (FRANÇAIS) 

 

Ce travail vise à documenter la diversité microbienne dans des roches du Paléoprotérozoïque 

du bassin de Franceville au Gabon. L’enregistrement minéralogique et géochimique dans les 

structures bactériennes a ensuite été étudié pour révéler de possibles signatures 

biologiquement induites. La zone d’étude a déjà été explorée à cause de l’occurrence des plus 

anciens organismes coloniaux. Ainsi, la description des processus organisationnels, 

écologiques et taphonomiques de l’unique écosystème de 2,1 Ga est d’un intérêt considérable 

pour l’investigation des innovations évolutives dans la foulée de la première accumulation 

significative de l’oxygène dans l’atmosphère terrestre.  

Conclusions générales 

A travers une étude pluridisciplinaire et multi-échelle, les résultats de ce travail ont montré la 

véritable antiquité biologique des structures liées aux voiles bactériens. Les MRS présentent 

une dizaine de morphotypes différents, comblant ainsi l'écart de l’enregistrement de structures 

microbiennes entre l'Archéen et le Mésoprotérozoïque. De plus, les microtextures liées aux 

voiles sont distinctes et comprennent des structures touffetées parfaitement préservées, des 

bulles de gaz fossilisées et une forte concentration de minéraux lourds, parmi d’autres. Ces 

résultats indiquent à priori la présence de structures biotiques. Ces dernières sont 

vraisemblablement composées de Cyanobactéries oxyphototrophiques représentant les 

principaux microorganismes formant les voiles microbiens. Les interprétations 

paléoenvironnementales ont permis de mieux contraindre le milieu de dépôt dans lequel les 

macrofossiles du Francevillien prospérèrent. L'absence de structures microbiennes indiquant 

des processus physiques tels que la dessiccation et l'érosion ainsi que la dépendance à la 

lumière des phototrophes argumentent pour un environnement marin calme et peu profonde 

appartenant à la zone photique. L'association étroite des communautés microbiennes 

benthiques et des macrofossiles peut laisser supposer que les MRS ont joué un rôle dans 

l’apport d’oxygène et de ressources nutritives. 

L'étude minéralogique des MRS et du sédiment encaissant sous-jacent a été également 

réalisée. Ce volet représente l'un des principaux objectifs de ce travail de thèse. La diffraction 

des rayons X et la microscopie électronique à transmission ont été peu utilisées pour décrire 

la fraction argileuse associée aux structures microbiennes. Ces techniques d'analyse couplées 

à la microscopie à fluorescence X révèlent des teneurs élevées en K localisées dans des 

particules bien cristallisées telles que les illites. Ces dernières sont abondantes dans les MRS, 
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mais absente dans la roche encaissante. Compte tenu de l'absence de feldspaths potassiques 

dans la Formation FB, la carence d’une source potentielle de potassium a ainsi promu une 

réaction incomplète d'illitisation dans le sédiment encaissant du Francevillien. Ceci est 

cohérant avec la présence de tonalite-trondhjemite-granodiorites qui sont appauvries en 

feldspaths potassiques et sont des composés du socle cristallin du craton du Congo 

occidental. Le stade avancé d’illitisation dans les voiles d’une épaisseur micrométrique 

suggère plutôt que les microbes ont piégé le K+ de l'eau de mer et l'ont libéré dans l’espace 

interstitiel pendant la dégradation et l'enfouissement de la matière organique. Ainsi, cette étude 

démontre que le processus d'illitisation à travers un apport biologique en K a enregistré une 

ancienne activité métabolique dans des environnements sédimentaires. Ce travail fournit une 

nouvelle biosignature pour investiguer la vie primitive dans les sédiments très anciens 

(archéens) qui ne doivent pas avoir pour origine détritique des granitoïdes. 

De plus, l’incorporation du K+ dérivé biologiquement dans la fraction argileuse est un 

processus semblable à l'altération inversée. Cette dernière entraîne une libération de dioxyde 

de carbone, ce qui aurait aidé à maintenir des températures chaudes pendant le paradoxe du 

jeune soleil faible. Ainsi, l'illitisation promue de manière biologique est liée à une rétroaction 

biologique qui a contrôlé la concentration de CO2 dans l'atmosphère terrestre et le pH de l'eau 

de mer. 

À l'aide d'analyses géochimiques sur la roche totale et de cartes de distribution des éléments 

par XRF, des divergences dans l'abondance des éléments traces entre le MRS et le sédiment 

encaissant ont été observées. Les lamines de voiles bactériens contiennent de nombreux 

minéraux lourds composés de Ti et Zr qui sont syngénétiquement enrichis en TE. Les 

différences observées des teneurs en TE au sein des différents morphotypes microbiens 

reflètent des variations globales et locales du régime hydrodynamique et de l'apport 

sédimentaire. De plus, la distribution des éléments chalcophiles dans les structures 

bactériennes contenant de la pyrite met en évidence un enrichissement au cours de la 

diagenèse précoce de la même manière que celui constaté dans les microbialites modernes. 

Dans nos échantillons étudiés, l’enrichissement biocontrôlé des métaux comme indiqué par 

l'absence d’un ratio CE/S plus élevé dans la MRS n’est pas avéré. Les variations apparentes 

de la concentration des CE entre les MRS et le sédiment encaissant indiquent simplement une 

production importante de sulfures qui fut imposée localement par un taux élevé de réduction 

des sulfates. Ces résultats géochimiques soulignent les distinctions des TE de la roche totale 

entre les MRS et le sédiment encaissant. Il est probable que des changements des conditions 

environnementales aient masqué les signaux biologiques. Par conséquent les données des 

TE de la roche totale doivent être utilisées avec précaution afin de mettre en évidence la 

biogénicité des structures fossilisées. 
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Une attention particulière a été accordée à la détermination de la composition isotopique du 

carbone et de l'azote en association avec des données du redox local de l'eau de mer. Les 

isotopes du carbone et de l'azote révèlent de légères différences entre les MRS et le sédiment 

encaissant. Toutefois, il est peu probable que celles-ci caractérisent de manière distincte des 

populations microbiennes différentes. La géochimie du carbone organique étaye l’idée que de 

multiples niveaux trophiques sont impliqués dans le cycle du Corg d'origine photosynthétique, 

incluant la phototrophie, l'hétérotrophie et la méthanotrophie. Les facies bactériens et 

sédimentaires montrent des valeurs isotopiques bien expliquées par la fixation de l'azote. 

Compte tenu de la composition en N des black shales, cela apporte une preuve tangible de la 

présence d'un modeste réservoir nitrique dans la Formation du FB supérieur. Ce dernier a 

probablement été modulé par la structure redox de l'océan. Cette famine azotée aurait été 

transitoire en raison d’un fort taux de dénitrification probablement lié à la chimiocline dans les 

sédiments sous-jacents (Membre du FB1 supérieur) et d’un cycle aérobique azoté pleinement 

opérationnel dans les sédiments sus-jacents (Formation du FC inférieur). L'abondance 

d'éléments nutritifs dans les eaux de surface juste en aval d’un système d'upwelling aurait 

permis aux diazotrophes de suivre le rythme en réapprovisionnant l'azote biodisponible. Il est 

important de noter que la présence de plusieurs voies métaboliques du C et de la réduction 

de l’N dans les MRS du Paléoprotérozoïque pointe vers l’occurrence de cycles 

biogéochimiques équivalents à ceux observés dans les voiles microbiens actuels. Ainsi, les 

analyses isotopiques permettent de mettre en valeur l'existence de processus 

microbiogéochimiques analogues, au Paléoprotérozoïque. 

Ces données montrent que les MRS ont enregistré un large éventail d'informations 

minéralogiques et géochimiques. L'étude géobiologique est d'un intérêt considérable car elle 

peut fournir des indices pour identifier une vie primitive dans les roches sédimentaires plus 

anciennes. De plus, les interactions entre les communautés bactériennes benthiques et les 

macroorganismes du Membre FB2 du Francevillien fournissent un aperçu écologique unique 

au moment de la première émergence d’une biosphère complexe, il y a 2,1 Ga. 

Travaux futurs 

En perspective à ce travail, il serait intéressant d'interpréter et de corréler des anciennes 

biosignatures à travers les fossiles moléculaires dans les roches étudiées. La matière 

organique du Francevillien est considérée comme trop mature et, par conséquent, peu 

d'analyses ont été effectuées. L'investigation des biomarqueurs lipidiques par spectroscopie 

infrarouge et chromatographie en phase gazeuse - spectrométrie de masse pourrait être d'un 

grand intérêt pour étudier les groupes fonctionnels organiques qui composent la matière 

carbonée. Par exemple, ces outils de travail servent à comprendre les interactions organo-
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minérales (Kebukawa et al., 2019) ou à déchiffrer la prédominance de l’apport algaire vs. 

bactérien dans le milieu sédimentaire (e.g., Pehr et al., 2018; Riboulleau et al., 2018). De plus, 

les plus anciennes traces moléculaires lipidiques qui indiquent la présence des eucaryotes ont 

été retrouvées dans des sédiments de  820 Ma (Brocks et al., 2017). Une potentielle présence 

des eucaryotes dans les sédiments du Gabon serait d’une grande importance dans l’histoire 

évolutive de la vie et permettrait de corroborer l’hypothèse d’une émergence précoce de ces 

organismes au Paléoprotérozoïque (e.g., Gold et al., 2017; Kipp et al., 2018). 

Les données géochimiques de la roche totale ont été utilisées dans le cadre de ce travail pour 

vérifier le potentiel de telles analyses dans la distinction de structures biologiques de celles 

non biologiques. Cependant, l'étude géochimique en relation avec la provenance (i.e., origine 

de la source détritique) n'a pas encore été traitée. L'analyse de la provenance est une méthode 

pratique puisqu'elle est principalement appliquée sur des sédiments fins pour explorer leurs 

contextes paléotectoniques et/ou paléogéographiques (e.g., McLennan et al., 1983; 

McLennan, 1989; Armstrong-Altrin et al., 2004). Cette étude permettrait de contraindre 

l’environnement de dépôt à grande échelle dans lequel les MRS prospérèrent. De plus, 

certains résultats obtenus par cette approche géochimique ont été publiés sur des échantillons 

provenant des formations FA (Bankole, 2015) et FB (Bankole et al., 2018) du Gabon. Il serait 

donc intéressant de comparer les informations des différentes formations lithostratigraphiques 

pour mieux comprendre l'évolution de la provenance dans le sous-bassin de Franceville. 

Les teneurs des CE de la roche totale dans les MRS ne montrent pas d'enrichissement 

biocontrôlé des métaux. Toutefois, cela pourrait s'expliquer par le fait que l'analyse de la roche 

totale reflète une large gamme de fractions minérales, ce qui rend les corrélations difficiles à 

interpréter. Les analyses par spectrométrie de masse à plasma à couplage inductif par ablation 

laser (LA-ICP-MS) sur la pyrite dans les MRS et les sédiments permettraient d’aboutir à un 

résultat plus probant. Cette approche largement utilisée montre un éventail considérable de 

compositions en CE (Large et al., 2014; Gregory et al., 2015). Ainsi, des variations du ratio 

CE/S entre les MRS et les roches du Francevillien, pour une même texture de pyrite, pourraient 

potentiellement indiquer si l’élément chalcophile est enrichi par un processus biocontrôlé ou 

par à un fluide secondaire. 

L’analyse des isotopes du soufre pourraient être envisagés pour caractériser certains 

morphotypes MRS. Bien que de nombreuses données isotopiques du soufre aient été 

obtenues sur les organismes multicellulaires du Francevillien (El Albani et al., 2010, 2014, 

2019), de telles analyses sur les MRS permettraient une compréhension plus globale du cycle 

biogéochimique du soufre en lien avec l’ensemble du biota du Francevillien. De plus, la 

composition isotopique du souffre permettrait d’expliquer les différents degrés de pyritisation 
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des MRS et d’élucider leur période de mise en place durant la séquence diagénétique. En 

effet, un enfouissement lent des MRS aurait permis l’accessibilité d’un large réservoir des 

sulfates pour la sulfato-réduction microbienne, entrainant une vaste pyritisation et des valeurs 

négatives du 34S. Au contraire, un enfouissement rapide des MRS aurait provoqué une 

restriction dans l’accessibilité du réservoir sulfaté pour le processus microbien de sulfato-

réduction, ce qui aurait conduit à une pyritisation limitée et des valeurs positives du 34S. 
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Appendix 1: Additional flat pyritized microbial mats. 
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Appendix 2: EDS elemental maps of bulges of reticulate patterns in cross-section perpendicular to 
bedding plane. BSE and composite elemental maps. Note the wavy-crinkly laminae with a large amount 
of embedded heavy minerals. 
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Appendix 3: Representative structural formulae of clays from microbial mats studied with EDS. EST, 
“elephant-skin” texture; PTMM, putative tufted microbial mat; WS, wrinkle structure; LP, linear pattern. 

Samples  Si AlIV AlVI Al Tot Mg Fe Ti Mn K Na Ca  ∑ Oct Int 

EST 2.78 1.22 1.58 2.8 0.73 0.11 0 0 0.33 0.13 0 2.42 0.47 

 
3.13 0.87 1.69 2.56 0.15 0.12 0.02 0 0.71 0.15 0 1.98 0.86 

 
2.89 1.11 1.47 2.58 0.33 0.05 0 0 0.47 0.18 0 1.84 0.65 

 
3.13 0.87 1.91 2.78 0.11 0 0 0 0.74 0.1 0 2.02 0.84 

 
2.88 1.12 1.6 2.72 0.52 0.17 0 0 0.52 0.11 0 2.29 0.63 

 
3.11 0.89 1.94 2.83 0.09 0 0 0 0.79 0.1 0 2.03 0.89 

 
2.63 1.37 1.17 2.54 0.72 0 0.26 0 0.26 0.17 0 2.15 0.43 

              
PTMM 3.54 0.46 1.79 2.25 0.06 0.04 0 0 0.65 0.06 0 1.89 0.71 

 
3.41 0.59 1.88 2.47 0.1 0 0 0 0.69 0.07 0 1.98 0.76 

 
3.34 0.66 1.76 2.41 0.15 0.04 0 0 0.71 0.09 0.03 1.95 0.87 

 
3.46 0.54 1.69 2.23 0.28 0.06 0 0 0.55 0.09 0 2.02 0.64 

 
3.61 0.39 1.8 2.19 0.14 0 0 0 0.47 0.17 0 1.94 0.64 

 
3.35 0.65 1.6 2.25 0.3 0.09 0.01 0.02 0.58 0.12 0.03 2.02 0.73 

 
3.16 0.84 1.77 2.61 0.14 0.04 0.02 0.02 0.48 0.29 0.04 1.98 0.8 

 
3.06 0.94 1.56 2.5 0.16 0.25 0.02 0.01 0.86 0.07 0.01 2 0.94 

 
2.98 1.02 1.83 2.85 0.08 0.04 0.01 0.01 0.89 0.03 0.04 1.98 0.95 

 
3.03 0.97 1.79 2.76 0.12 0.04 0.01 0.02 0.75 0.11 0.04 1.98 0.9 

 
3.1 0.9 1.83 2.72 0.1 0.04 0.02 0.02 0.39 0.35 0.03 2 0.77 

              
PWWS 3.17 0.83 1.39 2.22 0.46 0.4 0 0 0.41 0.12 0 2.25 0.53 

 
3.44 0.56 1.66 2.21 0.3 0.13 0 0 0.45 0.14 0 2.09 0.59 

 
3.56 0.44 1.67 2.11 0.24 0.1 0 0 0.53 0.09 0 2.02 0.62 

 
3.38 0.62 1.27 1.89 0.53 0.4 0.03 0 0.34 0.09 0 2.23 0.43 

 
3.17 0.83 1.91 2.75 0.12 0 0 0 0.75 0.1 0 2.03 0.85 

 
3.82 0.18 1.77 1.94 0.15 0 0 0 0.5 0.08 0 1.92 0.57 

 
3.1 0.9 1.76 2.66 0.18 0.07 0.01 0.02 0.62 0.14 0.02 2.03 0.78 

 
3.04 0.96 1.5 2.46 0.17 0.23 0.07 0.02 0.79 0.09 0.02 1.99 0.89 

 
3.18 0.82 1.62 2.44 0.32 0.15 0.01 0.02 0.47 0.18 0.02 2.12 0.68 

 
3.07 0.93 1.39 2.32 0.48 0.3 0.02 0.03 0.55 0.08 0.01 2.22 0.65 

 
2.97 1.03 1.39 2.42 0.47 0.31 0.04 0.03 0.53 0.13 0.02 2.24 0.67 

              
LP 3.19 0.81 1.85 2.66 2.38 1.64 0.12 0 0.1 0.18 0 5.99 0.28 

 
3.31 0.69 2.12 2.81 2.48 1.98 0 0 0.02 0.06 0 6.57 0.08 

 
3.41 0.59 2.25 2.83 2.37 1.64 0.12 0 0.15 0.07 0 6.37 0.22 
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3.06 0.94 2.48 3.42 1.98 2.07 0 0 0.2 0.08 0 6.53 0.28 

 
2.95 1.05 1.5 2.56 0.41 0.29 0.03 0 0.65 0.09 0 2.23 0.74 

 
3.08 0.92 1.88 2.8 0.08 0.06 0 0 0.77 0.18 0 2.02 0.95 

 
3.19 0.81 1.82 2.62 0.1 0.06 0 0 0.86 0.05 0 1.98 0.91 

 
3.11 0.89 0.99 1.88 0.43 0.54 0.09 0.05 0.44 0.05 0.06 2.1 0.55 

 
3.72 0.28 1.44 1.72 0.12 0.1 0.11 0.03 0.48 0.12 0.03 1.8 0.63 
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Appendix 4: Organic elemental analyses (carbon and sulfur) on five microbial mats and their host 
sediments from the FB2 Formation. EST, “elephant-skin” texture; DB, domal buildup; PWWS, parallel 
wavy wrinkle structure. 

Samples Mass (mg) %C %S 

EST_mat  10.63 8.62 0.25 

EST_host rock 16.62 0.58 0.05 

DB_mat 15.32 0.53 22.16 

DB_host rock 13.24 4.59 0.22 

PWWS_mat 10.37 1.69 0.00 

PWWS_host rock 14.17 2.2 0.00 

sample4_mat 16.08 1.86 0.06 

sample4_host rock 17.53 1.77 0.09 

sample5_mat  12.58 1.25 0.54 

sample5_host rock 13.18 2.11 0.11 
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Appendix 5: Photographs of mat-layer structures found in literature. (A) Analogous ‘elephant-skin’ 
texture from modern lower supratidal, Bahar Alouane, southern Tunisia. Modified after photo published 
in Gerdes (2007). (B) Fossil reticulate pattern on bedding plane of siliciclastic beds from the Archaean 
Tumbiana Formation, Australia. Modified after photo published in Flannery & Walter (2012). (C) A 2.0 
billion-years-old tufted microbial mat from Makgabeng Formation, South Africa. Modified after photo 
published in Simpson et al. (2013). (D) Analogue clustered low mound-like structures with Protichnites 
trackways on bedding surface of quartz arenites from the Late Cambrian, Elk Mound Group, USA. 
Modified after photo published in Bottjer & Hagadorn (2007). (E) Modern analogous ‘fairy rings’ on soft 
muddy sediments from Bretagne salterns, France. Modified after photo published in Grazhdankin & 
Gerdes (2007). (F) Ancient example of outward-convex, spindle-shaped discoidal structures with 
concentric rings from the Mesoproterozoic, Sonia Sandstone, India. Modified after photo published in 
Sarkar et al. (2014). (G) Modern discoidal microbial colony on tidal flat from the Gulf of Cambay, India. 
Modified after photo published in Banerjee et al. (2014). Lens cap diameter: 6 cm. (H) Analogue 
discoidal microbial colony on bedding plane of sandstones from the Precambrian Vindhyan 
Supergroup, India. Modified after photo published in Banerjee et al. (2014). 
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Appendix 6: Photographs of mat-related structures found in literature. (A) Modern example of 
submerged wrinkle marks from Redfish Bay, Texas. Modified after photo published in Hagadorn & 
Bottjer (1997). (B) Patches of wrinkle marks on bedding surface of fine-grained sandstones from the 
Early Cambrian, Chapel Island Formation, Canada. Modified after photo published in Buatois et al. 
(2014). (C) Parallel wavy wrinkle structures reproduced in wave tank experiments using microbial 
aggregates. Modified after photo published in Mariotti et al. (2014). (D) Analogous parallel wavy wrinkle 
structures on bedding plane of mudstones from the Early Cambrian, Northwest Argentina. Modified 
after photo published in Buatois & Mángano (2003). (E) Minute “Kinneyia” structures formed with 
microbial aggregates in wave tank experiments. Modified after photo published in Mariotti et al. (2014). 
(F) Ancient analogue “Kinneyia” structures on bedding surface of siltstones from the Cambrian, Oeland, 
Sweden. Modified after photo published in Porada & Bouougri (2007). (G) Linear features from modern 
tidal flats of Bhar Alouane, southern Tunisia. Modified after photo published in Porada & Bouougri 
(2007). (H) Putative linear patterns on bedding surface of fine-grained quartzites from the 
Neoproterozoic Katanga Supergroup, Zambia. Modified after photo published in Porada & Bouougri 
(2007). 
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Appendix 7: Lithostratigraphic columns for the Francevillian basin. (A) Lithostratigraphy of the 
Palaeoproterozoic Francevillian Series that comprises four sedimentary formations. (B) Composite 
stratigraphic section of the FB2 Member in the studied area. It consists of the 15 m-thick coarse-grained 
sandstone conformably underlying the 5 m-thick black shale sequence (1Horie et al., 2005; 2Bros et al., 
1992; 3Gancarz, 1978; 4Mouélé et al., 2014; 5Gauthier-Lafaye & Weber, 2003). 
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Appendix 8: Microbial mat laminae and their host sediments. (A) A µm-thick mat-related structure 
preserved as wrinkle on the top of the sandstone bed. (B) Polished slab section of A. (C) Pyritized 
microbial mat from the black shale facies. (D) SEM imaging of C. Note extensively developed euhedral 
pyrite, making difficult to separate black shale from pyritized mat structures. (E) SEM image of a thinly 
laminated mat from the top of the sandstone bed. Note the microtexture of mat laminae. Blue, yellow, 
and green arrows point to the thin biofilm layers, macrofossil (El Albani et al., 2010, 2014), and heavy 
minerals, respectively. 
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Appendix 9: Petrography, SEM, and EDX of bubble-like features in cross-section perpendicular to the 
bedding plane. Back-scattered electron (BSE) and composite (Si, Al, Ti, Mg, and Fe) elemental maps 
show mineral composition of circular structures within the MRS. The cone-like structure mainly consists 
of Al- and Mg-rich clays. 
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Appendix 10: Whole-rock geochemical data of major elements and carbon.  

   
Depth SiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O TiO2 P2O5 Stot Ctot Corg* 

Formation Lithology Sample ID m % % % % % % % % % % wt% wt% wt% 

                                  

                 
FB2b Pyritized FPS_s5-mat 1,3 23.2 10.1 38.4 0.1 1.35 0.59 0.19 1.88 0.14 BDL 29.37 0.69 0.56 

 MRS DB_s4-mat 2,9 32.87 9.71 29.74 0.16 1.63 1.27 0.17 1.81 0.18 BDL 22.02 3.12 2.85 

 
 

FPS_s4-mat 3,7 21.23 8.26 41.49 0.09 1.81 0.81 0.14 1.34 0.12 BDL 24.81 0.77 0.59 

 
 

FPS_s3-mat 3,8 26.69 9.62 35.26 0.12 1.87 0.86 0.19 1.62 0.15 BDL 28.45 1.36 1.18 

 
 

DB_s3-mat 4 24.17 10.5 29.86 0.08 1.44 0.85 0.19 1.97 0.15 BDL 26.9 0.53 0.35 

 
 

DB_s2-mat 4 27.84 11.83 20.82 0.07 1.44 0.51 0.21 2.28 0.2 BDL 23.88 X X 

 
 

FR_s1-mat 4 51.3 15.74 10.33 0.24 2.43 2.08 0.31 3.04 0.34 BDL 6.46 3.52 3.08 

 
                

 Black WS_s1-sed 0,3 58.93 16.69 3.69 0.49 3.43 2.26 0.34 2.95 0.33 BDL 0.09 2.2 1.72 

 shales KS_s1-sed 1 61.85 15.14 3.81 0.23 3.02 2.07 0.3 2.83 0.42 0.2 0.09 2.91 2.47 

 
 

FPS_s5-sed 1,3 56.35 16.72 2.39 0.47 3.03 2.65 0.34 3.16 0.39 0.16 0.22 4.98 4.41 

 
 

AFBSO-12 1,4 62.88 18.65 3.44 0.07 1.96 0.37 0.39 3.63 0.41 0.17 X X X 

 
 

MLS_s7-sed 1,9 61.55 13.22 6.99 0.22 4.77 2.24 0.22 1.57 0.37 BDL 0.32 2.11 1.63 

 
 

AFBSO-9 2,5 54.74 12.06 6.5 0.74 5.55 5.21 0.23 1.47 0.32 0.12 X 3.8 2.68 

 
 

DB_s4-sed 2,9 58.09 17.07 2.81 0.44 3.06 2.67 0.33 3.32 0.39 0.13 0.13 3.83 3.26 

 
 

AFBSO-7 3,5 77.68 13.28 0.35 BDL 0.53 BDL 0.21 2.84 0.29 BDL X 2.47 2.47 

 
 

FPS_s4-sed 3,7 57.81 18.6 2.2 0.26 2.74 2.07 0.35 3.73 0.39 0.16 0.16 2.62 2.18 

 
 

FPS_s3-sed 3,8 57.66 16.08 2.34 0.31 2.99 2.59 0.36 2.95 0.38 0.16 0.17 5.04 4.48 

 
 

AFBSO-6 3,9 66.18 12.04 8.87 0.11 3.09 0.24 0.22 1.35 0.26 0.15 X 3.64 3.59 

 
 

DB_s2-sed 4 56.11 17.85 2.15 0.3 2.87 2.24 0.36 3.59 0.39 BDL 0.16 4.59 4.11 

 
 

FR_s1-sed 4 58.3 18.86 2.36 0.24 2.86 2.18 0.38 3.79 0.4 0.14 0.2 2.73 2.26 

 
 

MLS_s8-sed 4,5 54.3 20.73 3.87 0.48 3.1 2.1 0.39 4.3 0.44 BDL 1.02 1.86 1.41 

 
 

MLS_s9-sed 4,5 56.29 19.14 3.02 0.37 2.99 2.09 0.37 3.87 0.41 BDL 0.34 1.77 1.32 

 
                

FB2a 
Non-pyritized 

MLS_s1-mat 5 33.74 22.58 13.1 0.32 4.13 1.01 0.36 4.17 2.77 0.56 4.16 5.84 5.63 

 LP_s3-mat 5 41.35 27.69 5.03 0.1 3.5 0.34 0.59 5.34 1.91 0.34 0.19 3.74 3.67 

 MRS MLS_s2-mat 5 33.09 23.3 9.45 0.1 4.12 0.43 0.28 4.04 3.39 0.36 3.08 9.69 9.6 

 
 

MLS_s3-mat 5 38.3 20.66 13.32 0.16 4.45 0.79 0.29 3.46 2.34 0.65 2.61 4.44 4.27 

 
 

MLS_s4-mat 5 35.62 23.78 5.69 0.11 4.35 0.68 0.28 4.44 3.21 0.51 0.36 10.59 10.44 

 
 

MLS_s5-mat 5 35.56 24.54 6.41 0.09 4.67 0.6 0.29 4.29 3.13 0.49 0.42 9 8.87 

 
 

EST_s3-mat 5 31.67 27.89 3.47 0.03 5.62 0.03 0.4 2.78 0.37 0.1 0.36 16.97 16.96 

 
 

EST_s4-mat 5 31.66 28.67 4.25 0.05 6.76 0.03 0.33 2.3 0.23 0.05 0.29 X X 

 
 

MLS_s3-mat 9 44.31 31.77 2.48 0.03 2.9 0.16 0.49 5.74 0.87 0.12 0.84 1.6 1.57 

 
 

EST_s1-mat 13,2 36.27 31 2.72 0.01 5.57 0.1 0.5 3.56 0.36 0.02 0.17 11.09 11.07 

 
 

EST_s2-mat 13,2 38.54 31.4 2.48 0.02 4.03 0.2 0.63 5.01 0.33 0.17 0.15 X X 

 
                

 Sandstones MLS_s1-sed 5 89.24 4.66 0.97 0.11 0.96 0.65 0.1 0.6 0.03 BDL X 0.45 0.31 

 
 

LP_s3-sed 5 93.65 2.46 0.66 0.07 0.63 0.6 0.04 0.32 BDL BDL X 0.52 0.39 

  
MLS_s2-sed 5 89.25 3.21 0.79 0.27 1.17 1.22 0.16 0.27 0.03 BDL X 0.83 0.57 
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AFBSO-3 5 96.83 0.95 0.08 0.01 0.08 BDL 0.01 0.08 0.02 BDL X 0.36 0.36 

  
LP_s2-sed 6 95.03 2.08 0.56 0.01 0.39 0.06 0.04 0.19 0.02 0.03 X 0.31 0.3 

  
MLS_s3-sed 9 94.48 2.85 0.68 0.03 0.58 BDL 0.03 0.21 0.04 BDL X 0.42 0.42 

 
 

EST_s1-sed 13,2 94.74 1.99 0.57 BDL 0.2 BDL 0.01 0.28 BDL BDL 0.02 0.58 0.58 

 
 

EST_s2-sed 13,2 95.98 1.47 0.63 BDL 0.17 0.07 0.02 0.18 0.02 0.07 X X X 

                                  

FPS: flat pyritized mat; LP: linear pattern; DB: domal buildup; WS: wrinkle structure; KS: “kinneyia” 

structure; MLS: mat-layer structure; FR: “fairy-ring” structure; EST: “elephant-skin” texture (Aubineau et 

al., 2018).  

BLD: below detection limit. Italicized numbers reflect samples where half or more of the analyses were 

below detection limits for that element.  

Organic carbon is calculated as follow: Corg  Ctot – (12*CaO/56); Corg = Ctot when CaO contents < BLD. 

X: Not analyzed 
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Appendix 11: Pairwise comparisons between all pairs of groups. 

p-value are given. Bold p-value (< 0.05) are significant. 

 

 

  

          

 

Pyritized MRS 
(FB2b) 

Black shales 
(FB2b) 

Non-pyritized MRS 
(FB2a) 

Sandstones 
(FB2a) 

Pyritized MRS (FB2b) - 
   

Black shales (FB2b) 0.008 - 
  

Non-pyritized MRS (FB2a) 8.0*10-05 4.9*10-10 - 
 

Sandstones (FB2a) 3.0*10-08 2.9*10-06 1.0*10-14 - 
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Appendix 12: Cross plots of selected major elements. (A) SiO2 vs. Al2O3. (B), K2O vs. Al2O3. (C), K2O 
vs. Na2O. (D), MgO vs. Al2O3. 
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 (Billault et al., 2002) 

  

Appendix 13: XRD patterns of representative randomly oriented powders. (A) Non-pyritized microbial 
mats. (B) Sandstones. (C) Pyritized biofilms. (D) Black shales. [Chlorite (Ch); Mixed-layer (ML); 
Illite/mica (I/M); Quartz (Q); Anatase (An); Florencite (Fl); Di-tri-octahedral chlorite (Ch) (Billault et al., 
2002); Gypsum (Gy); Pyrite (Py); Dolomite (Do); Rhodochrosite (Rh)]. 
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Appendix 14: XRD patterns of representative oriented <2 µm clay fraction after air-dried treatment 
(black lines) and glycolation (red lines). (A) Non-pyritized microbial mats. (B) Sandstones. (C) Pyritized 
biofilms. The weak signature of short-range ordered I-S MLMs likely indicates contamination from the 
underlying host sediment. (D) Black shales. [Green areas correspond to long-range ordered (R3) I-S 
MLMs; Blue areas represent the randomly ordered (R0) I-S MLMs; Chlorite (Ch); Mixed-layer (ML); 
Illite/mica (I/M); Kaolinite (K); Quartz (Q); Barite (Ba); Calcite (Ca); Gypsum (Gy)].  
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Appendix 15: XRD patterns of randomly oriented powders (<2 µm clay fraction) for the MRS and host 
sediment are shown at the top and bottom, respectively. The hkl diffraction peaks are typical of illite 
polytypes with 2M1 and 1Mt polytypes, representing detrital and diagenetic illites, respectively. 
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Appendix 16: Experimental (crosses) and modeled (lines) XRD profiles of selected Ca-saturated MRS 
samples. Contribution of different minerals to the profiles is indicated. (A) After air-dried preparation. (B) 
After ethylene-glycol saturation. 
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Appendix 17: Experimental (crosses) and modeled (lines) XRD profiles of Ca-saturated host sediments. 
Contribution of different minerals to the profiles is indicated. (A) After air-dried preparation. (B) After 
ethylene-glycol saturation. 
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Appendix 18: Structural parameters from the simulation of experimental XRD patterns of Ca-saturated 
samples after air-dried treatment and glycolation.  

Rel. Ab., relative abundance; N, number of layers in coherent scattering domain with a lognormal 

distribution; Layer Prop., layer proportion in the I-S MLM; R, Reichweite parameter; AD, air dry; EG; 

ethylene-glycol. 

We cannot compare the initial results at constant volume due to changes in the reactivity of diagenetic 

clay fraction, which is indicated by the concentrated detrital fraction (mica + chlorite, 62%) in the MRS 

relative to the sediments (44%). Therefore, bold relative abundances correspond to the calculated 

diagenetic fraction where the proportions of insoluble detrital components in the MRS are considered 

unchanged relative to the sediments (i.e., 44%). The transformation from R0 to R3 I-S MLM as well as 

intense dissolution in the MRS represent the reactive clay fraction.  

 

  

                                      

Samples Chlorite 

 

Mica 

 

Illite 

 

Random MLM 

 

Ordered MLM 

                   

 

Rel. 
Ab. N 

 

Rel. 
Ab. N 

 

Rel. 
Ab. N 

 

Rel. 
Ab. N Layer Prop. (%) R 

 

Rel. 
Ab. N Layer Prop. (%) R 

  (%)     (%)     (%)     (%)   I/S     (%)   I/S   

                   
MRS 22 14-40 

 
40 10-25 

 
15 4-19 (AD) 

 
- - - - 

 
23 10-25 (AD) 92/8 3 

        

5-12 (EG) 

       

4-19 (EG) 90/10 

 

                   

       

22 

  

- - - - 

 

34 

   

                   
Sediment 13 12-25 

 

31 22-38 

 

22 7-11 (AD) 

 

13 4-10 35/65 0 

 

21 11-20 (AD) 91/9 (AD) 3 

        

5-19 (EG) 

       

11-16 (EG) 88/12 (EG) 
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Appendix 19: Transmission-electron images of illite minerals. (A-C) Lath-shaped crystals from MRS. 
(D-F) Hexagonal-shaped crystals observed in MRS. (G-H) Lathlike and tiny lath-shaped crystals from 
host sediments. The inset with Selected Area Electron Diffraction (SAED) pattern shows a hexagonal 
structure typical of phyllosilicates in (hk0) reflection. 
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Formation Lithology Sample ID Height ST Si Al Fe Mn Mg Ca Na K Ti P EFTi As Ba Bi Cd Co
m wt% wt% wt% wt% wt% wt% wt% wt% wt% wt% wt% ppm ppm ppm ppm ppm

FB2b Pyritized MRS FPS_s5-mat 18.7 29.4 10.8 5.35 26.9 0.08 0.81 0.42 0.14 1.56 0.08 0.02 0.27 179 755 4.24 0.64 253
DB_s4-mat 17.1 22 15.3 5.14 20.8 0.12 0.98 0.91 0.13 1.5 0.11 0.02 0.36 110 693 5.76 0.29 326
FPS_s4-mat 16.3 24.8 9.91 4.37 29 0.07 1.09 0.58 0.1 1.11 0.07 0.02 0.28 112 527 4.01 0.21 193
FPS_s3-mat 16.2 28.5 12.5 5.09 24.7 0.09 1.12 0.61 0.14 1.34 0.09 0.02 0.3 146 681 2.71 0.05 144
DB_s2-mat 16 23.9 13 6.26 14.6 0.06 0.87 0.36 0.16 1.89 0.12 0.02 0.32 58.4 984 0.05 0.05 133
DB_s3-mat 16 26.9 11.3 5.56 20.9 0.06 0.86 0.61 0.14 1.63 0.09 0.02 0.28 100 885 0.22 0.1 99.4
FR_s1-mat 16 6.46 23.9 8.33 7.23 0.19 1.46 1.49 0.23 2.52 0.2 0.02 0.42 0.8 1234 0.25 0.57 4,713

Black shales WS_s1-sed 19.7 0.09 27.5 8.83 2.58 0.38 2.06 1.61 0.25 2.45 0.2 0.02 0.38 0.36 1132 0.11 0.23 5.35
KS_s1-sed 19 0.09 28.9 8.02 2.67 0.18 1.81 1.48 0.22 2.35 0.25 0.09 0.53 1.41 1137 0.15 0.11 6.67

FPS_s5-sed 18.7 0.22 26.3 8.85 1.67 0.37 1.82 1.89 0.25 2.63 0.23 0.07 0.45 0.8 1231 0.2 0.52 4.17
AFBSO-12 18.6 N.D. 29.3 9.87 2.41 0.05 1.18 0.26 0.29 3.01 0.25 0.07 0.43 10.9 1505 0.31 0.34 8.89

MLS_s7-sed 18.1 0.32 28.7 7 4.89 0.17 2.86 1.6 0.16 1.31 0.22 0.02 0.55 2.06 648 0.15 0.12 12.9
AFBSO-9 17.5 N.D. 25.6 6.38 4.55 0.57 3.33 3.72 0.17 1.22 0.19 0.05 0.52 6.99 651 0.16 0.39 20.1

DB_s4-sed 17.1 0.13 27.1 9.04 1.96 0.34 1.84 1.9 0.25 2.75 0.23 0.06 0.44 0.8 1294 0.21 0.42 4.18
AFBSO-7 16.5 N.D. 36.3 7.03 0.25 0.01 0.32 0.01 0.16 2.36 0.17 0.02 0.42 2.94 1204 0.19 0.19 0.91

FPS_s4-sed 16.3 0.16 30.9 6.37 6.21 0.09 1.85 0.17 0.16 1.12 0.16 0.07 0.41 0.8 1482 0.59 0.66 5.06
FPS_s3-sed 16.2 0.17 27 9.85 1.54 0.2 1.64 1.48 0.26 3.1 0.24 0.07 0.46 0.8 1125 0.18 0.8 3.94

AFBSO-6 16.1 N.D. 26.9 8.51 1.64 0.24 1.79 1.85 0.27 2.45 0.23 0.07 0.42 13.2 588 0.24 0.54 49.9
DB_s2-sed 16 0.16 26.2 9.45 1.5 0.23 1.72 1.6 0.26 2.98 0.24 0.02 0.43 0.81 1319 0.09 0.15 3.43
FR_s1-sed 16 0.2 27.2 9.98 1.65 0.19 1.72 1.55 0.28 3.14 0.24 0.06 0.41 0.8 1448 0.32 0.27 5.3

MLS_s8-sed 15.5 1.02 25.3 11 2.71 0.37 1.86 1.5 0.29 3.57 0.27 0.02 0.41 53.1 1634 1.35 4.48 38.3
MLS_s9-sed 15.5 0.34 26.3 10.1 2.12 0.28 1.8 1.5 0.27 3.21 0.25 0.02 0.42 13.2 1468 0.31 0.82 12.8

0
FB2a Pyrite-poor MRS MLS_s1-mat 15 4.16 15.8 12 9.17 0.25 2.48 0.72 0.26 3.46 1.66 0.24 2.39 50.8 1539 1.52 2.61 45.9

LP_s3-mat 15 0.19 19.3 14.7 3.52 0.08 2.1 0.24 0.44 4.43 1.14 0.15 1.34 6.78 2035 0.86 0.65 5.15
MLS_s2-mat 15 3.08 15.4 12.3 6.61 0.08 2.47 0.31 0.21 3.36 2.03 0.16 2.83 28 1409 2.33 3.35 48.4
MLS_s3-mat 15 2.61 17.9 10.9 9.33 0.12 2.67 0.57 0.21 2.87 1.4 0.28 2.2 54.5 1225 1.43 1.84 32.2
MLS_s4-mat 15 0.36 16.6 12.6 3.98 0.08 2.61 0.49 0.21 3.68 1.92 0.22 2.62 7.71 1512 1.39 2.54 15.8
MLS_s5-mat 15 0.42 16.6 13 4.48 0.07 2.8 0.43 0.22 3.56 1.88 0.21 2.48 17.8 1488 1.64 2.59 13.2
EST_s3-mat 15 0.36 14.8 14.8 2.43 0.03 3.37 0.02 0.29 2.31 0.22 0.04 0.26 2.33 1454 0.4 0.14 4.59
EST_s4-mat 15 0.29 14.8 15.2 2.97 0.04 4.06 0.02 0.25 1.91 0.14 0.02 0.16 3.31 1204 0.28 0.12 5.38
MLS_s3-mat 11 0.84 20.7 16.8 1.74 0.02 1.74 0.12 0.36 4.76 0.52 0.05 0.53 1.05 2543 0.41 0.11 5.83
EST_s1-mat 6.9 0.17 16.9 16.4 1.9 0.01 3.34 0.07 0.37 2.96 0.2 0.02 0.21 1.56 2351 0.53 0.17 2.5
EST_s2-mat 6.9 0.15 18 16.6 1.74 0.01 2.42 0.15 0.46 4.16 0.2 0.07 0.2 1.36 3253 0.34 0.16 1.76

Sandstones MLS_s1-sed 15 N.D. 41.7 2.47 0.68 0.09 0.58 0.47 0.08 0.5 0.02 0.02 0.13 1.9 281 0.18 0.27 2.7
LP_s3-sed 15 N.D. 43.7 1.3 0.46 0.05 0.38 0.43 0.03 0.26 0.01 0.02 0.08 0.8 145 0.05 0.05 1.45

MLS_s2-sed 15 N.D. 41.7 1.7 0.56 0.21 0.7 0.87 0.12 0.22 0.02 0.02 0.16 0.8 126 0.05 0.05 1.71
LP_s2-sed 14 N.D. 44.4 1.1 0.39 0.01 0.24 0.04 0.03 0.16 0.01 0.01 0.2 1.01 95 0.02 0.04 0.73

MLS_s3-sed 11 N.D. 44.1 1.51 0.47 0.02 0.35 0.01 0.02 0.18 0.02 0.02 0.26 0.7 98 0.02 0.03 1.39
EST_s1-sed 6.9 0.02 44.2 1.05 0.4 0.01 0.12 0.01 0.01 0.24 0.01 0.02 0.1 1.14 121 0.08 0.05 0.49
EST_s2-sed 6.9 N.D. 44.8 0.78 0.44 0.01 0.1 0.05 0.02 0.15 0.01 0.03 0.24 1.35 83 0.02 0.05 0.5
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Formation Lithology Sample ID Height Cr Cs Cu Hf Mo Nb Ni Pb Rb Sb Sn Sr Ta Th U V W Zn Zr EFAs EFNi EFZr

m ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm

FB2b Pyritized MRS FPS_s5-mat 18.7 2.5 5.23 148 0.63 11.4 1.64 739 71.5 59.7 10.7 0.75 36.3 0.13 4.24 0.29 30.2 0.75 41.1 22 22.7 23.7 0.21
DB_s4-mat 17.1 11 4.63 192 2.51 19.8 2.39 589 91.3 57 10.9 0.75 43.2 0.22 6.03 0.62 30.3 0.75 37.1 100 14.5 19.7 0.95
FPS_s4-mat 16.3 2.5 4 82.2 0.72 13.9 1.47 588 42.7 43.8 5.42 0.75 27.6 0.11 3.7 0.3 23.5 0.75 61 26 17.3 23.1 0.29
FPS_s3-mat 16.2 2.5 4.55 100 1.29 10.2 1.86 547 56.4 52.7 6.89 0.75 36.4 0.14 4.64 0.36 30.7 0.75 63.2 49 19.5 18.5 0.47
DB_s2-mat 16 21.9 6.7 77 0.72 9.91 2.3 369 28.7 76.2 7.08 0.75 41.6 0.17 6.11 0.45 36.1 1.15 40.6 25 6.31 10.1 0.2
DB_s3-mat 16 15.1 5.72 25.6 0.68 16.6 1.89 177 30.7 65.3 12.2 2.09 38.5 0.14 4.8 0.52 34.8 1.83 69.5 26 12.2 5.45 0.23
FR_s1-mat 16 19.2 9.14 106 4.88 0.25 4.7 32.9 16.6 98.6 0.53 0.75 79.1 0.46 11.6 1,095 41.7 0.75 72.2 185 0.07 0.68 1.09

Black shales WS_s1-sed 19.7 37 7.95 40.1 3.53 0.25 4.14 48.9 5.11 95.2 0.19 0.75 74.2 0.38 10 0.83 43 1.31 102 135 0.03 0.95 0.75
KS_s1-sed 19 41.7 9 56.1 5.56 0.25 5.65 52.1 8.45 105 0.3 1.23 94.2 0.52 16 1.32 38.7 2.08 82.3 210 0.12 1.12 1.29

FPS_s5-sed 18.7 31.6 9.38 53.1 5.86 0.25 5.27 29 9.13 105 0.24 1.88 87.6 0.48 13.1 1.32 48.3 0.75 67.1 225 0.06 0.56 1.25
AFBSO-12 18.6 54.8 11.1 56.6 5.58 0.76 5.91 60.7 10.8 125 0.54 1.28 86.3 0.53 14.4 1.21 53 1.66 93.9 220 0.75 1.06 1.09

MLS_s7-sed 18.1 36.2 5.3 44.1 5.62 0.25 4.5 76 8.15 54.7 0.29 2.74 48 0.37 8.87 0.91 36.5 1.28 97.9 219 0.2 1.86 1.53
AFBSO-9 17.5 40.6 5.53 34.6 6.76 0.76 4.61 83.2 13.4 53.9 0.83 1.31 70 0.42 10.8 1.08 32.4 1.01 151 265 0.74 2.24 2.04

DB_s4-sed 17.1 36.3 8.54 58 5.07 0.25 5.63 42.6 15.1 108 0.26 1.94 91.6 0.53 13.5 1.24 49.5 1.78 65.6 197 0.06 0.81 1.07
AFBSO-7 16.5 42.5 6.04 5.06 5.23 0.63 4.06 19.5 9.71 95.8 0.47 1.48 71 0.31 8.01 1.03 34.5 0.74 37 214 0.28 0.48 1.5

FPS_s4-sed 16.3 33.8 10.7 51.9 5.03 0.25 5.53 33.9 12.3 126 0.28 1.63 85.9 0.47 13.5 1.25 50 1.71 53.9 192 0.05 0.59 0.96
FPS_s3-sed 16.2 29.6 8.6 62.1 5.9 0.85 5.13 26.2 9.36 95.8 0.24 1.79 85.6 0.46 12 1.28 45.4 0.75 62.3 230 0.06 0.53 1.33

AFBSO-6 16.1 30.2 4.4 28.2 7.2 0.72 3.56 115 34.2 47.1 1.38 0.99 49.7 0.35 9.47 1.02 29.1 0.88 169 293 1.4 3.1 2.26
DB_s2-sed 16 47.7 10.6 57.6 5.48 0.25 5.28 30.6 5.42 120 0.27 0.75 85.1 0.5 14.5 1.32 57.5 1.6 65.2 209 0.06 0.56 1.08
FR_s1-sed 16 33.2 11 57 4.65 0.25 5.33 33.5 18.2 124 0.25 4.15 84 0.47 12.8 1.24 50.7 1.64 54.2 180 0.05 0.58 0.88

MLS_s8-sed 15.5 49.2 11.9 18.8 1.88 3.3 5.36 113 21.3 140 2.28 0.75 88.3 0.41 12.8 1.11 54.4 1.81 1475 67 3.28 1.76 0.3
MLS_s9-sed 15.5 48.3 10.6 63 3.91 0.93 5.23 58.7 10 127 0.69 0.75 89 0.46 13.6 1.13 49.3 1.81 319 148 0.88 1 0.62

FB2a Pyrite-poor MRS MLS_s1-mat 15 196 12.3 209 45.7 4.76 39.3 229 97.6 148 7.95 9.4 295 3.71 77.9 8.54 96.4 8.75 306 1695 2.88 3.29 6.95
LP_s3-mat 15 174 22.8 32.7 14.8 0.84 26.7 65.7 31.9 191 1.35 6.7 246 2.34 54.1 5.02 107 6.9 74.5 526 0.31 0.77 1.76

MLS_s2-mat 15 230 11.8 156 79.2 3.66 47.9 224 72.4 145 5.47 4.56 323 4.35 111 10.2 91.7 9.52 195 2899 1.54 3.12 11.5
MLS_s3-mat 15 149 11.6 115 44.9 4.63 31.6 167 96.2 124 7.36 3.14 243 2.99 65 8.28 84.6 7.03 144 1730 3.37 2.63 7.76
MLS_s4-mat 15 208 13.3 121 57.1 1.44 44.5 134 33.5 167 1.47 3.45 346 4.05 99.5 8.92 93.9 8.69 180 2067 0.41 1.83 8.05
MLS_s5-mat 15 194 13.1 64.2 65 2.29 43.5 119 42.3 155 2.5 3.5 321 4.09 96.9 9.2 99.9 8.43 113 2301 0.92 1.58 8.69
EST_s3-mat 15 50.2 3.03 12.9 25.5 0.85 4.82 75.9 9.39 92.4 0.2 0.59 93.5 0.48 15.6 3.19 82.7 2.06 70.8 819 0.11 0.88 2.72
EST_s4-mat 15 42.7 2.44 13.6 19.4 0.63 3.07 102 7.45 78.6 0.23 0.91 67.7 0.29 10.1 2.42 76.2 1.13 82.4 627 0.15 1.15 2.02
MLS_s3-mat 11 87.8 17.7 22 16.6 0.25 11.7 69.9 19.6 194 0.32 2.31 207 1.04 27.3 2.92 77.1 1.83 45.3 524 0.04 0.71 1.53
EST_s1-mat 6.9 36.9 4.14 8.04 25.9 0.25 4.52 133 2.86 111 0.21 0.23 105 0.41 16.6 3.95 78.8 1.38 77.2 996 0.06 1.39 2.98
EST_s2-mat 6.9 36.6 5.1 7.41 25.9 0.57 4.59 95 2.68 176 0.17 3.5 136 0.43 16.7 3.51 75.5 2.01 61 833 0.06 0.98 2.46

Sandstones MLS_s1-sed 15 2.5 0.63 9.88 1.28 0.25 0.38 16 10.7 18.5 0.23 1.62 17.7 0.04 1.07 0.21 9.04 0.75 34.2 51 0.52 1.12 1.02
LP_s3-sed 15 2.5 0.42 2.5 0.69 0.25 0.19 5 5.53 10.1 0.14 0.75 13.5 0.02 0.72 0.16 4.88 0.75 5 28 0.39 0.66 1.06

MLS_s2-sed 15 2.5 0.41 2.5 1.46 0.25 0.43 5 4.39 8.7 0.15 0.75 14.9 0.04 1.01 0.2 6.23 0.75 17.8 59 0.3 0.5 1.69
LP_s2-sed 14 3.92 0.42 1 1.94 0.25 0.28 7.42 2.56 6.71 0.13 0.48 9.35 0.03 0.64 0.2 4.36 0.4 14.9 78 0.62 1.15 3.46

MLS_s3-sed 11 5.57 0.46 8.58 2.09 0.25 0.48 14.4 2.23 7.61 0.09 0.32 11.7 0.05 1.73 0.27 4.93 0.4 20.3 84 0.31 1.63 2.72
EST_s1-sed 6.9 3.53 0.34 2.5 0.86 0.25 0.26 8.8 1 9.75 0.08 0.75 7.55 0.03 0.75 0.21 3.38 0.75 11.5 36 1.17 1.43 1.69
EST_s2-sed 6.9 9.62 0.18 8.45 1.15 0.8 0.23 10.8 1.21 6.29 0.08 4.12 7.88 0.02 0.8 0.34 2.64 0.4 19.8 45 0.73 2.37 2.81
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FPS: flat pyritized structure; LP: linear pattern; DB: domal buildup; WS: wrinkle structure; KS: “kinneyia” 

structure; MLS: mat-layer structure; FR: “fairy-ring” structure; EST: “elephant-skin” texture as previously 

described by Aubineau et al. (2018). 

Italicized numbers refer to samples for which half or more of the data were below detection limit. The 

detection limit is calculated as 6 times the standard deviation of the mean on 100 measurements of 

blanks.  

N.D. = not determined.  
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Formation Lithology Sample ID Height La Ce Pr Nd Sm Eu Gd Tb Dy Y Ho Er Tm Yb Lu ∑LREE ∑HREE REET Eu/Eu* Y/Ho Pr/Yb(SN)

m ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm

FB2b Pyritized MRS FPS_s5-mat 18.7 11.1 20.4 2.13 7.49 1.22 0.26 0.86 0.12 0.52 2.43 0.1 0.23 0.03 0.17 0.03 42.39 2.06 44.7 1.24 25.32 3.95
DB_s4-mat 17.1 17.2 32.3 3.46 12.3 2.11 0.47 1.48 0.2 1.06 4.22 0.2 0.53 0.08 0.48 0.08 67.35 4.09 71.9 1.3 29.85 2.33

FPS_s4-mat 16.3 10.2 19 2.08 7.33 1.22 0.31 0.95 0.13 0.62 3.32 0.1 0.26 0.03 0.19 0.03 39.8 2.31 42.4 1.45 31.88 3.5
FPS_s3-mat 16.2 13.3 24.7 2.64 9.06 1.47 0.35 1.09 0.14 0.74 5.97 0.13 0.35 0.05 0.28 0.04 51.2 2.84 54.4 1.36 31.51 2.98
DB_s2-mat 16 16.5 30.2 3.24 11.2 1.84 0.42 1.41 0.16 0.85 4.52 0.15 0.35 N.D. 0.26 0.04 62.96 3.22 66.6 1.34 30.74 3.99
DB_s3-mat 16 12.4 23.1 2.47 8.88 1.45 0.33 1.05 0.13 0.7 3.69 0.12 0.29 0.04 0.21 0.03 48.32 2.57 51.2 1.32 29.97 3.72
FR_s1-mat 16 37.4 69.4 7.49 26.2 4.18 0.96 2.99 0.38 2.09 11.6 0.38 1.04 0.14 0.86 0.13 144.7 8 153.6 1.35 30.79 2.8

FB2b Black shales WS_s1-sed 19.7 30.1 57 6.24 22.2 3.61 0.84 2.6 0.33 1.78 10.2 0.34 0.86 0.11 0.73 0.11 119.1 6.86 126.8 1.36 30.33 2.74
KS_s1-sed 19 52.8 97.1 10.3 35.5 5.39 1.21 3.65 0.45 2.46 13.9 0.47 1.21 0.17 1.08 0.16 200.9 9.64 211.8 1.35 29.69 3.05

FPS_s5-sed 18.7 39.6 73.8 7.87 27.6 4.35 1 3.14 0.41 2.24 13.8 0.44 1.14 0.16 1.03 0.16 153.2 8.71 162.9 1.34 31.66 2.46
AFBSO-12 18.6 43.4 80.4 8.7 30.6 4.91 1.08 3.51 0.45 2.44 14.3 0.43 1.2 0.16 1.06 0.16 168 9.41 178.5 1.29 33.41 2.63

MLS_s7-sed 18.1 20.5 39.4 4.4 16.2 2.99 0.78 2.48 0.35 1.95 11.3 0.37 0.96 0.13 0.85 0.13 83.48 7.22 91.5 1.43 30.56 1.65
AFBSO-9 17.5 23.5 44.3 4.91 18.2 3.22 0.83 2.57 0.37 2.12 13.8 0.4 1.14 0.16 1.09 0.17 94.05 8.01 102.9 1.41 34.45 1.45

DB_s4-sed 17.1 39.4 73.9 8.02 28.1 4.47 1 3.22 0.39 2.17 12.8 0.41 1.09 0.15 0.98 0.16 153.8 8.58 163.4 1.32 31.09 2.62
AFBSO-7 16.5 27 49.7 5.41 19 3.31 0.76 2.56 0.32 1.7 9.27 0.3 0.77 0.11 0.68 0.11 104.3 6.54 111.6 1.33 31.32 2.56

FPS_s4-sed 16.3 40.2 74.2 8.04 28 4.64 1.03 3.37 0.43 2.34 13.6 0.43 1.12 0.15 1 0.15 155 9 165.1 1.3 31.44 2.58
FPS_s3-sed 16.2 37.1 69.5 7.44 26.1 4.24 0.95 3.07 0.41 2.26 14.3 0.44 1.16 0.16 1.05 0.16 144.4 8.71 154.1 1.3 32.75 2.28

AFBSO-6 16.1 27.1 52 5.69 20.6 3.71 0.95 2.88 0.39 2.16 13.2 0.4 1.09 0.16 1.04 0.16 109.1 8.28 118.3 1.44 33.33 1.76
DB_s2-sed 16 41.9 76.9 8.24 28.5 4.52 1.03 3.2 0.41 2.32 14.3 0.45 1.19 0.16 1.08 0.16 160.1 8.96 170.1 1.34 31.68 2.46
FR_s1-sed 16 40.1 74.3 8.07 28 4.72 1.05 3.39 0.41 2.17 12.8 0.42 1.06 0.14 0.93 0.14 155.1 8.66 164.8 1.32 30.43 2.79

MLS_s8-sed 15.5 35.9 66.2 7.15 25.4 4.2 0.98 3.09 0.39 1.96 10.5 0.35 0.85 0.1 0.65 0.09 138.9 7.49 147.3 1.36 29.75 3.54
MLS_s9-sed 15.5 39.2 72.7 7.82 27.6 4.46 1.02 3.19 0.4 2.15 12.3 0.4 1.04 0.14 0.88 0.13 151.8 8.33 161.2 1.35 30.4 2.85

FB2a Pyrite-poor MRS MLS_s1-mat 15 218 361 36.3 117 14.7 3.34 10.1 1.28 7.32 55.4 1.6 4.73 0.71 4.98 0.82 746.8 31.57 781.7 1.35 34.57 2.34
LP_s3-mat 15 178 295 29 89.4 11 2.29 7.01 0.81 4.54 30.1 0.94 2.78 0.42 2.86 0.44 602.7 19.79 624.8 1.29 32.18 3.25

MLS_s2-mat 15 292 499 53 185 16.8 3.12 9.92 1.38 8.62 62.2 1.95 6.25 1.02 7.1 1.17 1045 37.4 1086 1.12 31.85 2.39
MLS_s3-mat 15 195 330 33.9 111 13.9 3.12 9.54 1.19 7.06 51.5 1.5 4.36 0.67 4.61 0.74 683.5 29.68 716.3 1.33 34.3 2.35
MLS_s4-mat 15 303 508 52.4 170 17.1 3.41 10.9 1.38 8.19 58.8 1.78 5.54 0.87 6.11 1 1050 35.78 1089 1.21 33.08 2.75
MLS_s5-mat 15 279 461 47.2 157 16.6 3.32 10.3 1.31 8 59.3 1.74 5.5 0.89 6.31 1.04 960.1 35.05 998.5 1.22 34.18 2.4
EST_s3-mat 15 30.6 55.7 5.93 21.9 4 1.1 2.83 0.41 2.78 22.2 0.64 1.89 0.29 2.09 0.34 118.2 11.27 130.5 1.57 34.76 0.91
EST_s4-mat 15 18.5 34.4 3.86 14.8 2.73 0.76 2.21 0.35 2.34 19 0.53 1.52 0.23 1.56 0.25 74.31 8.97 84 1.48 36.01 0.79
MLS_s3-mat 11 79.3 140 15.3 54.5 9.1 2.2 6.73 0.82 4.18 20.6 0.75 1.9 0.28 1.96 0.3 298.3 16.93 317.4 1.42 27.46 2.49
EST_s1-mat 6.9 21.1 39.2 4.4 17.1 3.32 0.86 2.25 0.36 2.47 20.1 0.58 1.84 0.29 2.14 0.35 85.14 10.28 96.3 1.45 34.38 0.66
EST_s2-mat 6.9 19.4 36.1 4.07 16.3 3.39 0.87 2.56 0.39 2.5 17.9 0.56 1.63 0.26 1.87 0.31 79.17 10.07 90.1 1.42 31.93 0.7

FB2a Sandstones MLS_s1-sed 15 3.65 7.52 0.92 3.92 1.02 0.33 0.99 0.13 0.73 4.54 0.13 0.3 0.03 0.2 0.03 17.03 2.54 19.9 1.73 34.38 1.48
LP_s3-sed 15 2.48 5.54 0.72 3.16 0.74 0.22 0.7 0.09 0.48 2.75 0.09 0.19 0.02 0.12 0.02 12.63 1.7 14.5 1.6 30.88 1.87

MLS_s2-sed 15 3.53 7.01 0.81 3.2 0.71 0.18 0.59 0.08 0.44 2.82 0.09 0.22 0.03 0.18 0.03 15.26 1.66 17.1 1.43 31.3 1.4
LP_s2-sed 14 1.93 4.23 0.42 1.67 0.35 0.11 0.32 0.05 0.27 1.93 0.06 0.15 0.02 0.16 0.03 8.6 1.05 9.8 1.6 33.79 0.86

MLS_s3-sed 11 3.27 6.41 0.76 2.92 0.55 0.14 0.43 0.06 0.32 2.08 0.06 0.18 0.03 0.19 0.03 13.91 1.3 15.4 1.45 33.35 1.29
EST_s1-sed 6.8 2.09 4.28 0.48 1.76 0.44 0.13 0.48 0.07 0.37 2.08 0.07 0.15 0.02 0.12 0.02 9.05 1.29 10.5 1.43 30.93 1.31
EST_s2-sed 6.9 1.76 3.54 0.4 1.53 0.39 0.11 0.42 0.06 0.38 2.21 0.08 0.18 0.03 0.16 0.02 7.62 1.33 9.1 1.42 29.46 0.8
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FPS: flat pyritized structure; LP: linear pattern; DB: domal buildup; WS: wrinkle structure; KS: “kinneyia” 

structure; MLS: mat-layer structure; FR: “fairy-ring” structure; EST: “elephant-skin” texture as previously 

described by Aubineau et al. (2018). 

LREE refers to the sum of REE from La to Sm. 

HREE refers to the sum of REE from Gd to Lu. 

REET includes all REE.  

Eu/Eu* refers to Eu anomaly calculated as follow: Eu(SN)/(0.66*Sm(SN)+0.33*Tb(SN)) 

N.D. = not determined  
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Appendix 22: Petrography, SEM, and EDX of a poorly pyritized MRS in cross-section perpendicular to 
the bedding plane. Back-scattered electron (BSE) and composite (Al, Si, O, Mg, K, Fe, Ti, and Zr) 
elemental maps show mineral composition of the poorly pyritized MRS. A number of Ti- and Zr-rich 
heavy mineral crystals are embedded within these mats. 
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Appendix 23: SEM image of poorly pyritized MRS in secondary electron (left) and BSE (right) modes. 
Pyrite-rich layers observed at the bottom of MRS are highly variable in thickness. Inset box shows 
numerous and tiny sub-euhedral to euhedral pyrite crystals. 
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Appendix 24: Weight of each principal component. 

  eigenvalue variance % cumulative variance % 

PC1 14.12 54.32 54.32 

PC2 6.35 24.44 78.76 

PC3 1.87 7.18 85.94 

PC4 1.36 5.22 91.15 

PC5 0.73 2.82 93.98 

PC6 0.47 1.8 95.78 

PC7 0.34 1.32 97.1 

PC8 0.24 0.92 98.02 

PC9 0.15 0.58 98.6 

PC10 0.11 0.43 99.04 

PC11 0.09 0.33 99.37 

PC12 0.05 0.17 99.54 

PC13 0.03 0.13 99.68 

PC14 0.02 0.09 99.77 

PC15 0.02 0.07 99.84 

PC16 0.01 0.06 99.9 

PC17 0.01 0.04 99.94 

PC18 0.01 0.02 99.96 

PC19 0 0.01 99.98 

PC20 0 0.01 99.99 

PC21 0 0.01 99.99 

PC22 0 0 100 

PC23 0 0 100 

PC24 0 0 100 

PC25 0 0 100 

PC26 0 0 100 
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Appendix 25: Stratigraphic profile with enrichment factor (EF) of selected immobile and chalcophile 
elements within host sediments. EF is relative to the average shale (Ti, Zr, and Ni concentrations for 
the average shale are from Taylor & McLennan (2001), and As concentration for the average shale is 
from Li & Schoonmaker (2003)), and calculated as (X/Al)sample/(X/Al)average shales, where X stands for 
element concentration. 
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Appendix 26: Cross plot of total organic carbon versus total nitrogen for MRS and host sediments. 
Dotted lines show the C/N bulk ratios of 5 and 100. The C/N values of modern phytoplanktonic biomass 
range from 4 to 10 (Gruber & Galloway, 2008; Ader et al., 2016). Remineralization of biomass in the 
water column and during diagenesis can increase the C/N ratios. 
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Appendix 27: Cross plot assessments of data fidelity. (A) Geochemical data for all bulk-rock 

measurements from the FB2 Member. (B) Cross plots of K contents with TN and 15Nbulk. 
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Appendix 28: Cross plot of bulk sulfur concentration and TOC for black shale samples from the FB2 
Member. Adapted from Berner & Raiswel (1983). 
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1. Sedimentological and stratigraphic approach combined with a palaeobiological 

study in the Francevillian basin 
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2. Spatial organization between the MRS and multicellular organisms in the studied 

area 
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3. Implications of the rise of arsenic cycling in the Francevillian Series 
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