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A toi Grand-Père,
Toi qui ne disais mot,

mais n’en pensais pas moins.





Résumé

Les cherts archéens permettent de contraindre les environnements primitifs qui ont vu
l’apparition et l’évolution de la vie sur Terre. Ces roches siliceuses se forment selon trois
processus : les C-cherts (cherts primaires) se forment par précipitation chimique de silice
océanique, soit sous la forme d’une boue siliceuse (ou gel) sur le plancher, soit en ciment
dans les sédiments meubles à la surface ; les F-cherts (cherts de fracture) précipitent depuis
les fluides circulant dans la croûte au sein de veines concordantes ou recoupant les unités
en place ; les S-cherts (cherts secondaires) sont issus du métasomatisme (silicification) de
roches préexistantes lors de la percolation de fluides enrichis en silice.

Ces processus sont largement acceptés mais des questions majeures subsistent : comment
reconnaître ces différents types de chert ? Quelle est l’origine de la silice et sous quelle forme
a-t-elle précipité ? Quel signal chimique est porté par les cherts et comment s’en servir pour
les reconstructions paléo-environnementales ? Ces questions sont abordées ici à travers trois
sites de la ceinture de roches vertes de Barberton, en Afrique du Sud, qui regroupent une
variété de cherts mis en place dans des environnements très différents. L’approche adoptée
combine l’analyse des structures sédimentaires et de déformation, de la pétrologie et de la
composition chimique et isotopique de ces unités.

Dans ces sites, la formation des cherts est étroitement liée à l’environnement de mise
en place. La sédimentation clastique est à l’origine des C-cherts de Komati River, déposés
sous la forme d’une boue siliceuse visqueuse par adsorption sur les particules argileuses
en suspension. En absence de contribution continentale, les alternances de cherts noirs
et blancs (C-cherts) de Buck Reef sont interprétées comme issues de la précipitation chi-
mique de silice océanique sous l’effet de variations climatiques saisonnières (chert noir),
voire glaciaires/inter-glaciaires (chert blanc). Les cherts de fracture de Barite Valley sont
liés à la précipitation de silice depuis une suspension colloïdale thixotrope remontant à tra-
vers la croûte.

La composition chimique des cherts est essentiellement contrôlée par leur environne-
ment de mise en place, et représente un mélange entre une phase siliceuse et une phase
contaminante, indépendamment des processus qui ont précipité la silice. Les C-cherts de
Komati River et les F-cherts de Barite Valley sont enrichis en Al, K, Ti, HFSE et en REE
(typiquement ΣREE>0.6wt%), ce qui est attribué à la contamination de la matrice siliceuse
par la présence de phyllosilicate. Une telle contribution clastique peut expliquer les larges
gammes de δ30Si dans les cherts de Komati River (−0.69‰ à +3.89‰), même si la majorité
des valeurs positives est probablement liée à la contribution de l’eau de mer. Dans les dykes
de Barite Valley, les δ30Si très négatifs (−4.5‰ à +0.22‰) sont cohérents avec l’origine
hydrothermale à basse température des fluides initiaux.

A Buck Reef, l’absence de contribution continentale s’exprime dans les cherts blancs par
une minéralogie exclusivement microquartzitique et par des concentrations extrêmement
faibles en éléments traces (i.e. ΣHFSE et ΣREE<1ppm). Nous calculons que 2% de carbo-
nates et 3-4% de matériel continental (e.g. argiles) suffisent à masquer le signal siliceux dans
ces cherts purs. Nous ne pouvons conclure sur la présence d’un signal océanique dans ces
cherts en raison du manque de fiabilité des proxys océaniques modernes (appauvrissement
en LREE, enrichissement en La et Y). Reconnus à la fois dans des quartz océaniques, hy-
drothermaux, magmatiques et pegmatitiques, ces caractéristiques ne permettent pas d’iden-
tifier un signal d’eau de mer dans les cherts archéens. Les δ18O de ces cherts indiquent la
présence de circulations fluides secondaires à moins de 100◦C, et leurs δ30Si négatifs ou
positifs (−2.23 ± 0.29‰ et +1.13 ± 0.28‰ en moyenne) représentent la contribution de
fluides d’origines différentes au moment de leur formation.

Le couplage des observations pétrologiques et de terrain semble être la seule approche
fiable pour différencier les cherts et reconnaître leur mode de mise en place, tandis que leur
composition chimique dépend plus des conditions environnementales que des caractéris-
tiques du fluide initial.
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Abstract

Archean cherts potentially constrain the primitive environment in which life emerged
and evolved. These siliceous rocks formed by three processes : C-cherts (primary cherts)
formed by the chemical precipitation of oceanic silica, either as a siliceous ooze (or silica gel)
on the seabed, or as cement within still soft sediments at the surface ; F-cherts (fracture-
filling cherts) precipitated from circulating fluids in concordant or crosscutting veins in the
shallow crust ; S-cherts (secondary cherts) are the result of the metasomatism (silicification)
of preexisting rocks during the percolation of silica-rich fluids.

These processes are generally accepted but major questions remain unsolved : how to
recognize various chert types ? Where does the silica come from and how did it precipitate ?
What chemical signal is hosted in cherts and how can it be used for paleo-environmental
reconstructions ? These questions are addressed here using three sites in the Barberton
Greenstone Belt, South Africa, which contain a variety of cherts deposited in very different
environments. The approach combines field description of sedimentary and deformation
structures, the characterization of various chert petrologies, and the study of their chemical
and isotopic composition.

In these three sites, chert formation strongly depends on the environmental setting. Clas-
tic sedimentation is directly linked to C-chert formation at Komati River, where the silica
was deposited as a viscous, siliceous ooze by sorption process onto suspended clay particles.
A continental contribution is absent at Buck Reef, and the black and white banded cherts
(C-cherts) are interpreted to have formed by chemical precipitation of oceanic silica during
seasonal (black chert) and maybe glacial/inter-glacial (white chert) climatic variations. The
fracture-filling cherts from Barite Valley precipitated from a thixotropic colloidal suspension
that migrated upward through the crust.

The chemical compositions of cherts from these three sites are essentially controlled
by the environment of deposition, and represent mixtures of a siliceous and contaminant
phases, independent from the silica precipitation mode. Komati River C-cherts and Barite
Valley F-cherts are both enriched in Al, K, Ti, HFSE and REE (typically ΣREE>0.6wt%)
which represents the contamination by phyllosilicates of the microquartzitic fabrics. Such
a clastic contribution may account for the wide range of δ30Si in Komati River cherts
(−0.69‰ to +3.89‰) although the majority of positive values is attributed to seawater
involvement. In the dykes, δ30Si is strongly negative (−4.5‰ to +0.22‰) and is consistent
with the low-temperature hydrothermal nature of these fluids.

At Buck Reef, the lack of continental contribution is expressed in the white cherts, by
a mineralogy exclusively composed of microquartz, and by extremely low trace element
contents, i.e. HFSE and REE below 1ppm. We calculate that 2% of carbonates and 3-4% of
clastic particles (i.e. clay, feldspar) would be enough to mask the silica composition in these
high purity cherts. A marine signature was not recognized in their geochemistry because of
the unreliability of commonly used modern proxys (i.e. LREE depletion, La and Y enrich-
ment). These features were identified in oceanic, hydrothermal, magmatic and pegmatitic
quartz and thus do not reliably identify an oceanic signal in Archean cherts. Because the
δ18O values in these white cherts indicates secondary fluid circulations at <100◦C, their
negative or positive δ30Si values (−2.23 ± 0.29‰ and +1.13 ± 0.28‰ in average) most
probably represent different fluid contributions at the time they formed.

The combination of field and petrological observations appears to be the most reliable
approach to classify cherts and to deduce their origin, and we show here that their chemi-
cal composition depends more on the environmental conditions than on the primary fluid
characteristics.
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1.1 Petit aperçu de l’environnement archéen.

1.1.1 Une atmosphère anoxique et riche en gaz à effets de serre.

L’un des grands paradoxes de la Terre primitive est celui dit du "soleil jeune"

(Sagan et Mullen 1972, Gough 1981, Sagan et Chyba 1997, Kasting 2001). Il y a 3.5−

3.2Ga la luminosité solaire est estimée à 70− 75% de sa valeur actuelle (Newman et

Rood 1977, Gilliland 1989), une puissance trop faible pour maintenir la température

de surface de la Terre au dessus du point de congélation de l’eau, et ce jusqu’à

environ 2Ga.

Pourtant, les traces d’un océan liquide à l’Archéen sont nombreuses, à commen-

cer par la présence de roches sédimentaires dès 3.8Ga, préservées dans les ceintures

de roches vertes (see Eriksson et al. 1998, for a review). A l’inverse les traces de

glaciation sont rares, les plus anciennes reconnues à ce jour étant enregistrées à

3.0-2.9Ga dans les unités du Pangola Supergroup et Witwatersand Supergroup,

dans le craton sud-africain de Kaapvaal en Afrique du Sud (Wiebols 1955, Harland

1981, Von Brunn et Gold 1993). Mais l’interprétation de ces dépôts reste discutable

et l’Archéen est généralement considéré libre de toute glaciation (Young et Gostin

1991)

Dans ces conditions, il devait exister des processus capables de contre-balancer

le déficit solaire et de maintenir des températures clémentes à la surface de la

Terre. Cette question, posée très tôt par Sagan et Mullen (1972), a occupé un bon

nombre de chercheurs depuis près de 40ans, et a largement contribué à étendre nos

connaissances sur l’environnement primitif. Un nombre croissant de modèles ont

ainsi vu le jour, invoquant des thématiques scientifiques variées comme les carac-

téristiques océaniques et atmosphériques, l’activité mantellique et hydrothermale,

la biosphère et les processus de surface au Précambrien (voir Kasting 1987; 1993;

2010, Goldblatt et Zahnle 2011, pour un résumé des travaux). Parmi ces modèles,

une atmosphère archéenne riche en gaz à effet de serre semble faire consensus (voir

cependant Rosing et al. 2010), bien que les gaz impliqués restent sujet à débat.

Le CO2 est aujourd’hui toujours considéré comme étant la clé du paradoxe, et

une PCO2 100 à 1000 fois supérieure aux valeurs actuelles aurait permis d’empêcher

le développement de glaciations (e.g. Eugster 1966, Walker et al. 1981, Kasting 1987;
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1993, Sugitani et al. 2003). Les concentrations atmosphériques ont pu être élevées

en raison (1) d’un stockage limité par les carbonates, peu présents dans les enregis-

trements précambriens (Walker et al. 1981, Berner et al. 1983, Berner 2004), (2) d’un

recyclage sédimentaire rapide (e.g. Viezer et Jansen 1985), et (3) d’un volcanisme

intense lié à un manteau archéen plus chaud.

Les observations géologiques montrent cependant que les niveaux de CO2 à

l’Archéen étaient au moins 5 fois trop faibles pour produire un effet de serre suf-

fisant (Rye et al. 1995, Pavlov et al. 2000, Hessler 2004), et une contribution signifi-

cative du méthane (CH4) viendrait alors compléter l’équation (Kiehl et Dickinson

1987, Sagan et Chyba 1997, Kasting 2005). Qu’il soit produit de manière abiolo-

gique par les émanations mantelliques aux sites de résurgence hydrothermales

Pavlov et al. (2000), Kasting (2005), ou de manière biologique par l’apparition et

le développement d’organismes méthanogènes (Rye et al. 1995, Kasting et Pavlov

2002, Ueno et al. 2006, Trainer 2006), le méthane a pu être présent en concentra-

tions suffisantes à l’Archéen (Kasting et al. 1983, Pavlov et al. 2003) pour combiner

ses effets au dioxyde de carbone et produire un effet de serre capable de résoudre

le paradoxe (Kiehl et Dickinson 1987, Sagan et Chyba 1997). L’azote, enfin, a pu

jouer un rôle indirect sous sa forme N2, en augmentant de manière significative la

pression atmosphérique, ce qui augmente en retour la quantité de radiation perçue

et absorbée par le dioxyde de carbone et le méthane (Goldblatt et al. 2006).

D’autres facteurs ont pu jouer dans le maintient de températures clémentes à

l’Archéen, comme un albédo plus faible (voir Rosing et al. 2010) : la Terre de-

vait tourner plus vite à l’Archéen pour préserver le moment angulaire du système

Terre-Lune (∼ 14h/j ; Williams 1998), diminuant l’albédo en réduisant la quantité

de nuages à la surface d’au moins 20% (Jenkins et al. 1993). D’un autre côté, la for-

mation des nuages devait être favorisée par l’absence de larges surfaces continen-

tales à l’émergence, rendant peu significatif l’effet d’une rotation terrestre accrue

(Galer 1991, Jenkins 1995, Rosing et al. 2010).

L’abondance de gaz à effet de serre contraste avec l’absence d’oxygène libre à

la surface de la Terre précambrienne. D’après le modèle de Kasting (1991), l’atmo-

sphère terrestre a pu évoluer en trois étapes successives :
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(1) une période réductrice, sans trace d’oxygène libre dans les océans et atmo-

sphères.

(2) une période de transition, où de faibles niveaux d’oxygène sont présents

dans l’atmosphère et à la surface des océans, mais pas dans les océans profonds.

(3) une période aérobique, où l’oxygène est présent dans l’ensemble du système

hydrosphère-atmosphère.

L’Archéen représente la période réductrice et anoxique de ce schéma évolu-

tif (Holland 1994; 2006). Certains organismes marins, les cyanobactéries, devaient

pourtant produire une certaine quantité d’oxygène grâce à leur métabolisme photo-

synthétique. Cependant, cette production était largement contre-balancée par l’in-

corporation rapide de l’oxygène dans les formations de fer rubanés (Banded-Iron

Formations, BIFs), ces roches emblématiques de la Terre primitive et formées par

l’oxydation et la précipitation du fer réduit Fe2+ présent en solution.

Les preuves géologiques pour de faibles PO2 archéennes reposent essentielle-

ment sur la présence de paléosols réduits (Macfarlane et al. 1994, Rye et Holland

1998) et de minéraux qui n’ont pu se former que dans des conditions réductrices,

comme la pyrite et l’uraninite (Rasmussen et Buick 1999, Krupp et al. 1994, Grand-

staff 1980). En se basant sur le fractionnement indépendant de la masse des iso-

topes du soufre dans les sulfides et sulfates précambriens, Kasting (2001) et Pavlov

et Kasting (2002) proposent une pression partielle en oxygène (PO2) 10−5 fois moins

importante qu’aujourd’hui (voir aussi Farquhar et al. 2000, Ono et al. 2003, Farqu-

har et Wing 2003).

La disparition des dépôts d’uraninite après 2.2Ga, l’apparition massive de mi-

néraux oxydés au Protérozoïque (Rasmussen et Buick 1999, Farquhar et al. 2000,

Pavlov et Kasting 2002, Holland 2006), et le développement croissant des premières

cyanobactéries et organismes eucaryotes (organismes à métabolisme photosynthé-

tique ; Hofmann 1976, Knoll 2006), sont autant de preuves géologiques avancées

pour dater ce qu’on appelle le "Great Oxidation Event" (GOE) et le basculement vers

un monde oxygéné dès 2.45Ga. Cet évènement marque la fin de l’Archéen et le

passage de concentrations en O2 atmosphérique de 1%PAL (Holland 1994, Towe

1996) à 15%PAL en à peine quelques millions d’années (PAL = Present Atmospheric

Level).
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1.1.2 Un climat archéen chaud et agressif.

L’étude des caractéristiques chimiques et minéralogiques des sédiments clas-

tiques archéens offrent une vision relativement homogène des conditions de sur-

face à cette époque. Une compilation particulièrement exhaustive des processus

de sédimentation à l’Archéen est proposée par Eriksson et al. (1998), et un aperçu

de marqueurs paléo-climatiques typiques est présenté dans le tableau 2.1 (D’après

Hessler et Lowe 2006).

En se basant sur les indices d’altération chimique dans des argiles noires (black

shale) de différents âges, Condie et al. (2001) propose des conditions de surface

relativement clémentes entre 3.5 et 3.0Ga. Les données isotopiques sur les précipités

chimiques archéens offrent un panel de températures entre ∼ 30 et 85◦ en fonction

des estimations (Knauth et Lowe 1978, De Ronde et de Wit 1994, Knauth et Lowe

2003, Knauth 2005, Robert et Chaussidon 2006, Van den Boorn et al. 2010, Marin

et al. 2010), toutes indiquant des conditions relativement chaudes en accord avec

la présence de dépôts évaporitiques et de carbonates stromatolitiques très tôt dans

l’histoire archéenne.

De telles conditions favorisent l’évaporation à la surface des océans et per-

mettent la mise en place de précipitations fortes sur les continents (Walker et al.

1981). La présence d’un réseau hydrographique actif est soutenue par la mise

en place de grès et conglomérats typiques de systèmes fluviatiles continentaux

(e.g. Mueller et Corcoran 1998). Des concentrations accrues en CO2 atmosphérique

pourraient favoriser des conditions relativement acides dans ces systèmes (Kasting

1993), expliquant ainsi le degré de maturation des sédiments clastiques (i.e. abon-

dance de quartz détritique).

D’après Chandler (1988), Corcoran et al. (1998) et Donaldson et de Kemp (1998),

l’abondance des arénites quartzitiques en particulier traduit des conditions d’alté-

ration proches des environnements tropicaux modernes. Le lessivage intense des

cations les plus mobiles (Ca, Na, Sr) et les indices d’altération élevés dans l’en-

semble des roches clastiques (e.g. arénites quartzitiques, grès, conglomérats, argiles)

confirment un régime érosif intense en présence de précipitations fortes à l’Archéen

(e.g. Fedo et al. 1996, Sugitani et al. 1996, Bhat et Gosh 2001, Tosca et al. 2012).
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Table 1.1 – Compilation des études favorisant un climat chaud et agressif à l’Archéen, études es-
sentiellement basées sur les compositions chimiques et caractéristiques minéralogiques des sédiments
clastiques. Ce tableau est tiré de Hessler et Lowe (2006).
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L’altération chimique a pu être limitée par l’état dénudé des surfaces continen-

tales : l’absence de couverture végétale augmente les taux d’érosion, mais diminue

en contre-partie le temps de résidence des sédiments sur les continents, limitant

leur altération avant enfouissement et retrait du cycle sédimentaire (Condie et al.

2001).

1.1.3 Des océans primitifs plutôt hospitaliers.

L’apparition et l’évolution des océans primitifs est étroitement liée à l’évolution

même de l’atmosphère terrestre. Les océans se sont formés à la suite de différents

épisodes de vaporisation/condensation liés aux grands impacts marquant l’histoire

terrestre précoce (Nisbet et Sleep 2001), la dernière grande vaporisation ayant eu

lieu vers 4.2Ga d’après Sleep et al. (1989). Dès 4.0Ga, la dernière phase de condensa-

tion permet la mise en place de plus de 90% du volume des océans actuels (Condie

1997), recouvrant la majeur partie de la surface terrestre en absence de reliefs conti-

nentaux élevés (Zahnle et al. 2007).

Les plus anciens sédiments marins retrouvés à ce jour sont des unités de BIFs

dans la ceinture de roches vertes Akilia (Groenland), datés à 3.8Ga (Nutman et al.

1997), et des sédiments pélagiques métamorphisés au sein de la ceinture d’Isua, et

datés à 3.7Ga (Rosing et al. 1996). Les traces plus anciennes d’un océan liquide se

limitent aux fameux zircons de Jack Hill et Mt Narryer, datés entre 4.28 et 4.40Ga,

et dont les compositions isotopiques en oxygènes traduisent l’implication d’eau de

mer dans les processus magmatiques qui ont vu leur formation (Mojzsis et al. 2001,

Peck et al. 2001, Wilde et al. 2001).

Quelques dizaines de millions d’années après leur formation, soit vers la fin de

l’Hadéen, les océans ont acquis des conditions favorables à l’apparition de la vie

sur Terre.

• Température. La température des océans primitifs a fait l’objet de nombreuses

études essentiellement axées sur la composition isotopique des précipités chi-

miques anciens, tels que les cherts et les carbonates. Si Paris et al. (1985) et de Wit

et al. (1987a) proposent des températures élevées de l’ordre de 90-160◦C, la plupart

des études convergent vers des températures un peu plus clémentes : i.e. ∼ 70◦C

d’après Knauth et Lowe (1978), Knauth (2005) et Robert et Chaussidon (2006), 55-
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85◦C d’après Knauth et Lowe (2003), 55◦C d’après Van den Boorn et al. (2010) et

plus récemment ∼ 37-52◦C d’après Marin et al. (2010).

• Acidité. Les interactions et équilibrages entre les océans chauds et l’atmo-

sphère riche en CO2 suggèrent une certaine acidité pour l’eau de mer archéenne.

A la fin de l’Hadéen, la condensation de l’atmosphère primitive a pu produire un

océan initialement acide (pH< 7), enrichi en CO2 et autres composés acides type

sulfurique (H2S) ou chlorhydrique (HCl). Cependant, les émanations volcaniques

au niveau des résurgences hydrothermales sous marines, et le recyclage progressif

de l’eau de mer à travers les rides médio-océaniques, ont du rapidement tampon-

ner cet excès d’acidité, augmentant le pH vers des valeurs proches de la neutralité

(pH ∼ 8-9) (Condie 1997).

• Salinité. D’après Knauth (2005), la salinité des fluides archéens devait être 1.5

à 2 fois supérieure aux valeurs modernes. Un hydrothermalisme accru à l’Archéen

contribuait de manière significative aux flux de cations vers les océans, tandis que

les processus d’évaporation favorisent leur précipitation sous forme de sels marins

(type halite). Cependant, le manque de masse continentale suffisante pour retenir

ces sédiments maintient des concentrations dissoutes anormalement élevées dans

les océans.

• Etat redox. L’absence d’oxygène libre sur la Terre archéenne implique un

environnement océanique essentiellement réducteur, une caractéristique largement

soutenue par le dépôt massif des BIFs, qui nécessitent la présence de fer réduit

dans les océans, et par la présence quasi-systématique d’un excès en cérium dans

les sédiments anciens (e.g. Wright et al. 1987, Holser 1997, Shields et al. 1997, Bau

et al. 1998, Yang et al. 1999). Dans les océans modernes, l’oxydation du cérium

réduit considérablement sa solubilité et provoque un appauvrissement des fluides

océaniques par le retrait de Ce4+ sur les oxyhydroxydes de fer qui précipitent (i.e.

croûtes et nodules de fer-manganèse au niveau des résurgences hydrothermales)

(Goldberg et al. 1963, Elderfield et Greaves 1981, Bau et al. 1996, De Carlo et al.

1998, Bau 1999, Bau et Koschinsky 2009). L’absence de tels précipités à l’Archéen, et

l’excès de cérium dans les précipités chimiques océaniques, est l’un des arguments

phare en faveur d’un milieu océanique globalement anoxique.
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1.2 Les cherts, roches emblématiques de l’Archéen.

C’est dans ce monde primitif chaud, humide, riche en CO2 et pauvre en O2

que se sont développés les premiers organismes vivants. Selon certains auteurs, les

microbes procaryotes font déjà partie intégrante de la Terre primitive à 3.5-3.8Ga

(Schopf 1993, Mojzsis et al. 1996, Rosing 1999, Westall et al. 2001, Rosing et Frei

2004), probablement les premiers descendants des organismes hyperthermophiles

soupçonnés à l’Hadéen. L’arrivée des organismes eucaryotes précèdera le GOE à

2.7Ga (Brocks et al. 1999), puis les métazoaires s’établiront vers 0.55Ga (Runnegar

1982).

Les cherts Archéens ont permis de préserver les plus anciens organismes pri-

mitifs jusqu’à ce jour, faisant de ces roches une cible scientifique majeure pour

l’étude des conditions environnementales qui ont vu l’apparition de la vie sur Terre

(e.g. Awramik et al. 1983, Schopf 1993, Schopf et al. 2007, Westall et al. 2001, All-

wood 2006, Allwood et al. 2007, Hofmann et Bolhar 2007, van Kranendonk 2007,

Wacey 2010). Ces roches hautement siliceuses (> 75-80%) sont présentes en abon-

dance dans l’ensemble des cratons archéens, et traduisent des conditions physico-

chimiques très particulières dans les océans primitifs.

Sur la Terre moderne, les concentrations en silice océanique dissoute sont trop

faibles pour permettre la précipitation massive de silice inorganique. Issue essen-

tiellement de l’altération des silicates à la surface des continents (Piepgras et Was-

seburg 1980, Andersson et al. 2008), la silice est rapidement consommée par les

organismes marins constructeurs de tests siliceux, comme les diatomées, les radio-

laires et les éponges à spicules siliceux. L’accumulation de ces organismes sur le

plancher océanique constitue le principal mécanisme contrebalançant les flux de si-

lice continentaux, maintenant les faibles concentrations et l’état de sous-saturation

des océans modernes.

Une partie de la silice stockée dans la croûte océanique est remobilisée lors

du recyclage de l’eau de mer : les fluides océaniques percolent à travers les fis-

sures du plancher, se réchauffent et interagissent en profondeur avec les basaltes

de la croûte, et s’enrichissent en silice (et en éléments traces) par ré-équilibrage

chimique avec le quartz contenu dans ces roches (Norton 1984, Seyfried et al. 1998,
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Elderfield et al. 1999, Shibuya et al. 2010). Cette eau de mer recyclée remonte vers la

surface sous la forme de résurgences hydrothermales aux niveau des rides médio-

océaniques pour former les fameuses fumeurs noires, ou en dehors des zones de

ride pour former les fumeurs blanches (e.g. James et al. 1995, Haas et al. 1995,

Gamo et al. 2001, Kelley et al. 2001, Wheat et al. 2002, Douville et al. 2002, Ludwig

et al. 2006). Une large portion de silice est cependant perdue alors même que les

fluides remontent vers la surface. La solubilité de la silice dépend essentiellement

des paramètres physico-chimiques des fluides considérés, et la température en par-

ticulier fait partie des facteurs les plus sensibles (Fournier 1985, Herzig et al. 1988) :

le gradient thermique extrême entre les fluides hydrothermaux ascendants et les

fonds marins entraine une précipitation massive de la silice au coeur même du sys-

tème hydrothermal, essentiellement par incorporation dans les roches encaissantes

désormais silicifiées (e.g. Seyfried 1987). A la surface, le peu de silice restante est

rapidement dilué en raison de l’état de sous-saturation des océans déjà établi par

la balance efficace des flux continentaux et organismes marins.

Les contributions hydrothermales sont donc aujourd’hui négligeables, mais un

tout autre schéma se dessine pour l’Archéen. La surface continentale à l’émergence

était bien moindre qu’aujourd’hui, ne représentant probablement que 10-15% de la

surface actuelle à 3.8Ga (Taylor et McLennan 1995) et tout juste 20% il y a 2.8Ga

(Galer 1991, Jenkins 1995), limitant ainsi les flux de silice vers les océans primitifs.

A l’inverse, les contributions hydrothermales étaient bien plus importantes qu’au-

jourd’hui : un manteau archéen plus chaud et des longueurs de rides océaniques

plus grandes, entre des proto-plaques continentales plus petites, ont dû favoriser

un hydrothermalisme intense sur la Terre primitive (e.g. Martin et al. 2006) et des

flux majeurs de silice recyclée vers les océans. Un dernier facteur d’enrichissement

est le climat chaud à l’Archéen, qui favorise une évaporation intense à la surface

des océans et aide à maintenir des concentrations élevées en silice dissoute (e.g.

Siever 1992, Maliva et al. 2005).

De l’autre côté de la balance, l’absence des organismes à test siliceux ne permet

pas le stockage biologique de cette silice océanique, et seuls les processus abiolo-

giques peuvent alors tamponner les concentrations (e.g. Siever 1992, Treguer et al.

1995, Perry et Lefticariu 2003, Maliva et al. 2005). La formation massive de cherts
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à l’Archéen constitue ainsi la réponse de l’environnement à ces concentrations ex-

cessives.

La précipitation colossale de silice à cette période se traduit par la silicification

quasi-systématique de toute roche sédimentaire ou magmatique en contact avec

l’eau de mer, et par la formation massive de sédiments chimiques à la surface du

plancher océanique (Duchac et Hanor 1987, Hanor et Duchac 1990, Knauth 1994,

Lowe 1999, Perry et Lefticariu 2003, Hofmann et Wilson 2007, Orberger et al. 2006).

Initialement précipitée sous une forme amorphe (type opale ou gel de silice), la

conversion de la silice en quartz et autres formes cristallines pendant la diagenèse

a permis de produire des roches hautement résistantes à l’altération et de les pré-

server jusqu’à nos jours dans l’ensemble des cratons archéens.

Dans ces conditions, le lien étroit entre les cherts et les eaux de surface font

de ces roches un outil puissant pour comprendre quelles étaient ces conditions si

favorables à l’émergence et à l’évolution de la vie sur Terre au Précambrien. La

composition chimique et isotopique de ces roches est ainsi largement utilisée pour

retrouver, entre autres, la température (e.g. Knauth et Lowe 1978, Paris et al. 1985,

de Wit et al. 1987a, Knauth et Lowe 2003, Knauth 2005, Robert et Chaussidon 2006,

Van den Boorn et al. 2010, Marin et al. 2010) et les caractéristiques géochimiques des

océans archéens (e.g. Sugitani 1992, Murray et al. 1992b, Bolhar et al. 2004, Van den

Boorn et al. 2007; 2010, Allwood et al. 2010), une approche basée sur le postulat

que les cherts sont effectivement capables de retenir la composition chimique des

fluides dont ils sont issus.

L’intérêt des cherts ne se limite pas aux processus océaniques et s’étend à la

fois aux processus hydrothermaux et circulations fluides dans la croûte (e.g. Paris

et al. 1985, Van Kranendonk et Pirajno 2004, de Vries et Touret 2007, Van den Boorn

et al. 2007, Hofmann et Wilson 2007) et aux processus d’altération à la surface

des continents (e.g. Sugitani et al. 1996; 1998) en lien étroit avec les conditions

climatiques et atmosphériques (e.g. Knauth et Lowe 1978; 2003).
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1.3 Contexte géologique et sites de l’étude.

Les cratons Archéens (< 2.5Ga) constituent les plus anciennes traces de la Terre

primitive et échantillonnent des périodes remontant à 4Ga dans le Bouclier cana-

dien (Craton Acasta), 3.8Ga au Groenland (Ceintures d’Isua, Akilia et Amitsoq) et

3.5Ga en Afrique du Sud (Craton de Kaapvaal) et au Nord-Ouest de l’Australie

(Craton de Pilbara). Au coeur de ces cratons, les ceintures de roches vertes re-

présentent les reliquats de la Terre primitive, préservés du recyclage tectonique et

transmis jusqu’à nous sous la forme d’unités tectono-stratigraphiques, hautement

déformées et entourées de terrains métamorphiques (orthogneiss) et plutons mag-

matiques.

La ceinture de Barberton fait partie des enregistrements Archéens les mieux

préservés sur Terre et présente de nombreuses similitudes avec sa jumelle Austra-

lienne de Pilbara. Cet enregistrement volcano-sédimentaire, quasi-continu sur près

de 12km d’épaisseur, s’est mis en place entre 3.55 et 3.22Ga (Krüner et al. 1991, Hof-

mann 2005, Hofmann et Harris 2008). La ceinture s’étend dans la direction NE-SW

sur près de 100-150km pour une largeur d’à peine 50km. Elle se présente aujour-

d’hui sous la forme de terrains hautement déformés en une série de synclinaux et

anticlinaux séparés par des zones de cisaillement.

Le contexte géologique et les sites de l’étude étant largement décrits dans les

différents chapitres, je ne présente ici qu’un résumé rapide des grandes unités et

des grands évènements qui ont marqué l’histoire de la ceinture.

Le groupe d’Onverwacht (3.55-3.26Ga ; Kröner et al. 1996, Byerly et al. 1996)

représente la phase volcanique active de la ceinture et constitue une série épaisse

caractérisée par plusieurs cycles volcano-sédimentaires. Chaque cycle se compose

d’une base ultramafique (komatiites, basaltes komatiitiques, basaltes) évoluant vers

des laves et dépôts volcanoclastiques felsiques (e.g. dacites), l’ensemble étant re-

couvert d’unités de cherts souvent lités et recoupées de dykes et fractures remplis

également de matériel siliceux. Un environnement de type plateau océanique est

envisagé pour expliquer la mise en place de ces unités en l’absence de laves acides

et de séries sédimentaires clastiques épaisses. Le groupe de Fig Tree (3.26-3.23Ga)



14 Chapitre 1. Introduction générale

Figure 1.1 – Carte géologique (d’après Hofmann 2005) et colonne stratigraphique simplifiée (d’après
Lowe et al. 2003) de la ceinture de roches vertes de Barberton. La carte mondiale (Valley 2006) montre
en rouge la répartition des terrains archéens. Les sites de Komati River (KRC), Buck Reef (BRC) et
Barite Valley (FTC) sont localisés sur la carte et dans la colonne stratigraphique.
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marque une évolution vers un milieu de type arc insulaire et montre les prémices de

l’histoire orogénique de la ceinture. Il se compose d’une série épaisse de sédiments

siliciclastiques, issus du remaniement des unités sous-jacentes d’Onverwacht, et

d’unités volcaniques essentiellement felsiques (Condie et al. 1970, Heinrichs 1980,

Hofmann 2005). Le groupe de Moodies (3.22-3.21Ga) termine la séquence par une

séquence de sédiments détritiques, grès quartzeux et conglomérats, déposés en

conditions fluviatiles ou proche du continent.

Dans l’ensemble de ces unités, les roches sont faiblement métamorphisées et

restent globalement dans le faciès schiste vert (< 320◦C ; Xie et al. 1997, Grosch et al.

2012), un métamorphisme qui peut atteindre le faciès amphibolite à proximité des

fameux plutons TTG (tonalite-trondhjemite-granotiorite) qui bordent la ceinture

(Hofmann et Harris 2008). Ces plutons se sont mis en place à la faveur de trois

épisodes magmatiques majeurs à 3.45Ga, 3.22Ga et 3.1Ga (Kamo et Davis 1994).

L’histoire de la ceinture est également marquée par plusieurs impact météoritiques

majeurs, révélés par le présence de niveaux à sphérules, et datés entre 3.47 et 3.24Ga

(Byerly et al. 1996; 2002, Lowe et Byerly 2003).

Trois sites de la ceinture ont été choisis pour cette étude, un choix essentielle-

ment basé sur un projet de forage mis en place en 2006, mais qui n’aura finalement

vu le jour qu’en 2011, empêchant l’intégration de ces échantillons dans ces travaux.

Les sites de Komati River, Buck Reef et Barite Valley sont localisés dans la Figure

2.2 et seront amplement détaillés dans les chapitres à venir. Ils représentent trois

contextes géologiques et environnementaux très différents où se sont déposés des

cherts d’origines variées. Ce panel d’échantillon forme la base de cette étude, dont

les objectifs sont détaillés dans la section suivante.

1.4 Objectifs de la thèse et présentation du manuscrit.

Si la section 1.2 met en avant l’intérêt que peuvent représenter les cherts dans

l’étude des conditions régnant sur la Terre primitive, elle ne reflète pas l’ambiguité

de ces roches emblématiques de l’Archéen. Malgré la littérature extensive qui a vu

le jour ces 50 dernières années, nombre de questions restent en suspend quant à

l’origine de la silice et aux processus même de formation des cherts, des questions

cruciales qui ont motivé cette étude.
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J’ai choisi dans cette travaux d’aborder les questions suivantes :

Comment différencier les différents types de chert rencontrés à l’Archéen ?

Comment se sont-ils formés et à partir de quel(s) fluide(s) siliceux ?

Quel est le signal chimique contenu dans ces cherts et comment s’en servir pour les

reconstructions paléo-environnementales ?

Afin de répondre à ces questions fondamentales, je propose une étude complète

des cherts issus des sites de Komati River, Buck Reef et Barite Valley, représentatifs

de contextes environnementaux variés :

• Les cherts de Komati River se présentent sous la forme d’horizons siliceux

au sommet de niveaux turbiditiques. Ils se sont mis en place en conditions peu

profondes, proches du continent et dans un environnement où les flux clastiques

sont abondants.

• Le site de Buck Reef contient une série épaisse de cherts lités, formés d’al-

ternance de cherts noirs et blancs déposés sur une plateforme continentale en sub-

sidence, depuis des conditions évaporitiques et lagunaires jusqu’à des environne-

ments plus profonds situés sous la limite d’action des vagues (> 200m). Ce site se

caractérise en outre par une absence notable de flux clastiques.

• A Barite Valley, trois types de cherts sont rencontrés : des roches sédimen-

taires silicifiées qui constituent les unités principales du site, des niveaux de chert

noir concordants et en intercalation dans ces unités sédimentaires, et des dykes de

chert recoupant l’ensemble de ces formations. Les séries clastiques silicifiées tra-

duisent un environnement d’abord marin et profond puis continental et fluviatile.

En me basant sur la littérature et sur les différents types de chert rencontrés

dans ces différents sites, je propose une nouvelle nomenclature, basée sur les trois

principaux processus de formation des cherts, et qui servira de fil rouge dans ce

manuscrit.
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(I) La première partie de ces travaux consiste à identifier l’origine des cherts de

chacun des sites échantillonnés, leur contexte précis de mise en place (environne-

ment, contexte géologique et tectonique) et leur mode de formation.

• Le Chapitre 2 est dédié aux sites de Komati River et Buck Reef, contenant

les meilleurs échantillons de cherts déposés à la surface du plancher océanique

archéen. En combinant une approche de terrain et pétrologique, je propose des cri-

tères de reconnaissance pour distinguer ces cherts, en accord avec la nomenclature

définie en premier lieu. Ces données me permettent de proposer différents modèles

de formation pour les cherts de ces sites, en relation étroite avec les conditions en-

vironnementales qui ont vu leur formation.

• Le Chapitre 3 est dédié aux cherts de fracture de Barite Valley. L’approche ici

est la même, combinant observations de terrain et pétrologiques afin de caractériser

les conditions de mise en place de ces fractures et la nature des fluides siliceux qui

les ont remplies. Une attention très particulière est donnée ici à la rhéologie des

cherts au moment de leur mise en place, une approche peu courante qui révèle une

comportement très particulier dans ce contexte intra-crustal.

(2) La deuxième partie de ces travaux s’intéresse plus particulièrement à identi-

fier ce qui contrôle la composition chimique des cherts et à déterminer quels types

d’informations paléo-environnementales peuvent être préservées de ces composi-

tions.

• Le Chapitre 4 se base sur la comparaison entre la composition géochimique

des cherts et celle des différentes phases minérales qui le constitue. Cette approche

me permet d’identifier les différents signaux chimiques contenus dans les cherts

des trois sites. Ayant caractérisé ces signatures, je teste les proxys géochimiques

modernes couramment utilisés pour rechercher les traces d’un signal océanique

dans les précipités chimiques anciens.

• Le Chapitre 5 vient compléter ces données par l’analyse des compositions iso-

topiques en silicium et oxygène des grains individuels de microquartz constituant

la majorité des cherts. Ces données me permettent de retracer l’origine de la silice

et de tester ainsi l’ensemble des modèles proposés dans ces travaux et les critères

de reconnaissance établis dans le premier chapitre.
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Abstract

Field and petrological observations are used to investigate the nature, origin and for-

mation of Komati River (3432Ma) and Buck Reef (3416Ma) cherts from the Barberton

Greenstone Belt, South Africa. We first introduce a new nomenclature based on Archean

chert formation process : C-cherts form by the chemical precipitation of silica at surface

condition from oceanic fluids, either as silica gel (or siliceous ooze) or as cement in un-

consolidated sediments ; F-cherts precipitate in discordant and concordant veins from cir-

culating fluids ; S-cherts result of replacement by Si-metasomatism of pre-existing rocks by

percolating fluids.

The Komati River cherts formed as C-chert at the surface of turbidite units. Their pri-

mary origin is evidenced by (1) the lack of secondary fluid circulation features, (2) the pre-

sence of sedimentary structures typical of surface conditions (i.e. flame structures, ripples,

chert pebbles), (3) the chemical/physical preservation of turbidite clastic particles from Si-

metasomatism and (4) the continuous evolution from silica-cemented siltstone to homoge-

neous chert. Komati River cherts deposited as a siliceous ooze during the waning stages

of turbidite emplacement. The precipitation of silica is favored by efficient sorption on sus-

pended clay particles. The chert originated from marine fluids with possible porosity fluid

contribution from deeper part of the turbidite.

The Buck Reef cherts deposited at individual, massive black and white C-chert layers in

a clastic-free, Si-saturated environment. (1) The sharp contact between both facies, (2) the

presence of microbial mats soft-deformed at the interface, (3) the disruption of white layers

as slabs in conglomerates and (4) the abundant soft deformation structures occurring at

or close to the seabed (i.e. load cast, ball-and-pillow structures) are all evidence for their

deposition on the seafloor. A microcrystalline fabrics mostly composed of microquartz is

taken as representative of silica precipitation at surface conditions whereas void-filling and

vein textures characterized by chalcedony and megaquartz are evidence for secondary fluid

precipitations.

We propose a model decoupling the origin of the black and white facies. Micro-layers of

carbonaceous matter and silica in black cherts are interpreted as seasonal variations where

pure silica precipitate during winter and microbial community growth during summer. The

high purity white layers may result from very rapid, dramatic silica precipitation with a

possible periodicity of a few thousand years. We envisage the destabilization of the surface

layer in a stratified water column and proposed several trigger mechanisms among which

climatic variations at a glacial/inter-glacial scale seems the most likely. Another possibi-

lity is the involvement of Si-enriched, cold bottom seawater in an upwelling system and/or

hydrothermal plume contribution from hydrothermal vents away from the continental plat-

form.

Key Words - Archean environment ; Chert formation ; Recognition criteria.
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2.1.1 Introduction

On the modern Earth, ever since the Proterozoic, both the silica cycle and the

formation of cherts are controlled by biological activity ; during the Archean, ho-

wever, the absence of skeleton-forming organism allowed only inorganic silica pre-

cipitation (e.g. Siever 1992, Treguer et al. 1995, Perry et Lefticariu 2003, Maliva et al.

2005). The massive deposits of cherts found in all Archaean greenstone belts are

therefore interpreted to reflect the physico-chemical conditions of the eon, and par-

ticularly elevated concentrations of dissolved silica in the oceans (e.g. Siever 1992,

Maliva et al. 2005). Like banded iron formations (BIFs), some Archaean cherts are

considered to have precipitated from seawater, and their composition is regarded

as representative of early ocean chemistry, making them among the most powerful

tools to investigate early Earth environments (e.g. Derry et Jacobsen 1990, Sugi-

tani et al. 1996; 1998, Knauth et Lowe 2003, Perry et Lefticariu 2003; 2006, Kato et

Nakamura 2003, Bolhar et al. 2005, Robert et Chaussidon 2006, Jaffres et al. 2007).

There is, however, no consensus on the nomenclature, and even the definition,

of chert. All authors agree that the silica content must exceed 75 to 80wt%, but dif-

ferences emerge regarding the origin of cherts. In the most common models, most

Archean cherts are considered to be the result of silicification of preexisting rocks,

including (1) volcaniclastic and terrigenous debris (e.g. Lowe et Knauth 1977, Lowe

1980, Paris et al. 1985, de Vries 2004), (2) chemical sediments such as carbonates

and evaporites (Knauth 1973, Lowe et Knauth 1977, Knauth et Lowe 1978, Lowe

et Byerly 1986b, Weis et Wasserburg 1987, Lowe et Fisher Worrell 1999, Van Kra-

nendonk et al. 2003) and (3) massive, layered volcanic rocks (Hofmann et Wilson

2007, Hofmann et Harris 2008). The silicification is thought to be triggered either

by convective fluid circulation during hydrothermal activity (Knauth et Lowe 1978,

de Wit 1982, Duchac et Hanor 1987, Paris et al. 1985, de Wit et Hart 1993, Knauth

1994, Perry et Lefticariu 2003, Hofmann 2005, Hofmann et Wilson 2007, Hofmann

et Harris 2008), or by low-temperature seawater-rock interaction at or below the

surface during early diagenesis (Knauth et Lowe 1978, de Wit 1982, Sugitani 1992,

Lowe 1999, Lowe et Fisher Worrell 1999, Van Kranendonk et Pirajno 2004, Tice et

Lowe 2006, Rouchon et Orberger 2008). Other proposed sources of silica could be

the serpentinization of oceanic rocks (de Wit 1982) and the devitrification of vol-
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caniclastic sediments (Paris et al. 1985) or volcanic glasses (Knauth 2005). Direct

precipitation of silica from oceanic water is another model that was first proposed

for jasper layers in banded iron formations, then extended to other siliceous de-

posits such as banded cherts. The silica can be precipitated from Si-oversaturated

seawater (Knauth et Lowe 1978, Hesse 1989, Sugitani et al. 1998, Perry et Lefticariu

2003, Hofmann 2005, Tice et Lowe 2006), from hydrothermal vent fluids near vol-

canic, active settings (e.g. mid-oceanic ridges)(e.g. Sugitani 1992), or from a mixture

of both (e.g. Derry et Jacobsen 1990, Frei et Polat 2007, Van den Boorn et al. 2007;

2010, Marin-Carbonne et al. 2012).

In addition to this long-standing debate, the absence of clear nomenclature that

distinguishes different chert types renders difficult the comparison of various chert

studies and hinders a better understanding of Archean cherts. Most of the previous

commonly used nomenclatures are based on (1) chert color, with a large range of

shades (e.g. light to dark grey, greenish grey to green, bluish to dark blue, etc.),

(2) structure and outcrop organization (e.g. laminated, massive, vein, banded, etc.),

and/or (3) minor component contents (e.g. carbonaceous, ferruginous, argillaceous,

tuffaceous, etc.). Such terminologies, although useful for chert descriptions, provide

no information on the chert formation process, and they vary widely from one

author to another.

Van den Boorn et al. (2007) was among the first to propose a nomenclature

based on chert formation process and we provide here a similar terminology for our

classification (Fig.2.1). Primary cherts are defined as primary chemical precipitates

which can be of two origins : (1) we conserve the term "C-chert" (i.e. chemical-

chert) of Van den Boorn et al. (2007) for oceanic precipitates, perhaps of a silica-rich

colloidal gel, directly on the ocean floor or as primary, early diagenetic cement in

the uppermost sedimentary layers. (2) We introduce the term "F-chert" (i.e. fracture-

filling-chert) for discordant and concordant chert precipitated in veins/fractures

from fluids that circulated through the crust (e.g. hydrothermal fluids, diagenetic

fluid escapement, shallow seawater circulation). (3) Secondary cherts are the result

of replacement by Si-metasomatism of a sedimentary or volcanic protolith, either

during percolation of low-temperature seawater or by circulation of low- to high-

temperature silica-rich hydrothermal or diagenetic fluids. We also conserve here
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Figure 2.1 – Schematic representation of the new nomenclature proposed for cherts based on their
formation process. The nomenclature is modified from Van den Boorn et al. (2007). Primary cherts
form by chemical precipitation of silica in aqueous environments oversaturated with respect to dis-
solved silica. They are divided into oceanic cherts (or C-chert), precipitated from low temperature
seawater, and fracture-filling chert (or F-chert), precipitated in fractures or concordant veins, either
from seawater or hydrothermal fluids. Secondary cherts (or S-chert) are the silicification product of
sedimentary or volcanic protolith by low temperature seawater percolation or low to high tempera-
ture hydrothermal fluid circulations.

the term S-chert of Van den Boorn et al. (2007). This nomenclature and associated

formation processes are summarized in Figure 2.1.

C-cherts best represent the chemistry of ancient seawater and are a major tar-

get for all studies focused on early Earth environment and oceans. In the Archean

Barberton Greenstone Belt (3.5 − 3.2By) in South Africa, the best candidates for

primary cherts are found in banded chert sequences, i.e. black and white banded

cherts, ferruginous banded cherts and banded iron formations, where bands of

nearly pure, white or beige-colored silica alternate with darker bands of carbona-

ceous, iron-rich, carbon-rich siliceous or detrital sediment. As previously empha-

sized, opinion is divided concerning the origin of the pure white chert layers :

depending on the author, they are supposed to be either secondary cherts (e.g.

Lowe et Knauth 1977, Lowe et Fisher Worrell 1999, Walsh et Lowe 1999, Knauth

et Lowe 2003, Hofmann 2005, Hofmann et Bolhar 2007), or of marine origin and

formed during early diagenesis (Lowe 1999, Sugitani 1992, Tice et Lowe 2006), or
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Figure 2.2 – Geological map of the Barberton Greenstone Belt, 3.5 − 3.2By, South Africa, modified
from Hofmann (2005). The Onverwacht, Fig Tree and Moodies Groups are a typical succession of
volcanic and sedimentary rocks : the base is dominated by mafic and ultramafic rocks with minor
sedimentary intercalation, and the top of the sequence is largely dominated by clastic sedimentary
rocks with minor basaltic intercalations. These units form the core of the belt and are folded and tilted
between major magmatic intrusions mainly made of TTG (Tonalite-Trondjemite-Granodiorite).
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of hydrothermal origin (Paris et al. 1985, Duchac et Hanor 1987, Sugitani 1992,

Nijman et al. 1999, de Vries 2004, Lindsay et al. 2005, Orberger et al. 2006, Hofmann

et Bolhar 2007, Hofmann et Wilson 2007).

Van den Boorn et al. (2007) interpreted C-cherts as orthochemical precipitates

of silica and he envisaged their precipitation as colloidal gel that formed by floccu-

lation/polymerization in silica-saturated seawater. Flocs of silica aggregate in the

water column until a critical size is reached and settling occurs. The "gelling" (i.e.

accumulation) of flocs on the seafloor leads to the formation of an amorphous silica

precursor that may have totally dissolved before reprecipitating as microquartz to

form the primary chert during the earliest stage of diagenesis (Hesse 1989, Knauth

1994, Marin et al. 2010, Marin-Carbonne et al. 2012). No traces of early gels re-

main because of such diagenetic (re-)crystallization processes but rheological and

mineralogical evidence should be conserved.

Criteria for the recognition of the various chert types are ambiguous and none

is able to distinguish such a primary oceanic precipitate from hydrothermal preci-

pitates or secondary cherts. Criteria include field relations and sedimentary struc-

tures (e.g. Knauth et Lowe 2003, Maliva et al. 2005), petrological characteristics (e.g.

Knauth 1994, Knauth et Lowe 2003), and trace element and/or isotopic composi-

tion (e.g. Kato et Nakamura 2003, Bolhar et al. 2005, Van den Boorn et al. 2007; 2010,

Marin et al. 2010, Marin-Carbonne et al. 2011; 2012, and Chapter 4) of cherts, the

latter being the most commonly used approaches.

To better understand the origin of Archean cherts, we conducted field, petrolo-

gical and microanalytical studies of well-preserved examples from the 3.5 − 3.2Ga

Barberton Greenstone Belt in South Africa. We first review previous interpretation

of the Archean environment in the studied areas, then propose and discuss a new

model for chert formation. We also use this approach to develop new field and

petrological criteria for chert type recognition, especially to distinguish C-cherts

from S-cherts. Such criteria currently do not exist but need to be developed to

avoid misinterpretation of the chemical composition of cherts. F-cherts will not be

discussed as they are the subject of another paper (Chapter 3). We also conducted

geochemical analyses with the aim of testing the chemical proxies commonly used
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to identify oceanic signatures in chert compositions. This part of the project is the

subject of a third paper (Chapter 4).

2.1.2 Geological context : the Barberton Greenstone belt

Archean rocks of the Barberton greenstone belt (3.5 − 3.2By) in South Africa

(Fig.2.2) include a well-preserved volcano-sedimentary succession known as the

Swaziland Supergroup or Barberton Supergroup (e.g. Viljoen et Viljoen 1969b, Lowe

et Byerly 1999). Three main units are defined, with locations reported in Figure 2.2

and lithologies detailed in Figure 2.3. The Onverwacht Group (3530 − 3334Ma)

(Viljoen et Viljoen 1969b;a, Armstrong et al. 1990, Kröner et al. 1991, Lowe et

Byerly 1999, Hofmann 2005, Hofmann et Harris 2008) forms the base of the belt

and is essentially composed of mafic to ultramafic igneous rocks, mainly koma-

tiites, with minor sedimentary intercalations. It is divided into four subunits : the

Komati, Hooggenoeg, Kromberg and Mendon Formations (e.g. Viljoen et Viljoen

1969c, Armstrong et al. 1990, Kröner et al. 1991, Kamo et Davis 1994, Byerly et al.

1996, Lowe et Byerly 1999). It evolves upward to the argillaceous Fig Tree Group

(3258− 3226Ma) (e.g. Kröner et al. 1991, Byerly et al. 1993, Hofmann 2005), in which

sedimentary rocks become dominant. Minor felsic-siliciclastic tuffs, and various

depositional environments are recorded, ranging from coastal to deep sea and del-

taic to alluvial deposits (Lowe et Nocita 1999). The uppermost Moodies Group

(3230 − 3110Ma) (Kröner et al. 1991, Kamo et Davis 1994) consists of arenaceous

sedimentary rocks, with facies representative of alluvial to deep sea environments

(see following authors for further stratigraphic details : Viljoen et Viljoen 1969a,

Brandl et al. 2006, Lowe et Byerly 1999, Tice et Lowe 2004, Hofmann 2005, de Wit

et al. 2011, Furnes et al. 2011).

During Archean tectonics, the Barberton units underwent strong deformation

that folded and tilted most of the sequence to sub-vertical or vertical orientations.

During their deposition, diagenesis and deformation, the rocks of the belt were

altered and metasomatised, but in the sections we sampled the metamorphic grade

did not exceed lower greenschist facies (Button 1973, Miyano et Beukes 1984, Ward

1995, Toulkeridis et al. 1998, Tice et al. 2004, Rouchon et Orberger 2008, Grosch

et al. 2012).
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Figure 2.3 – Stratigraphic columns of (B) the Barberton Greenstone Belt, (A) the Buck Reef area
and (C) the Komati River area (C), modified from Hofmann (2005), Tice et Lowe (2006) and Grosch
et al. (2011) respectively. The rightmost stratigraphic column is a measured section from this study
realized along the Komati River banks. The global column from the whole Barberton belt (B) shows
typical upward evolution of greenstones, from mafic to ultramafic rocks with few sedimentary units
to thick clastic sedimentary units with few basaltic intercalations. The Buck Reef sequence (A) is
a 250 − 400m thick unit of siliceous deposits mainly composed of black and white banded cherts
with varying ferruginous alteration. The Komati River sequence (C) is a 200m thick clastic unit
composed of diamictites and turbidites. The rightmost log is from this study and evidenced black
chert intercalations within turbiditic units. Cherts are located at uppermost part of turbidite events
with a gradational transition from turbidite to chert (see Figure 2.4 for details)
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A striking phenomenon is locally intense silicification (e.g. de Wit 1982, Lowe

et Byerly 1986a, Hofmann et Wilson 2007, Hofmann et Harris 2008) and massive

deposition of cherts, especially in the lower Onverwacht and Fig Tree Groups. They

occur as individual bands, as massive sequences interbedded with other sedimen-

tary or volcanic rocks, as cement within sedimentary rocks, as zones of silicification

of pre-existing rocks, and as concordant or cross-cutting veins. For this study, we

chose two sites of special interest in the Onverwacht Group : the Buck Reef Chert

(BRC), located at the top of the Hooggenoeg Formation, and the Komati River

Chert (KRC), located within the Kromberg Formation (Fig.2.3 - a,c).

2.1.3 The Komati River chert : cherts in clastic units.

Environmental context.

The Komati River cherts are located on the eastern limb of the Onverwacht

anticline (see location in Figure 2.2 ; Studied area : S26◦01.520-01.712 ; E30◦59.331-

59.353). They form part of the Kromberg Formation, in a unit referred to as the

Noisy Complex by de Wit et al. (2011) and the Noisy Formation by Biggin et al.

(2011). Along the banks of the Komati River, inside the Songimvelo Nature Reserve,

a 200m-thick sequence of well-bedded clastic sediments outcrops continuously and

is essentially made of upward-fining diamictites, turbiditic sandstones and conglo-

merates (Fig.2.3 - c). This section has been widely studied to constrain the empla-

cement and origin of clastic deposits and to better understand local and regional

tectonic processes (e.g. Viljoen et Viljoen 1969a, Lowe et Knauth 1977, de Wit et al.

1987a;b; 2011, Armstrong et al. 1990, Lowe et Byerly 1999). Grosch et al. (2011) used

U-Pb zircon dating to obtain a minimum age of 3452Ma for the onset of deposition

of this sedimentary sequence.

Clastic sediments overlie chert-veined massive basalts and deep-water pillowed

basalts of the Hooggenoeg Formation with a well-defined unconformity that re-

cords massive erosion (up to 1200m of basalt) before clastic sedimentation (Grosch

et al. 2009b;a; 2011, Furnes et al. 2011, de Wit et al. 2011). Above the unconformity, a

1m-thick horizon of laminated carbonaceous black and grey cherts evolves upward
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Figure 2.4 – Typical turbiditic deposits showing gradational evolution from medium-grained clastic
deposits to laminated fine-grained sediments. The uppermost part of several turbidite layers is made
of detritus-free translucent black chert following a laminated, detritus-rich zone. (d) Black chert
pebbles embedded in a finely laminated sandstone and produced by seafloor erosion and reworking
under high energy current action (possibly during debris-flow).

through the 170m-thick clastic sedimentary sequence shown in the stratigraphy

column of Figure 2.3 - c.

The first clastic unit is a massive, poorly sorted conglomerate with clasts com-

posed mainly of silicified dacitic volcanic rocks and grey to black cherts in a coarse-

grained sandstone matrix. Overlying units include thick diamictite and laminated

siltstone beds that evolve through normally graded massive beds of fine- to coarse-

grained volcaniclastic sandstones (up to 5m-thick) (Grosch et al. 2011). They show

features typical of debris-flow deposits such as cross-bedding, graded bedding,

flame structures, and slumps. Lowe et Knauth (1977) interpreted these rocks as

tuffs and felsic volcanics reworked as turbidites in a shallow marine environment.

Grosch et al. (2011) confirmed this hypothesis through systematic dating of the va-

rious clastic facies. He argued for a bimodal source for detrital products, i.e. felsic
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Figure 2.5 – Multiple chert layers at the interface between two turbiditic events. Three cycles are
defined by (1) a laminated, detrital-rich base often marked by current induced structures (e.g. ripple
marks, cross bedding), (2) a gradational evolution with decreasing detrital content and increasing
silica matrix and (3) an uppermost facies solely made of detrital-free, translucent black chert.

volcanics, gneisses and a component from the Buck Ridge Volcano-Sedimentary

Complex (see also de Vries et al. 2006, de Vries 2010), and proposes emplacement

of the sedimentary rocks as fan-delta sequences "during tectonic uplift of an [...]

oceanic basin, with turbidite deposition occurring during or after orogenic activity

at 3.432Ga most likely in a shallow, intra-continental epieric sea".

Within the upper turbidite sequence, above the diamictite facies, several conti-

nuous layers of black chert are interbedded with detrital units and persistently lo-

cated at the top of turbidite layers (Fig.2.4 and 2.5). Lowe (1999) and Rouchon et al.

(2009) interpreted them as the final endmember of a Bouma-like sequence, being

the silicified product of previously deposited shales during debris flow-driven se-

dimentation. In this study, we focus on a 6m-thick sequence that contains the best

outcrops of such layers (Fig.2.3 - c, rightmost log) in order to determine whether

the cherty units are C-cherts or S-cherts, to identify the origin of silica in a de-

trital environment, and to investigate a possible hydrothermal contribution to the

sequence. A model for chert emplacement is then proposed.
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Figure 2.6 – Schematic representation of a typical Bouma sequence (Bouma 1962) and upward
evolution of uppermost turbiditic facies at Komati River. Laminations appear with decreasing detrital
content and size before disappearance of clastic material. In the same time, the siliceous matrix
content increases then forms the entire rock as homogeneous, detrital-free and translucent black
chert.

Field description.

Although the turbidites are not the primary objective of this study, we describe

them in some detail because they help define the sedimentary context in which the

cherts were deposited.

The turbidites form thick, 1 to 5m beds with internal organization typical of

a Bouma sequence (Bouma 1962). They are well sorted, with systematic upward

gradation from coarse- to medium-grained at the base (1 to 3mm) to fine-grained

and in some cases laminated at the top (<1mm) (Fig.2.4). The first 10cm of erosional

bases often contain sub-angular to rounded clasts of dark chert (2 − 8cm in size) as

shown in Figure 2.4 - d. The laminated fine-grained upper part of many turbidite

cycles evolves to black chert deposited either as single layers (2 to 25cm thick) or as

several layers that can reach up to 20 − 30cm in total thickness (Fig.2.5).

The transition from turbidite to chert is either sharp or gradual. Where gra-

dational, as shown in Figure 2.6 (see also Fig.2.4), we first observe a decrease in

the abundance and size of detrital grains, from silt to clay, and the appearance of
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Figure 2.7 – Rippled structures in black cherts at the interface with overlying turbidite layer. The
ripples indicate paleo-current direction to the SW (modern direction).

thin laminations over 2 to 3cm. Such laminations can be rippled or cross-bedded,

providing evidence of current action during emplacement (Fig.2.7). At the same

time, the matrix evolves from fine clay to chert, and, with the disappearance of the

last detrital grains and laminations, the rock is transformed to homogeneous trans-

lucent black chert. The chert layers are commonly deformed at the interface with

the overlying clastic deposit, to produce well-developed flame structures as shown

in Figure 2.8 - b to d.

Between two turbiditic events, several cycles of chert deposition without mas-

sive clastic deposition can be observed, as shown in Figure 2.5. Each chert layer

is less than 10cm-thick and shows the gradational transition described above : the

basal part is composed of grey detrital grains, 0.3-0.5mm in size and comprising up

to 90% of the rock, in a matrix of dark-blue-grey massive chert. The distribution

of these grains defines thin laminations within the cherty matrix, often marked by

sedimentary structures such as cross-bedding, ripple marks, and ascending strati-
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Figure 2.8 – Photos of flame structures at the top of Komati River turbidites. Flames are well-
preserved and observed in most of turbidite layers with (b, c, d) or without (a) a black chert horizon.
These flame-like structures reveal the presence of still-soft black chert at the top of the sedimentary
pile during turbidite emplacement.

fications (Fig.2.5). The laminations persistently disappear upward after few centi-

meters leaving the homogeneous, translucent and particle-free blue-grey chert that

comprises the upper portion of each chert layer. The contact with an overlying cycle

is sharp, undeformed and marked by the abrupt reappearance of detrital grains.

In the central part of the section, a 1m-thick sedimentary sequence consists of

very fine-grained siliceous and tuffaceous sediments (Fig.2.9). It abruptly overlies

the laminated, fine-grained upper part of a turbidite unit. The lower part of this

chert sequence is composed of greenish chert showing ascending stratifications,

and it evolves upward through 20cm to a dark bluish chert with well-developed

ripples. The transition is continuous and defined by an increase of a dark com-

ponent within the chert, probably carbonaceous matter. The uppermost ripples of

bluish chert facies are filled by the overlying very fine-grained (<0.3mm) laminated
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Figure 2.9 – Photos and magnifications of a 1m-thick unit of greenish to bluish tuffaceous cherts
embedded within two turbidites at Komati River. Ripples in this facies evolve from (b) climbing
ripples, to (a) symmetric then flat ripples. (b) The sequence ends with a poorly silicified fine-grained
siltstone with straight laminations. The silica network in the greenish facies is further described in
Figure 2.10 and might represent a unique evidence of silica gel deposition directly at the surface
during the Archean.

siltstone. This material displays fan-like sedimentary structures and well-developed

overlaps on trough edges within ripples. The sequence is capped by a massive, ho-

mogeneous particle-free black chert that cannot be followed upward due to lack of

outcrop.

One intriguing structure is observed in the lower greenish facies and shown in

Figure 2.10. It consists of a white, translucent silica network that can be followed

all along a specific interval within the tuffaceous chert (see Fig.2.9 for location).

The network is straight at its base while convex at its top, forming two generations

of "ripples" if the shape is indeed inherited from current action. The structure is

a spiderweb of milky, nearly translucent silica enclosing rounded packages of the

greenish, tuffaceous material. We could not find any similar structure in the mo-
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Figure 2.10 – Magnification of the silica network localized in the tuffaceous unit of Figure 2.9. The
structure is a spiderweb of translucent silica enclosing rounded packages of clay. It is straight at its
base while convex at its top, which is very like ripple structures. Thus, the inferred silica gel might
have been cohesive enough to be reworked without disruption while still at the surface (see text for
further discussion).

dern or ancient sedimentary record and drilling into the outcrops is now forbidden

because of intense "geo-vandalism" in the area. The origin and possible formation

of such structure will be discussed in a later section.

The current structures encountered in massive, well-sorted turbidites and

particle-rich cherty transitions provide evidence of a low to medium energy, shal-

low environment of deposition where detrital inputs alternate between massive

debris flow and classic detrital sedimentation. This is in good agreement with pre-

vious studies, especially that from Grosch et al. (2011), and demonstrates rapid sea-

ward sedimentation in a shallow marine, near-shore setting during tectonic uplift

of the basin.

Petrological characteristics

The Komati River chert samples chosen for petrological (this chapter) and geo-

chemical (Chapter 4) study were taken from the uppermost 20cm of turbidite layers,

covering the siltstone through to the cherty upper facies (named "black chert" in
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Figure 2.11 – Mineralogy of the topmost part of turbidite layers with special emphasis to the
distribution and size of the clastic fraction in both the siltstone (green) and upper chert facies (blue).
(a) Rapid but gradual transition from the clastic-rich and laminated siltstone (base) through to the
clastic-poor and homogeneous black chert (top). The transition is characterized by an increase of the
siliceous content while the particle size and amount decreases. (b) Mineralogy of the upper black
chert, entirely composed of cryptocrystalline microquartz with disseminated clays, minor angular
micro-K-feldspar and rare clots of clays. (c) Mineralogy of underlying siltstone, composed of detrital
K-feldspar and sericite in a matrix of microquartz and sericite.

the following section) (Fig.2.4), and within the tuffaceous greenish chert illustrated

in Figure 2.9. Petrological characteristics are shown in Figures 2.11 and 2.12.

At the top of turbidite layers, the gradational transition from the siltstone to the

cherty facies is first marked by the disappearance of detrital grains, laminations

and cross-bedding structures (Fig.2.11 - a and 2.12 - a, b). Detrital grains first re-

present up to 80% of the siltstone and are the finer counterpart of lower coarser

material of turbidite events. These grains are fine to medium in size and mainly

composed of feldspar (200µm-800µm) and clay (10µm-50µm) minerals in roughly

equal proportions (Fig.2.11), associated with rare carbonate grains (<1%) (Fig.2.12

- e, f) and few heavy minerals (<2%) of less than 50µm in size, mostly Ti- and Fe-
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Figure 2.12 – Optical microscopy pictures of Komati River chert samples. Qz = quartz ; µ Qz =
microquartz ; Fth = feldspar ; Dol = dolomite. Photos (a) and (b) (LPNA) are taken at the tran-
sition from detrital-rich turbidite facies to cherty uppermost turbidite facies. They both show the
abruptness of the transition due to a rapid decrease in detrital grain size and content together with
an increase in the abundance of the siliceous matrix. Photo (b) is a detail showing detrital feldspar
grains enclosed in a microquartz matrix. (c) (LPA) The homogeneous black chert at the top of tur-
bidite units is mainly composed of microquartz (< 5µm) in close relationship with clay minerals
(<2µm). (d) (LPA) Rare clots of clays are preserved as isolated aggregates. (e) and (f) (LPA) The
detrital particles are essentially composed of feldspars that preserve twins (here microcline in "e")
despite strong alteration to clay minerals in embrayment and along boundaries. Few dolomite crys-
tals are observed, slightly altered with sharp to diffuse edges. The matrix around detrital grains is
a mixture of microquartz and clay minerals. The preservation of clays and feldspars, as well as the
continuity between the siliceous matrix around detrital grains and the uppermost cherty zone, show
the absence of secondary silicification and point to contemporaneous deposition of feldspar and silica.
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Table 2.1 – Average composition of selected phases in the siltstone of turbidites and uppermost
black chert facies. Data are obtained by high resolution microprobe single point analyses and given
in weight per cent. 1σ is the deviation from average composition. "n" is the number of analyses.

oxides. The surprising feature is the near absence of detrital quartz grains whereas

they are more abundant lower in turbidite layers (i.e. in coarser sandstone with

lithic fragments) (Rouchon et al. 2009).

Two families of detrital feldspar grains are present, in about equal proportions.

The first are angular to sub-angular in shape and show well-defined sharp boun-

daries. The second are more rounded, with diffuse edges coated with iron oxides

(Fig.2.12 - a, b). All feldspars are little altered and twinning is commonly preserved,

either typical of orthoclase or microcline, as shown in Figure 2.12 - e, f. Embayments

are filled with phyllosilicates less than 20µm in size. The smallest feldspar grains

(∼ 200µm) usually are completely altered and only ghosts composed of clouds of

clay minerals remain.

The matrix enclosing detrital grains is composed of microquartz (<5µm) in as-

sociation with large amounts of fine-grained phyllosilicates, probably up to 30%

(Fig.2.12 - e). Microquartz grain boundaries are well defined and because no trace

of significant recrystallization is observed, the absence of propagating radial ex-

tinctions precludes the presence of an earlier chalcedony phase within the matrix.

Phyllosilicates are heterogeneously distributed and form concentration zones in the

matrix, often but not systematically located at feldspar boundaries.

X-ray diffraction and in situ microprobe analyses were performed to identify the

detrital phases. The method is described in Annexe A.1 and A.2. Results are shown
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Figure 2.13 – Diffraction spectra for Komati River chert and (orange) and Buck Reef white chert
(blue). The Komati sample corresponds to a black chert at the top of a turbidite unit. Results for
siltstones (not shown) are very similar but peaks attributed to detrital phases are higher, showing
higher proportion of such material. The Buck reef white chert is exclusively composed of microquartz.
O = orthoclase ; M = muscovite.
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in Figures 2.13 and Table 2.1 for diffraction and microprobe analyses respecti-

vely. Feldspars consist of orthoclase (70%, estimated by microscopy) and microcline

(20%) and clay minerals are K-micas of sericite or muscovite composition.

Above the gradational contact, after the disappearance of detrital grains and in-

ternal laminations, the translucent black chert consists of a mixture of homogenous

microcrystalline quartz (<10µm, 80 − 90% of the chert), sericite (<5µm, 10 − 15%)

and minor isolated, very fine-grained K-feldspars (<60µm) (Fig.2.11). Internal se-

dimentary structures are lacking (Fig.2.12 - c, d). Whereas the majority of clay mi-

nerals are homogeneously distributed, rare isolated clumps (<500µm in total size)

are found enclosed in the silica matrix, as shown in Figure 2.12 - d. In the BSE

image of Figure 2.16 (see next section), isolated detrital feldspar grains are obser-

ved : they are <50µm in size with angular shapes, preserved twinned and show no

trace of alteration to clay. Near the contact with the underlying siltstone, isolated

detrital feldspar grains are observed : they are coarser (up to 1mm) and strongly

resemble those in the siltstone facies, with preserved twins, minor alteration to clay

and sharp/angular to diffuse/oxidized boundaries (Fig.2.12 - a, b).

In this transition zone, the evolution from the siltstone to upper black chert

facies is abrupt but continuous (Fig.2.12 - a, b) : over a mere centimeter, the size

and quantity of detrital particles decrease abruptly, coupled with a rapid increase

of the siliceous matrix content and a decrease in clay content.

In the central part of the sequence, we sampled the 50cm-thick very-fine grai-

ned greenish tuffaceous chert. In the thin sections shown in Figure 2.12 - g, h, the

rock is homogeneous and entirely made of microquartz and very fine (<5µm), yel-

lowish platy clay minerals. The latter are commonly oriented along thin internal

laminations of the chert, and can be interpreted either as primary or secondary

minerals. Minor rounded detrital quartz and feldspar grains (<200µm) can be ob-

served where laminations are the best developed.

We consider two aspects of these rocks particularly important. The first is

the presence of the isolated, unaltered detrital feldspars in the black chert facies

(Fig.2.12 - e, f) ; the second is the appearance of the microquartz in the matrix of

the uppermost detrital facies, well before it becomes the dominant phase in the
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Figure 2.14 – Mineral phase maps from microfluorescence analyses using the EAGLE III. Maps
in the left column represent results from two cycles of detrital to homogeneous chert at the top of a
turbidite layer. The detritus content decreases abruptly but continuously whereas the silica matrix
increases until it forms the entire chert. Some isolated clots of clays are suspended within the black
chert. Maps on the right maps are obtained for the greenish tuffaceous chert and show internal
laminations defined by clay mineral alignment.
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overlying black chert layer (Fig.2.12 - a, b) . We will argue in a later section that these

observations provide evidence that the silica is primary and was not introduced by

silicification of preexisting fine-grained sediment.

Microprobe and microfluorescence analyses.

Selected polished thin sections were mapped using an EAGLE III X-Ray micro-

fluorescence spectrometer at ISTerre (Grenoble, France). The data were processed

using the Supermaps software developed by Ulrich et al. (submitted). In the pro-

cedure, the raw microfluorescence data, combined with optical microscopy, were

used to define several pure phases in samples. Using the characteristics of pure

phases, the software defines each pixel as a mixture of various constituents, thus

producing individual phase maps for each sample. Figure 2.14 presents results for

two samples : one is from the multiple chert layers of Figure 2.5 and shows two

of these "siltstone to black chert" cycles, the other is from the greenish tuffaceous

chert.

The microfluorescence map at the interface between black chert and lower de-

trital facies (Fig.2.14 - left) confirms the abrupt but gradational transition observed

in optical microscopy. In the siltstone, detrital feldspars are readily visible and sur-

rounded by microquartz and minor clay minerals. In this matrix, the clay content

decreases through the contact whereas microquartz increases, leading to a black

chert essentially composed of silica. In this facies, the small feldspar fragments

are barely distinguishable from clays, both representing less than 15% of the rock.

Isolated clumps of clay are only a minor constituent of the black chert.

Microprobe mapping produces higher spatial resolution maps and are used to

characterize the various constituents of both the detrital-rich and black chert facies.

In Figure 2.15, we focus on the detrital facies and show the excellent preservation

of feldspars. They have sharp boundaries, and uniform internal compositions, mar-

red only by partial alteration to clays. They are unsilicified, as revealed by chemical

compositions typical of potassium feldspars : single point analyses give an ave-

rage silica contents of 65.2wt%, and high potassium and aluminum concentrations

(18wt% and 15.7wt% respectively) (Table 2.1). The detrital clays, either in feldspars
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Figure 2.15 – Microprobe BSE imaging (upper left) and in situ chemical maps of silicium, po-
tassium and aluminum of detrital K-feldpars in the siltstone of upper turbidite layers. Results are
given as raw data and represent relative chemical contents. Feldspars are unsilicified and partially
altered to sericite. The surrounding matrix is essentially composed of silica with concentrations of
potassium and aluminum representative of the sericite content.

or in the surrounding matrix, are similarly unsilicified as shown by their typical

SiO2 content of 48.7wt%.

The clay component can be interpreted in four ways :

(1) as detrital feldspars transformed to sericite within the sedimentary pile, both

within detrital grains and in the surrounding siliceous matrix.

(2) as feldspars that were altered to clay during weathering of the source rock,

and were deposited as detrital particles after erosion and transport to the basin.

(3) as secondary minerals produced by the circulation of Al- and K-rich fluids

within the sedimentary pile.
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Figure 2.16 – Microprobe BSE imaging (upper left) and in situ chemical maps of silicium, po-
tassium and aluminum of upper black chert facies. Results are given as raw data and represent
relative chemical contents. Micrograins of feldspars are surrounded by pure silica grains. The quartz
boundaries are coated with aluminum and potassium, which reveals the presence of very small clay
particles (less than 5µm).

(4) as the product of recrystallization of Al- and K-rich sediment during diage-

nesis.

We favor the second hypothesis for the following reasons : firstly, feldspar edges

are sharp and only a minor proportion is coated by sericites, which is unlikely if

the clay minerals formed by in situ chemical disintegration of feldspars within

turbidites. Secondly, authigenic growth of sericite is unlikely because there is no

evidence of fluid circulation within turbidites, and because, if the basin itself were

enriched in Al and K, the sericites should be homogeneously distributed rather

than preferentially aggregated.

The Figure 2.16 represents high-resolution chemical maps of the upper black

chert facies. It highlights the presence of isolated, micrograins of feldspar that are
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angular in shape and enveloped within the microquartzitic matrix. They are chemi-

cally undistinguishable from larger feldspars in the underlying detrital-rich facies

and are unsilicified with average SiO2 concentrations of 65.2wt%, Al2O3 of 18wt%

and K2O of 15.8wt% (Table 2.1). Minor amounts of very fine-grained sericite-like

minerals (5µm) are located at microquartz boundaries. They are homogeneously

distributed and not preferentially associated with feldspars. Microquartz is the

main component of black chert layers. Microprobe analyses give average SiO2

concentrations of 98.7wt% with minor amount of aluminum (0.33wt%). Because

the sericites are very fine and barely visible, even in BSE imaging, the aluminum

content can be attributed to clay coatings at microquartz grain boundaries.

Finally, microfluorescence maps were obtained in the greenish tuffaceous facies

as shown in Figure 2.14 - right. Only microquartz and clays were identified in this

facies. The clay minerals are either elongated and distributed along internal se-

dimentary structures, or homogeneously distributed through the sample as little

clumps less than 50µm in size. One larger clump is visible at the top of the map.

Clays are also the main phase within small veins that cross-cut the chert. On the

microquartz distribution map, clays are characterized by darker zones, showing lit-

tle to no silicification and chemical preservation. The microquartz is very abundant

and comprises about 90% of the rock. Because clays are responsible of the observed

sedimentary structures and seems to be unsilicified, we propose that they are of de-

trital origin and were deposited together with silica. However, we cannot exclude

that some could be authigenic minerals, i.e. grown from Al- and K-rich fluids.

2.1.4 Summary and primary discussion on Komati River units.

The source of the clastic fraction.

The Komati River sedimentary section is interpreted as a series of thick clastic

deposits emplaced as debris flows in a shallow intracontinental basin and produced

by tectonic uplift of the adjacent protocontinent (Grosch et al. 2011). The numerous

sedimentary structures preserved in the topmost fine-grained sedimentary rocks

(i.e. cross-bedding, graded bedding, ripple marks and ascending stratifications)

confirm shallow deposition with low to medium energy current activity. Grosch



50 Chapitre 2. Origine des cherts et processus de formation.

et al. (2011) proposed several possible origins of the detrital content in turbidites,

including the Buck Ridge volcano-sedimentary complex and the Theespruit Pluton,

and Rouchon et al. (2009) considered the dacites of the Hooggenoeg Formation as

the main source. However, the preponderance of orthoclase and the abundance of

microclines are evidence for us for a significant granitic source to the sediment.

The surprising feature is a lack of abundant detrital quartz grains, which is

unexpected for a granitic. Because quartz grains are more stable than feldspars

in all terrestrial conditions, a preferential dissolution of these grains is unconcei-

vable. They could have recrystallized as microquartz and be now part of the ma-

trix, but it is also unlikely considering the excellent preservation of other detrital

phases. Because the quartz content is slightly higher in the lower part of turbi-

dites, we envisaged density-driven segregation of quartz over feldspars. However,

such vertical process would have been accompanied by lateral segregation, yet no

quartz-rich clastic rocks (e.g. quartzites, arkoses) are found in the Komati River and

surrounding areas. Rest the possibility of a quartz-poor, K-feldspar-rich source to

the turbidites.

In the Barberton Greenstone Belt, syenites are the best candidates and are found

in the Granodiorite-Monzogranite-Syenite suite. The suite post-dates the TTG suite

and intruded between 3.2 and 2.6Ga (Davies 1971, Hawkesworth 1975, Barton

1983). Earlier occurrences of potassic-rich granitic rocks are found in the form of

detrital clasts in younger formations, with an age of 3570Ma for the oldest record

(e.g. Kröner et Compston 1988, Diergaardt et al. 2011, Sanchez-Garrido et al. 2011).

However, these K-rich granites were still too rich in quartz compared to our obser-

vations (e.g. Sanchez-Garrido et al. 2011) and no trace of syenite is recorded at the

time of Komati River turbidite emplacement, leaving the "quartz depletion enigma"

unsolved.

From the textures in the siltstone, the sericites are considered to be of detri-

tal origin, i.e. neither authigenic, nor produced by the in situ destabilization of

feldspars, nor attributed to secondary alteration during seafloor K-metasomatism

(Rouchon et al. 2009). As shown in Figure 2.15, they are heterogeneously distribu-

ted in the microquartzitic matrix surrounding detrital grains and do not systema-

tically concentrate at feldspar margins.
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Clay minerals are formed even at low temperature in soils, and, in our case,

sericite could have been formed by weathering at the land surface, with potassium

furnished by magmatic K-feldspars desegregation. High atmospheric PCO2 , an ab-

sence of vegetation, and a large proportion of potassium felspar over plagioclase

(i.e. almost complete dissolution of plagioclases) are arguments previously used by

Sugitani et al. (1996), Alfimova et Matrenichev (2006), Sleep et Hessler (2006) to

propose severe weathering under acidic meteoric conditions during the Archean

(review in Hessler et Lowe 2006), which could have been responsible for the seri-

tization of igneous feldspars. However, the formation of K-mica may as well be a

local phenomenon, inherited from the low-grade metamorphism recorded in the

area (215 to < 350◦C ; Grosch et al. 2012).

Primary origin of the silica and seafloor deposition evidence.

After erosion, the detrital particles were transported to the basin and deposited

by debris-flows. As shown in Figure 2.4, each turbidite layer forms a full Bouma

sequence, with erosional bases marked by flame-like structures, then graded beds

from coarse-grained sandstones rich in lithic fragments (e.g. chert, Fig.2.4) to fine-

grained and commonly laminated siltstones with well-defined current-induced

structures. In a normal modern sequence, the final member would be very-fine

clays or muds, leading previous authors to argue that the cherty upper zone ob-

served in Komati River turbidites represents the product of silicification during

secondary Si-rich fluid circulation (Lowe 1999) or during early diagenetic silica

cementation (Rouchon et al. 2009). However, we found several lines of evidence

against this hypothesis : instead, we suggest that silica is not secondary but repre-

sents the final sedimentary component of the Bouma sequence.

(1) Absence of secondary hydrothermal fluid circulation. Through the whole turbi-

dite sequence, macro and microscale evidence for hydrothermal fluid circulations

is lacking : chert-filled concordant veins, cross-cutting fractures, and silicification

fronts are rare or absent, even in the coarser basal part of turbidites, and detri-

tal grains are preserved. However, evidence is found that upward migration of

Si-enriched pore water may have contribute to the chert formation (i.e. not hydro-

thermal, but diagenetic fluids). In Figure 2.17, a thin black chert network marks
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Figure 2.17 – Possible evidence for porosity fluid migration at the interface between two clastic
facies of contrasting granulometry. Such feature may indicate that part of the silica that form the
chert was inherited from diagenetic fluid migrations.

the base of fine clastic sediments. Silica concentrates around detrital particles and

disappears upward, a feature that we interpret as porosity fluid migrations soon

after deposition of the coarser, lower facies.

(2) Presence of chert at the seafloor. The presence of numerous chert pebbles in the

basal erosional part of the turbidites indicates that partially indurated chert was

already present at the top of the sedimentary pile when the next debris flow arrived

(Fig.2.4 - d). Moreover, black cherts at the top of turbidites display numerous soft-

sediment deformation structures, as illustrated in Figure 2.8. Although the flame

structures could have been produced in muds that subsequently were silicified, the

sharp contact between the chert and overlying rocks, the thinness of the structures,

and the lack of any evidence of silicification of detrital grains in the turbidite, all

lead us to favor a primary origin for the chert.

(3) Petrological and chemical preservation of detrital grains. The continuous evo-

lution from detrital siltstone to homogeneous chert provides several additional ar-

guments for primary silica deposition. The siliceous matrix appears within the

siltstone well below the chert layer and persists, with the same characteristics and

in continuity, from the siltstone through to the chert. Figures 2.11, 2.16 and 2.15

illustrate the identical characteristics of microquartz in the matrix and in homoge-

neous chert, suggesting a similar origin for both. Moreover, if the silica had been
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introduced to the rock during secondary silicification, the detrital grains should

have been affected, yet they are unsilicified, as shown by their optical characte-

ristics (Fig.2.12) and chemical compositions which are typical of K-feldspars and

sericite (Table 2.1). In the black chert facies, where the silica content is the highest,

the floating micro grains of feldspars are also preserved from silica alteration.

These arguments lead us to propose that the chert was deposited as chemical se-

diment during the waning stages of deposition of detrital material from the debris

flows. As the rate of clastic sedimentation declined, the accumulation of silica flocs

first accompanied, then replaced the deposition of detrital grains. The presence of

minor detrital sericite and micro-feldspar within the black chert suggests that the

chemical sediment was probably deposited in the form of a siliceous ooze mixed

with the finest clastic products, with sufficient viscosity to maintain the particles in

suspension. The model for Komati River chert deposition is further discussed in a

later section.

For the greenish to bluish tuffaceous chert, conclusions are less evident. Al-

though significant traces of fluid circulation are lacking in this unit, the clays could

have been authigenic, i.e. formed during diagenesis in a potassium- and aluminum-

rich environment (e.g. precipitated from pervasive seawater or from pore fluids).

However, because clays are aligned to define the internal sedimentary laminations,

and because they have escaped silicification according to microfluorescence maps

of Figure 2.14, we suggest that they too were deposited as primary detrital grains

together with chemically precipitated silica.

2.1.5 The Buck Reef chert : clastic-free siliceous deposits.

Environmental context.

The Buck Reef Chert (3416Ma, Kröner et al. 1991) is a thick siliceous sedimen-

tary unit located above shallow intrusive to possibly extrusive dacitic volcanic rocks

and volcaniclastic units of the Hooggenoeg Formation defined by Lowe et Byerly

(2007) (see Figure 2.2 for location) (Viljoen et Viljoen 1969a;c, de Vries et al. 2006,

Lowe et Byerly 2007, de Vries 2010, de Wit et al. 2011, Furnes et al. 2011). The com-

bined volcano-sedimentary sequence was called the Buck Ridge complex (BR-vsc)
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by de Vries (2004) and de Vries et al. (2006) (see also de Vries 2010). It was emplaced

during extensional tectonic activity as revealed by numerous listric normal faults

(de Vries et al. 2006). Volcaniclastic units, composed of dacite-derived conglome-

rate and sandstones, are interpreted by Lowe et Fisher Worrell (1999) as coastal or

braidplan deposits formed during the erosion of the Hooggenoeg Formation. They

are the local equivalents of previously-described turbiditic sandstones of Komati

River (Lowe et Fisher Worrell 1999, Lowe et Byerly 2007).

The Buck Reef Chert is a 250-400m-thick sequence of black and white banded

cherts and minor ferruginous or shale units that outcrops continuously for more

than 30km along the west limb of the Onverwacht anticline and discontinuously

along its eastern limb (Lowe et Fisher Worrell 1999, Tice et Lowe 2006). On the

eastern limb, the Buck Reef Chert has been stratigraphically linked to chert layers

interbedded with ultramafic lapillistones and pillow basalts overlying the clastic

sequence of Komati River Chert (Lowe et Byerly 2007). We focus on the western

limb area, where the Buck Reef Chert is the thickest and best exposed.

The base of the unit is an evaporitic facies (EV) composed of silicified sand-

stones, cherts and nahcolite (NaHCO3) pseudmorphs, as shown in Figure 2.3. The

lithologies and sedimentary structures of this lower unit indicate a shallow-water

lagunal environment (Tice et Lowe 2006). The following 200-300m of the sequence

record a gradational transition from the lower facies (LBC in Figure 2.3), composed

of detritus-rich B&W banded cherts and marked by medium- to low-energy current

structures, to the upper facies (UBC), composed of continuous, finely-laminated

B&W cherts recording deeper deposition, away from coastal turbulences. These

banded carbonaceous cherts evolve upward through a highly ferruginous, altered

cherty zone named banded ferruginous chert (BFC) in Figure 2.3, and reappear in

the last 50m below the overlying Kromberg basalts.

There are two schools of thought on the origin and paleoenvironment of the

Buck Reef Chert. de Vries (2004) and de Vries et al. (2006) regard the banded chert

sequence as the uppermost silicified endmember of an arc-like succession of basal-

tic and felsic rock : based on the observation of chert veins, hydraulic breccias and

quartz-filled cavities, they interpret the silicification as a result of strong hydrother-

mal involvement during felsic magmatism that controlled both sedimentation and
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extensional tectonic activity. On the other hand, Lowe et Byerly (1999) and Tice et

Lowe (2006) envisage deposition of cherts on a subsiding open-marine platform

previously formed by the erosional products of an adjacent felsic volcanic edifice,

now represented by the underlying Hooggenoeg Formation. According to these

authors, the banded chert sequence formed without hydrothermal contribution by

normal marine sedimentation of a carbonaceous, organic-matter-rich siliceous mix-

ture from hot, Si-supersaturated seawater. An intermediate model was proposed

by Hofmann et Bolhar (2007) and Hofmann et Harris (2008) who advocate hydro-

thermalism at least during the deposition of the lower evaporitic facies. Following

silicification, this unit may have acted as a barrier to hydrothermal fluid circulation.

Upon the cessation of hydrothermal activity, and thanks to the chert barrier, the up-

per part of the sequence was protected from hot fluid circulation and is probably

composed of precipitated oceanic silica.

The presence of microfossils and microbial mats in the Buck Reef Chert (Walsh

1992, Tice et Lowe 2004; 2006, Westall 2005), and the unusual thickness of the ban-

ded chert sequence make this area of special interest. We focus here on the B&W

banded chert facies and part of the lower evaporitic facies to better constrain the

origin of cherts and silica, and to investigate chert formation in a detritus-free,

open-marine setting.

Field description.

The first facies of clastic sediments is located within the lower evaporitic unit

(Fig.2.3) and consists of 10 to 30cm-thick siltstone layers with contrasting charac-

teristics. Homogeneous white layers, marked by a 2 to 3cm-thick dark black zone

at the base, alternate with uniform, rusty-weathering layers (Fig.2.18 - a). In the lo-

wermost part of this unit, the white layers are commonly discontinued and form Si-

rich nodules with contorted shapes within the rusty facies (Fig.2.18-d). Variations

in weathering colors are interpreted to reflect different silica and iron contents.

Contacts between layers are sharp and commonly soft deformed : the top and/or

base of white layers are undulating and often form contorted masses (Fig.2.18 - a,

b). Internal thin laminations (1mm-thick in average) are observed in rusty layers

and defined by fine-grained grey particles (Fig.2.18 - c).
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Figure 2.18 – Selected photos of banded siltstone at the base of the Buck Reef Chert sequence (lower,
evaporitic unit). (a) Alternations consist of white-weathered and rusty-weathered fine-grained silts-
tones where color changes are attributed to varying silica and iron contents. The white-weathered
layers commonly have darker bases in diffuse contact with the white part. Photos (b) and (c) represent
typical undulating, sharp contacts between both facies. (d) Part of the lowermost white siltstone form
disseminated nodules instead of straight layers.

The lower and upper sequences (LBC and UBC) are composed of alternating

and equally common black carbonaceous chert and white translucent chert, as

shown in Figure 2.19. The bands decreases in thickness from base to top, from

4-20cm-thick to 2-4cm-thick in average. All rocks have high silica contents, as re-

vealed by the nearly translucent aspect of most of the layers.

The black chert layers preserve thin laminations and current-induced structures,

such as ripple marks and cross-laminations. They contain light-grey, fine-grained

particles (< 1mm in average) which lie in a siliceous translucent matrix, especially

in the LBC. The uppermost layers of the sequence contain fewer particles, with little

to no sedimentary structures, and have slight rusty-weathering colors revealing

the presence of ferruginous components. White chert layers lack obvious detrital

grains and sedimentary structures, and are almost entirely composed of massive,

homogeneous, finely crystallized silica (Fig.2.19). The weathering color is white
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Figure 2.19 – Typical banded black and white cherts facies. Regular alternation of particle-rich,
thinly laminated black chert and particle-free, translucent white chert are shown. One layer at the
top of the sequence is crystallized with colloform structures and is interpreted as concordant silica
vein. White layers may be soft deformed on top (b) and rounded white fragments are commonly
found isolated in the black facies.

and milky, often preserving the translucent aspect of the chert. The absence of

pink-, rust- or red-weathering colors is evidence for the absence of iron or other

impurities.

Soft deformation structures are abundant in white cherts and typical examples

are shown in Figure 2.20. Contacts with surrounding black cherts are sharp and

frequently undulating (Fig. 2.20 - a,b). In photo (b), the laminations in the overlying

black facies are disturbed close to the undulating contact but become regular and

undeformed within 1-3cm of the contact. Undulation troughs lack evident onlaps

or fan-like sedimentary structures, indicating that the deformation was not syn-

sedimentary but rather occurred at very shallow burial, just after emplacement of

the black chert and while the white chert was still soft and deformable. In photos (c)

and (d) of the same figure, the deformation is still in the ductile field, but occurred

in the opposite direction. The white layer is planar at its upper contact but strongly
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Figure 2.20 – Photos of Buck Reef cherts showing the rheological evolution of the white facies
through diagenesis, from (a & b) soft but cohesive near the seabed, developing load cast structures at
the interface with the denser, upper black chert, to (c & d) denser than surrounding units during the
early stages of diagenesis as shown by the sinking of the overlying white chert into the underlying
laminated sediment.

deformed at its base, pointing to the downward penetration of the chert into the

underlying laminated sediment. The sediment lamination are strongly deformed

and their convex-shape is characteristic of ball-&-pillow structures.

Both these types of deformations are characteristic of density inversions (e.g.

Potter et Pettijohn 1963, Owen 1996, Pope et al. 1997, Obermeier 1998, Obermeier

et Pond 1999, McLaughlin et Brett 2006), and the second type probably occurred at

slightly deeper conditions as the white chert became denser during diagenesis.

A different type of soft deformation is shown in Figure 2.21. The outcrop

consists of alternating black and white chert layers capped by a conglomeratic

unit. Below the conglomerate, the black chert is homogeneous thorougout while

the white layers are elongated and disrupted along the bedding. Such boudinage
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Figure 2.21 – Succession of banded black and white chert layers ending with a conglomerate unit on
top. Below the discordance (base of conglomerate), the white layers are elongated and softly disrupted
along the bedding while the black facies remains homogeneous thorough. The "boudinage" of white
cherts within undeformed black material is evidence for its faster induration and plastic behavior at
the time of deformation.
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Figure 2.22 – Silicification and fluid circulation structures within the Buck Reef Chert. (a) A thinly
laminated, black to light grey chert presents diffuse silica intrusion from its base to its top, leading to
disappearance of internal structures and giving rise to a white, semi-translucent color. (b) Example
of a white chert vein intruded parallel to the bedding. The vein is filled by well-crystallized quartz
contrasting with the particle-free, white, translucent chert it intruded. The lower part of the picture
represents Fe-rich, very fine-grained siltstones with seafloor soft deformation structure.

develops when a competent horizon is enclosed within two less competent layers.

The elongated and contorted shape of each boudin suggests that the white chert

was plastic at the time of deformation but less competent than the black chert

(Goscombe et al. 2004).

Some white chert layers appear to have formed as veins or fractures that cut

across surrounding units, commonly at very low angles, and can be traced only

over small distances along outcrops. They are generally well-crystallized and coar-

ser grained than the white chert layers. They typically preserve colloform structures

and vary in thickness from <1mm to 20cm. One example of concordant chert vein

is shown in Figure 2.19. Other traces of Si-rich fluid circulations are the presence

of abundant silicification fronts that can strongly affect internal structures of black

cherts. In Figure 2.22 - a, the front is pervasive and migrated perpendicularly to

the bedding whereas in photo (b) of the same figure the silicification is much more

heterogeneous and cuts across the black chert layering. These structures, together

with the abundant silica veins, are evidence that strong silicification affected the

Buck Reef cherts after their deposition.

Distinctive "slab conglomeratic" layers alternate with the regular black and

white banded cherts (Fig.2.23). They can reach 1 to 2m in thickness (generally
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Figure 2.23 – (a) and (b) Photos of slab conglomerates from the Buck Reef site. Each layer is
characterized by an abrupt transition from undisrupted to disrupted white chert layers. The slabs
are parallel at first to the bedding, then they become inclined and more rounded through the top of the
unit. The white chert slabs are the disrupted equivalent of massive white layers and were reworked
and redeposited in a still soft black chert matrix. Undisrupted white chert layers mark the lower
limit of the sliding zone.

<50cm) and often disappear laterally after a few meters. These conglomerates

consist of elongated, angular to sub-rounded slabs of white chert, typically 2 to

50cm-long and 1 to 10cm-thick, in a matrix of grey to black chert. None of the

conglomerate unit is made of black chert slabs in a white chert matrix. The slabs

are generally oriented sub-parallel to bedding, but in places they are strongly dis-

rupted and oriented at high angles.

The upper contacts of conglomerate beds are irregular due to the disposition

of the slabs, and overlying detritus-rich black chert fill troughs with typical fan

structures, as shown in Figure 2.24 - b. At the lower contact (photo a), fluid-escape

structures are often observed and point to conglomerate deposition onto a still soft
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Figure 2.24 – Seafloor deposition evidence for slab conglomerates. (a) The surface of conglomerates
is dependent of slab geometry during deposition. The irregular surface is filled during by upper
thinly laminated, particle-rich black chert with fan sedimentation and onlap structures. (b) At bottom
contact, underlying laminated, iron-rich siltstone shows well-developed fluid escapement structure
induced by slab conglomerate emplacement.

and hydrated substratum. These observations indicate that the slab conglomerates

form an integral part of the sedimentary sequence.

The slabs are lithologically similar to undisrupted white chert layers, being com-

posed of homogeneous and translucent finely crystallized silica. Typical examples

are shown in Figure 2.25. A few rusty-colored slabs have been found in the lo-

wermost part of the LBC which is thought to reflect the local higher iron content

in the form of minor impurities within the chert. Slabs commonly develop rims of

well-crystallized quartz (up to 1cm-thick) in sharp contact with surrounding matrix

(Fig.2.25 - e). The matrix is either homogeneous or thinly laminated and composed

of light-grey detrital particles in a black siliceous matrix. In places, large cavities

(up to 5cm-long and 1-3cm-large) are left between chert slabs and filled by well-

crystallized, commonly colloform silica (Fig.2.25 - d).

Deformation structures are common in both slabs and matrix, and each com-

ponent behaved differently. The slabs generally maintained an elongated, angular

to sub-angular shape, indicating they were rigid at the time they were disrupted

(Fig.2.25). In contrast, the matrix shows plastic deformation highlighted by flowage

of the detrital content around chert fragments (Fig.2.25 - c). We interpret those fea-

tures as evidence that the slabs were silicified and indurated early while still at the
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Figure 2.25 – Selected photos of white chert slabs in conglomerate layers showing the range of
shape, size and organization of such fragments. They are angular to sub-rounded, range in size from
cm- to several dm-long and have or not well-crystallized siliceous aureoles. The matrix is invariably
composed of black chert with soft-deformation structures (c) and void-filling silica is common in this
facies.

seafloor, then disrupted, probably during major storms, before being redeposited

as fragments in a soft, detritus-rich siliceous matrix. Rare fragments show irregular

undulating edges, and their sharp contacts with surrounding matrix point to very

early disruption before complete induration on the seafloor rather than secondary

dissolution after deposition (Fig.2.25 - a, c). Preservation of such soft-deformation

structures enclosing brittle deformed, more rigid slabs of white chert, is another

indication for very rapid induration of the fragments at the surface.
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Figure 2.26 – Optical microscopy for massive white chert samples. µQz = microquartz, Qz =
Quartz. (a) and (b) show the purity and homogeneity of massive white chert. They are entirely
composed of microquartz of 5µm in average. (c) and (d) All layers are cross-cut by thin quartz-filled
veins (< 0.5mm) that can be associated with siderite (c) and ankerite (d) secondary minerals.

Petrological characteristics

As the white, detritus-free chert layers are most likely to represent primary

precipitates, we collected 5 samples at the interface with surrounding black cherts.

An additional 15 samples were taken from massive black chert layers, white chert

veins, and slab conglomerates.

Massive translucent white chert bands are homogeneous throughout the whole

banded sequence. As shown in Figure 2.26, they are entirely composed of micro-

crystalline α-quartz (>99%) as confirmed by the X-ray diffraction spectra from the

previous section, Figure 2.13. The texture is equigranular and individual quartz

grains are small, < 5-10µm in size (i.e. microquartz). They show irregular, crenu-

late boundaries and have sweeping extinctions (Fig.2.26 - a, b). Through the breadth

of each band, grain size remains constant without internal sedimentary structures

and the closely intergrown framework contains little porosity. Minor iron oxides

(e.g. hematite), siderite and stilpnomelane are seen in white cherts from the upper,
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Figure 2.27 – Natural (right) and polarized (left) photomicrographs showing the petrologic evolu-
tion from a massive black chert (base) to massive white chert (top) with an intermediate concordant
quartz-filled vein. The contact of the vein is irregular with surrounding black chert and a specific
internal organization : at the contact the vein is composed of microquartz that evolves to mesoquartz
and megaquartz when going through the center. The micro to megaquartz transition is abrupt aver
less than 0.2mm. Traces of chalcedony may be preserved in the microquartz facies in the form of
radial twinning within neighboring quartz packages.
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Figure 2.28 – Massive black chert layer at the interface with a white chert vein. CM = Carbona-
ceous matter, µQz = microquartz, Qz = Quartz. (b) is a detail of (a). The chert contains all three
carbonaceous matter facies : detrital rounded grains, elongated agglomerates and thin laminations.
Laminations drape detrital grains (b) and may be microbial mat. They are irregular and define fe-
nestrae that are representative of microbial activity. The contact with overlying chert vein cross-cuts
black chert internal structures.

ferruginous part of the sequence. Some grains appear to have grown on the mi-

croquartzitic matrix and are interpreted as secondary minerals ; others are located

within thin cross-cutting chert veins as in Figures 2.26 - c, d.

In contrast, the white chert veins, independent of their thickness (from less than

1cm to 10cm), show features that distinguish them from the massive white cherts.

Their contacts with surrounding rocks are either diffuse and irregular, as shown in

Figure 2.27, or sharp, as shown in Figure 2.28, and commonly cross-cut surroun-

ding chert layers. Thin veins (<1mm-thick) often root in the main vein and pene-

trate perpendicularly the host-rock. From the smallest to largest veins, a typical

internal organization is illustrated in Figure 2.27 : they have inhomogeneous quart-

zitic compositions and distinctive grading from margin to centre. A thin zone of

microquartz (grain size <5µm) lines the contact with surrounding units, in places

marked by a colloform structure, i.e. a fine concentric banding enveloping undula-

tions at the contact. This fine-grained zone is followed inward by crystals of
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Figure 2.29 – Photomicrographs for massive black chert samples. CM = Carbonaceous matter,
µQz = microquartz, Qz = Quartz. (a) and (b) show the sharp and regular contact with overlying
massive white chert layers. Black facies contain significant amount of carbonaceous matter in the
form of small particle agglomerates (a, b), homogeneous grains (e) and thin laminations (a to d).
(c) and (d) Detrital quartz grains are embedded within carbonaceous layers. They are rounded with
diffuse edges and are recrystallized as microquartz so that only ghosts and shapes are conserved. (e)
Carbonaceous matter can be more diffuse and highlight internal textures induced by silica migration
within layers (colloform texture in this case). (f) Stylolites monitor a pressure-dissolution process
during deep burial of cherts. They disturb chert vein and reveal silica redistribution during late
diagenetic processes.
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megaquartz, up to 1mm-long and commonly aligned perpendicular to the contact.

The central parts of these veins often contains siderite or ankerite grains that are

intergrown with macroquartz crystals and could represent the final crystallization

product.

The black chert layers contain abundant and morphologically diverse types of

carbonaceous matter, as shown in Figures 2.28 and 2.29, in association with va-

riable quantities of sand-sized particles : the latter are interpreted as rounded de-

trital quartz grains that are almost entirely replaced by microquartz (Fig.2.29 - c,

d). Carbonaceous matter occurs as (1) rounded agglomerates (up to 1mm) of small

particles, (2) elongated homogeneous grains (<0, 5mm), and (3) thin laminations

within the silicified sediments (<10µm thick) (Fig.2.28). The agglomerates are ge-

nerally rounded and undeformed with well-defined boundaries whereas the ho-

mogeneous grains are often elongated parallel to the laminations. Carbonaceous

matter makes up to 10% of the black chert, the rest being microcrystalline quartz

(< 5µm).

The thin carbonaceous laminations are very common in black chert bands. They

are commonly deformed by current action, especially in the lower part of the se-

quence. Several samples showed irregular, undulating shapes resembling microbial

mats. The Figure 2.28 represents one of these organic-rich samples. The thin car-

bonaceous laminations can be followed laterally and are characterized by irregular

undulations and local detachments that give way to fenestrae filled by microquartz.

Such structures are considered to be fossil traces of fluid and gas circulations

related to microbial activity of mat. Carbonaceous grains and agglomerates are

commonly trapped within and draped by the thin layers of the biogenic structure

(Fig.2.28 - b), which is interpreted to represent microbial growth in a detrital-rich

environment. When such microbial mats are observed, they are systematically in-

terbedded at a micrometer scale with pure, finely crystallized silica layers <10µm

in thickness.

The characteristics of the contacts between black and white cherts, and the

contrasting features in each type of band, may be the key to understanding the

origin of the banding in the Buck Reef Chert. Internal structures in black cherts,

which are either biogenic laminations or abiological structures, generally follow
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Figure 2.30 – Optical microscopy of massive black and white cherts. CM = Carbonaceous matter,
Qz = quartz. (a) and (b) The black chert has carbonaceous laminations typical of microbial mats.
Perpendicular cracks connected within the black facies by a thin quartz-filled vein are interpreted
as silica infiltration during white chert emplacement when the mat was still alive. (c) Sharp and
irregular contact with small-scale load-cast structure induced by small, recrystallized detrital quartz
grain. Carbonaceous matter is concentrated at the interface during compaction. (d) Microbial mat at
the top of black chert partially erased by diffuse silica concentrations.

the contact with surrounding white chert layers (Fig.2.30 - a, d). The contact is

sharp with small-scale irregularities that are commonly associated with indenta-

tions from detrital particles from the overlying material, (i.e. small-scale load cast

structures) (Fig.2.30 - c), or with the presence of microbial mats below (or above) the

contact (Fig.2.30 - a, d). Both resemble soft-deformation structures that developed

during sedimentation.

In Figure 2.30 - a and b, infiltration structures can be observed : the upper-

most laminations of the mat are cut by fine fractures perpendicular to the general

orientation, and the thin veins ,now filled by microquartz (< 20µm), appear to have
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Figure 2.31 – Optical microscopy in slab conglomerate samples. CM = Carbonaceous matter, µQz
= Microquartz, Qz = quartz. Slabs are highlighted by white dotted lined. (a) and (c) show the
internal matrix-supported structure of slab conglomerates. Slabs are elongated and sub-rounded
with carbonaceous matter concentrated in their rim (a) at the contact with the matrix. (b) Chert
fragments are entirely composed of quartz with sizes varying from <2µm to < 20µm. (d) and (e)
Part of the matrix has a cavity-filling texture, with microquartz at the contact with slabs that may
conserve traces of chalcedony. It sharply evolves through macroquartz when going away from chert
fragments. (d) This texture is often better developed with well-preserved large chalcedony crystals
(up to 1mm). Is is associated with microquartz that design colloform textures. (a) and (c) highlight
that if carbonaceous matter is present in the matrix, it precludes cavity-filling texture to develop and
the matrix as microquartzitic composition. (f) Rare microbial mat fragments can be observed : here
a surprisingly well-preserved mat is softly deformed with roll-up structure and local detachment,
showing reworking when still alive.
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migrated along the mat, and to have generated a new, thin perpendicular crack.

Such structures are interpreted as desiccation cracks that formed during the depo-

sition of white chert onto living microbial communities.

The contact can also show anomalous concentrations of carbonaceous matter as

in Figure 2.30 - c. Because underlying laminations are undeformed, and because

there is no evidence of silica infiltrations between both facies, we suggest that this

structure developed during the early compaction of underlying, carbonaceous-rich,

black chert during white chert deposition on the seafloor.

Multiple generations of silicification can be observed, and especially in the black

chert facies. Part of the contact with surrounding white chert layers may be erased

by diffuse silica enrichment in the first <0.2mm, as shown in Figure 2.30 - d. Be-

cause the silica seems not to penetrate deeper in the black chert, we attribute this

type of structure to very small-scale, pervasive silica diffusion during white chert

precipitation onto previously deposited black chert. In places, pervasive silica can

enter deeper into the underlying chert layer. Figure 2.29 - e shows that penetrating

fluids locally redistribute carbonaceous matter, then concentrate it at crystal edges

during precipitation of silica minerals. Thanks to carbonaceous matter concentra-

tions, the very early colloform texture of the primary crystallization phase is pre-

served, despite secondary recrystallization. Such pervasive textures and diffusive

contacts indicate that this silicification occurred at a very early stage of chert depo-

sition, while it was not fully lithified, at or near the surface. Additional silicification

occurred while the chert was indurated, as revealed by numerous generations of

chert veins that cross-cut massive layers (Fig.2.29 - d, f). Finally, the presence of

abundant stylolites (Fig.2.29 - f) deep in the sequence provides evidence of late

remobilization of silica due to pressure-dissolution process. They affect the earlier

chert veins and are thus the final stage of secondary silica migration. Despite the

significant silicification of the sequence, we note that sedimentary structures are

generally well preserved in the black facies. The lack of internal structures and

carbonaceous content in white layers renders difficult the observation of possible

secondary silicification, and chert veins being the most common evidence of this

process.

In conglomeratic layers, the slabs consist entirely of homogeneous quartz that
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varies little in grain size, from microquartz <5µm to mesoquartz up to 20-30µm

(Fig.2.31 - b). Carbonaceous matter is nearly absent within fragments but is com-

monly concentrated in well-crystallized rims (Fig.2.31 - a), located essentially at

microquartz boundaries leading to a spiderweb aspect. When well-developed rims

are observed (typically >3mm), they are composed of mesoquartz with grain sizes

varying between 50 and 100µm.

The matrix around slabs is mainly composed of quartz and carbonaceous matter

that produces the black color in outcrops (Fig.2.31 - a, c). Two facies are observed :

(1) When carbonaceous matter is abundant, either in the form of detrital roun-

ded particles or carbonaceous aggregates, the surrounding matrix is very similar

to massive black cherts, being essentially composed of microquartz (<5µm). Rare

pieces of microbial mats may be present in the form of thin discontinuous and

disrupted laminations. Figure 2.31 - f shows a remarkably well-preserved mat frag-

ment with a roll-up structure and internal detachments typical of reworking of

living biofilms.

(2) In part of the matrix, a coarser facies has characteristics similar to white

chert veins (Fig.2.31 - c, e). At the contact with chert fragments, the matrix is finely

crystallized to microquartz (<5µm) and traces of chalcedony are often preserved

in the form of radial extinction patterns in juxtaposed quartz packages. This tex-

ture defines a <0.5mm-thick aureole around chert fragments. Moving away from

slabs, the crystal size abruptly increases to that of megaquartz (up to 1mm). When

secondary recrystallization is nearly absent, large chalcedony grains (up to 2mm)

are preserved and colloform textures can remain (Fig.2.31 - d). This part of the

matrix is free of carbonaceous matter and attributed to precipitation in cavities

between slabs from circulating fluids. As in massive chert layers, numerous chert

veins (<1mm-thick) cross cut conglomerates and affect both the slabs and matrix

(Fig.2.31 - c), reflecting secondary fluid infiltration during early and/or late diage-

nesis processes.

X-ray microfluorescence analyses.

Using the methods described in Section 2.1.3, we produce X-Ray microfluores-

cence maps for two samples located at the interface between massive black and
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Figure 2.32 – X-ray microfluorescence maps of phases distribution at the interface between massive
black (base) and white (top) chert layers. The contact is highlighted with the solid white line. Two
phases are described : a microquartz phase that is present in high amount in both facies, and a
"protolith" phase restricted to the black chert facies. The reference for the protolith phase is obtained
by choosing pixels with the highest amount of aluminum, potassium and iron according to the
method described in section 2.1.3. The nature of the protolith could not be recognized due to the very
low overall major element concentration.
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white chert layers. The results are shown in Figure 2.32. As the overall concen-

trations of major elements are very low compared to the silica content (SiO2 is

around 100wt% for all samples), we chose zones with the highest aluminum, po-

tassium and iron contents in order to identify traces of any putative protolith. The

intense silicification process complicates the recognition of the protolith with this

technique, but the resulting map highlights zones where possible minor detrital-

like components are located. Geochemical whole rock analyses are the subject of

Chapterchap4.

The high silica content is easily visible on maps of Figure 2.32 where the mi-

croquartz is the dominant phase in both black and white chert layers. However,

black cherts show significant proportion of the "protolith" phase, expressed as ligh-

ter dots dispersed within the rock. The dispersion, scarcity and rounded shapes of

protolith traces suggest that the phase represents isolated, very fine grained detrital

particles now mostly silicified to microquartz.

2.1.6 Summary and primary discussion on Buck Reef Cherts.

The Buck Reef Chert is a thick siliceous sedimentary sequence deposited under

evolutive conditions, from coastal lagunal at the base to deeper conditions at the

top. Lowe et Fisher Worrell (1999) and Tice et Lowe (2006) proposed normal open-

marine sedimentation on a subsiding platform, based on the abundance of current-

induced sedimentary structures in the lower facies (i.e. ripples, cross-laminations,

storm-induced conglomerates), their disappearance in the upper facies, and the

thinning of the bedding through the top.

The origin of Buck Reef Chert is strongly debated. Lowe (1999), Westall et al.

(2001) interpreted the sequence as being composed of silicified sediments with

variable precursor types, either evaporites, microfossils, carbonates, felsic or ko-

matiitic volcaniclastic sandstones. On the contrary, Lowe et Fisher Worrell (1999)

and Tice et Lowe (2006) argued that the sequence was deposited as a mixture of

a gelatinous silica and organic- and detritus-rich material, before being silicified.

All advocate intense post-formation silicification of Buck Reef Chert, but disagree

on the source of silicification : some proposed hydrothermal fluid circulation (e.g.

de Wit 1982, de Vries 2004, de Vries et al. 2006) while others propose seawater-
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seafloor interaction at or near the surface (Lowe et Fisher Worrell 1999, Knauth et

Lowe 2003, Tice et Lowe 2006). The final element of controversy concerns the origin

of the banding : whether it is inherited from the protolith of the result of diagene-

tic processes. Lowe et Fisher Worrell (1999) and Tice et Lowe (2006) argue for the

segregation and migration of pure silica from the primary siliceous-rich, carbona-

ceous mixture during diagenesis. In the following section, we build the case for

an alternative origin in which all elements of the sequence were originally deposi-

ted as banded sediments, some with detrital, volcanic or organic component, and

others almost entirely chemical.

The situation is complicated in the Buck Reef sequence by the strong secondary

silicification that pervades most of the sequence. In contrast to the Komati River se-

quence, the Buck Reef Chert is dominated by siliceous sediments, without a signifi-

cant clastic contribution, and contains abundant traces of fluid circulation. Evidence

for secondary, early to late, silica mobilization and fluid circulation is provided by

the abundance of micro- to macro-scale quartz-filled veins (Fig.2.22 - b and 2.29 -

d, f), the local alteration of internal sedimentary structures across well-defined si-

licification fronts (Fig.2.22 and 2.29 - e), and common replacement or cavity-filling

textures in the slab conglomerate matrix (Fig.2.31 - c, d, e). The youngest structures

are stylolites that pervade the sequence and represent pressure-driven dissolution

during compaction of the sediment pile.

Despite the strong silicification, primary textures and sedimentary structures

are generally well-preserved, particularly in the black chert, and we found abun-

dant evidence for primary sedimentation of both black and white chert facies.

(1) The frequent occurrence of microbial mats in black cherts. Thin carbonaceous la-

minations alternate with silica micro-bands (both <15µm) in black cherts, which are

interpreted as microbial structures. The shape, lateral continuity and good preser-

vation of the carbonaceous laminations record microbial growth on the underlying

surface rather than reworking of previously deposited material. This is further sup-

ported by the presence of detrital grains (either quartz or carbonaceous aggregates)

enclosed in the structure : they deform the carbonaceous layers on which they were

deposited and are draped by new growth structures, showing that the mat was gro-



76 Chapitre 2. Origine des cherts et processus de formation.

wing as clastic particles were being deposited. When found at the lower part of a

bed, i.e. in contact with underlying massive white chert layers, the microbial mat is

modeled on the interface and is often deformed by millimeter-scale load cast struc-

tures (Fig. 2.30 - c). We interpret these structures to indicate deposition of silica

on a still soft and living microbial colony. The deposition of chert may have killed

the biota, as shown by the desiccation and silica-infiltration structures of Figure

2.30 - a,b. The contact is partially affected in places by small-scale silica migration

(Fig.2.30 - d), but is generally sharp and resembles a normal sedimentary contact.

(2) Syn-sedimentary soft-deformation structures. The contacts between white and

black chert layers are sharp and frequently marked by large- and small-scale de-

formation structures typical of seafloor sedimentation and early diagenetic den-

sity inversions. In outcrop, undulating white chert surfaces are deformed along

syn-sedimentary structures. Figure 2.20 shows lateral thickness variations of the

overlying black chert detritus-rich laminations (i.e. fan sedimentation), that are at-

tributed to accumulating load on the still soft underlying white chert shortly after

sedimentation. Additional evidence comes from the boudinage structure of Figure

2.21 that requires the presence of still competent, white chert layers close to the

seawater-sediment interface. In thin sections, the sharpness of the contact (Fig.2.29

and 2.30) and the occurrence of small-scale load cast structures provide additio-

nal support for our interpretation of seafloor sedimentation of both the black and

white cherts.

(3) Slab conglomerates. The texture and mineralogy of white chert slabs in conglo-

merates are very like that of undisrupted white chert layers (Fig.2.26 and 2.31) :

this likeness suggests a similar origin and similar physico-chemical conditions du-

ring precipitation of both chert facies. The slabs are thus interpreted to have once

been part of white chert layers that had been deposited on the seafloor before they

were disrupted and reworked by sedimentary processes. The brecciation, rewor-

king and redeposition of the conglomerate layers occurred at the surface, as shown

by fan sedimentation at their top (Fig.2.24). We believe that the fluid-escape struc-

tures shown in Figure 2.24 further support seafloor emplacement, although one can

argue that these are diagenetic features. If these not entirely convincing, the pre-



2.1. Article 1 77

sence of the microbial mat with roll-up structure in Figure 2.31 - f constitutes solid

evidence for the seafloor deposition of conglomerates because such structures im-

ply that the mat was still alive at the time it was enclosed within the black, siliceous

matrix. The resulting slabs were redeposited onto still-soft sediments, probably a

mixture of primary silica, detrital grains and organic matter that now forms the

matrix of the conglomerates. Plastic deformation of the matrix is highlighted by

the flowage of the detrital components around chert fragments, as shown in Fi-

gure 2.25 - c. The reworking of slabs left large cavities that are now filled with

microquartz, megaquartz and fibrous quartz, commonly with colloform textures,

as shown in Figure 2.31 : the mineralogy and textures of this material strongly re-

semble that of fracture-filling cherts. The presence of large, well-preserved, fibrous

quartz crystals is taken as evidence for the circulation of low temperature hydro-

thermal or seawater fluids (Cady et al. 1998) in the shallowest part of the sediment

pile.

(4) Mineralogical homogeneity of silica phases and absence of protolith relicts. We

previously emphasized that, even in a setting where some of the cherts were subject

to strong silicification, the black cherts preserve internal structures (e.g. microbial

mats and detrital grains), as shown in Figures 2.29 and 2.28, as well as protolith

relicts in the form of particulate impurities, as shown in the chemical maps of Fi-

gure 2.32. Thus, because white cherts are entirely composed of microquartz, with

no particular structure or contaminant phases (Fig.2.26), we argue that they pre-

cipitated from a Si-rich fluid rather than being replacement products. Moreover,

as we showed that slabs in conglomerates are the disrupted equivalent of white

chert layers, we use the pure, microquartzitic composition as evidence for silica

deposition at Archean surface conditions.
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2.1.7 Rheological considerations.

From the deformation structures observed in both the Komati River and Buck

Reef site, several constraints can be proposed for the early behavior of chert during

or just after deposition.

(1) Flame structures at Komati River. As previously described, flame structures

are common features at the interface between the upper black chert facies and the

next, overlying turbidite unit. From Figure 2.8, two types of flames are recognized :

those of photos (c) and (d) penetrate up to 5-7cm the overlying sediment in various

directions while those of photo (a) are tilted to the right. Because such structures

are also common in modern, sedimentary equivalents, we can infer that the chert

was deformed following similar processes during the Archean.

Flame structures are very common load-induced, antiform features that gene-

rally affect fine- to very-fine grained sediments (e.g. mud) (e.g. Mills 1983, Maltman

et Bolton 2003, Oliveira et al. 2011). They are related to the vertical compression

induced by the rapid sedimentation of a denser material onto a still-soft and water-

rich substratum. The deformation is triggered by the density and rheology contrasts

between the two superposed materials (e.g. sand over shales, shales over mud or

salt) and to the buoyancy capacity of the lighter material (McKee et Goldberg 1969,

Bishop 1977). The static, vertical loading (orthogonal to bedding) increases the pore

pressure within the lower fine sediment and induces its liquefaction (Lowe 1975,

Allen 1982, Owen 1987, Nichols 1955, Maltman et Bolton 2003). Porosity fluids are

thus free to escape and start to migrate upward through the overlying, coarser

sediment to form flame structures. In the case of turbidites, the basal motion of

the debris flow brings an additional shear component (orthogonal shear ; Oliveira

et al. 2011) that models the shape of the flame : the bottom part of the flow locally

sinks into the underlying soft-sediment, and the narrowing top of the flame thus

indicates the opposite direction of the turbidite emplacement (e.g. Myrow et al.

2002).

Because we showed that Komati River cherts formed at the surface and because

we believe that the silica precipitated as a mixture with fine grained, clay minerals,

we propose that such primary siliceous ooze must have behaved in a similar way
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to mud-like sediments, meaning it was able to liquefy under vertical compressions

and shear stress. Such rheological behavior is characteristic of thixotropic fluids

such as colloidal suspensions of clay, mud and silica (Ambrose et Loomis 1933,

Perret et al. 1996, Barnes 1997, Pignon et al. 1998, Besq et al. 2000, Coussot et al.

2002, Labanda et Llorens 2006), a property that may have had the siliceous ooze at

Komati River.

As reported by Oliveira et al. (2011) (see also Oliveira et al. 2009), such defor-

mation occurs at, or just below the seabed, thus supporting the marine origin of

the black chert horizon. We cannot exclude that diagenetic fluids expelled from

turbidites contributed to the silica enrichment at their top, but the significant lack

of dewatering features (e.g. Marr et al. 2001, Tanner et Lucas 2010) indicates that

such contribution was probably minor and diluted by the marine component.

(2) Silica gel in the tuffaceous chert unit ? The siliceous, translucent network of Fi-

gure 2.10 is one of the most intriguing feature we encountered in the Komati River

site, and in any other site studied in this thesis. We failed to find a modern equiva-

lent for such structure and can only hypothesize on its origin. We strongly believe

that the planar bottom shape and ripple-like upper shape correspond to current

induced deformation structures : (1) the silica network is concordant with the bed-

ding, (2) two generations of such "ripples" are superposed, (3) several ripples are

encountered along the same interval of silica network, and (4) such ripples are

consistent with the current-induced ripples found in the surrounding tuffaceous

chert.

Thus, we tentatively propose that such structure might have been produced at

the surface, when an almost pure gel of silica was partially reworked under low-

energy current activity. So doing, the gel enclosed packages of still-soft tuffaceous

material, now forming isolated rounded masses within the siliceous structure.

(3) Soft-deformations at Buck Reef. The load-cast and ball-and-pillow structures

of Figure 2.20 and the boudinage structure of Figure 2.21 are taken as evidence

for the presence of soft (i.e. plastic) white chert layers just below the seabed, and

for their high induration rate compared to the surrounding black units. The load

structures are interpreted as density inversion features similar to those found in
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modern setting, where denser sediments overly lighter material (e.g. shale/mud,

siltstone/shale, etc.) (e.g. Potter et Pettijohn 1963, Owen 1996, Pope et al. 1997,

Obermeier 1998, Obermeier et Pond 1999, McLaughlin et Brett 2006). It implies

that the white chert was, at first, less dense than the black chert to produce the load

structure of Figure 2.20-a,b. The black facies thus migrated into the underlying soft

and deformable, pure siliceous deposit while the white chert migrated upward as a

response of both its higher buoyancy and the excess material influx. The ball-and-

pillow structure occurred in the opposite direction, with the white facies sinking

into the underlying laminated sediment. Thus, we propose that these two structures

represent two stages of the white chert diagenesis with a rapid evolution from soft

and light siliceous material to more plastic and dense, partially indurated chert.

The boudinage structure provides further evidence for the contrasting indura-

tion rate of both the black and white chert facies. Indeed, the limited stretching

of the white layers implies they were more competent than the surrounding black

layers. The compressive stress provoked by the sedimentary loading transformed

into tensile stress in the competent layer, leading to its disruption along the bed-

ding (e.g. Ramberg 1955, Sanderson 1974, Smith 1975; 1977). As previously noted,

the boudin shape, being elongated along the bedding and showing rounded edges,

suggest a plastic behavior of the white, siliceous material at the time of deforma-

tion.

(4) Slab conglomerates and brittle deformation. As discussed in the previous sec-

tion, slab conglomerates are composed of disrupted white chert layers deposited in

a plastic black, siliceous matrix that was present at at the surface. Because the slabs

have angular to sub-angular shapes, we argue that they were rigid at the time of

disruption, an idea already proposed by Lowe et Knauth (1977).

The formation of slab conglomerates, also referred to as "flat-pebble conglome-

rates", have been investigated by numerous workers in modern and ancient set-

tings. They recognized four principal mechanisms : (1) subaerial exposure, desic-

cation and reworking during subsequent emersion (Braun et Friedman 1969, James

1984) ; (2) Slope instability by ongoing sediment accumulation and formation of

debris flows, mud flows or slump sheets (Szulczewski 1968, Bialik et al. 1972, Cook
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et Mullins 1983) ; (3) Combination effects of flow, storms and active waves (Jansa et

Fischbuch 1974, Jones et Dixon 1976, Seilacher 1991, Sepkoski Jr et al. 1991, Kozub

1997) ; (4) Seismic events and related fluctuating sea level and tsunamis (Kullberg

et al. 2001, Myrow et al. 2004).

According to the structures described in these studies, the Buck Reef conglo-

merates best corresponds to reworked sediments under strong wave action. The

recognition criteria we use are the angular shape of chert slabs (Szulczewski 1968,

Vierek 2010), the lack of desiccation structures (e.g. mud cracks, fenestrae ; Braun

et Friedman 1969), the horizontally of the slabs (Myrow et al. 2004) and the ab-

sence of typical tsunami features (e.g erosion features, channeling, injectites, cyclic

sedimentation and seismic cracks ; Dawson et al. 1991, Kullberg et al. 2001, Pratt

2002).

According to this model, the cyclic shear stress induced by storm waves is ca-

pable to destabilized the upper part of the banded, siliceous sedimentary pile by in-

creasing the pore fluid pressure in the least compacted materials and, consequently,

lowering their strength (Myrow et al. 2004). Kazmierczak et Goldring (1978) descri-

bed a "loosening along less cohesive laminae", which in our case corresponds to the

cabonaceous-rich black chert intervals that now forms the black matrix. According

to Myrow et al. (2004), a viscous flow dominated by laminar shear can account for

the transport of the sediment-chert mixture and for the slab horizontality. If the

carbonaceous-rich material was indeed able to flow, the white cherts behaved dif-

ferently according to their higher degrees of lithification. Because large portions of

chert slabs are preserved (up to several tens of centimeters), we advocate a short

transport of chert layers that were close to the surface prior to reworking.

According to this model, and in good agreement with the previous observa-

tions, we further support the idea of rapidly indurated pure siliceous precipitates

at or near the surface, whereas black, carbonaceous material remain soft and de-

formable even after some burial.



82 Chapitre 2. Origine des cherts et processus de formation.

2.1.8 New models for chert formation

Komati River Chert

In the Komati River site, environmental conditions were very different from

those of Buck Reef Chert : the basin is epicontinental according to Grosch et al.

(2011) and was subject to very strong and rapid detrital inputs. The debris flows

that deposited turbidites are short, gravitationally- and/or tectonically-induced

events, with declining sedimentation rates from base to top of each flow empla-

cement : at first, the sedimentation rate is high as the coarsest and heaviest par-

ticles and lithic fragments are deposited, then the settling velocity declines with

decreasing detrital grain size. This evolution produces the so-called Bouma se-

quence (Bouma 1962) within which the finest material comprises the uppermost

part of turbiditic layers, generally in the form of fine-grained clay and mud depo-

sits.

In Komati River turbidites, our observations show that, as the deposition rate

decreased, the sedimentation mode evolved from clastic deposition to chemical

precipitation of silica, first as cement between detrital grains, then as amorphous

phase mixed with minor amount of clay minerals and minor, very fine grains of

detrital feldspar. In the previous sections, we argued for inorganic chemical precipi-

tation rather that secondary hydrothermal advection, and we admitted a possible

contribution of diagenetic fluids : we now discuss the origin of the silica and its

deposition mode and propose a new process for the formation of Komati River

cherts.

Considering here a small Archean basin, as proposed by Grosch et al. (2011), the

seawater chemistry must thus have been significantly enriched in dissolved silica.

We favor continental silica fluxes exceeding possible hydrothermal contributions gi-

ven the large quantities of erosional products and clastic sediments deposited here,

whereas hydrothermal features are lacking (e.g. dykes, veins, chimneys, etc.). In-

deed, during weathering, the K-feldspar to phyllosilicate transformation produces

significant amount of dissolved silica, following the equation 2.1, which is then

transported to the basin by rivers and contributes to the Si-enrichment of seawater.
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3KAlSiO3O8 + 2H+ + 12H2O ↔ KAl3Si3O10(OH)2 + 6H4SiO0
4 + 2K+ (2.1)

K-feldspar + Water ↔ Muscovite (Sericite) + Dissolved silica and potassium

Moreover, the limited area of the basin, due to its intracontinental position,

could have enhanced the rate of evaporation and resulted in additional silica en-

richment (e.g. Siever 1992, Maliva et al. 2005). However, as the amount of deposited

chert at Komati River is low compared to other clastic-rich sites of the Barberton

Belt, e.g. in the lower Fig Tree Group (see Chapter 3), such evaporative contribution

to the local silica enrichment is not required. Our model thus assumes that the ma-

rine conditions were favorable enough to allow the chemical precipitation of silica

in the water column.

During turbidite emplacement, the clastic sedimentation was initially rapid and

overwhelmed the chemical sedimentation. The clastic deposition rate rapidly de-

clined as the finest detrital particles deposited through the top of the Bouma se-

quence, while the silica precipitation became more significant, probably triggered

by the high sorption capacity of detrital clay (Rouchon et Orberger 2008, Rouchon

et al. 2009, Rimstidt et Barnes 1980, Williams et al. 1985, Williams et Crerar 1985).

The precipitated silica initially constituted the turbidite cement, then became do-

minant to constitute the entire rock.

Because we lack the average time interval between turbidite events, we cannot

constrain accurately the rate of chert deposition. A simple calculation shows that,

if the basin were permanently saturated (or close to saturation), and if black chert

layers do not exceed 30cm in thickness, the maximum rate of deposition ranges

from 30 to 3mm/yr assuming typical modern intervals of 100 or 1000 years bet-

ween debris flows. These values are significantly higher than previous estimations

in BIFs, for which deposition rates of 0.03 to 1mm/yr have been proposed (Barley

et al. 1997, Pickard 2002, Konhauser et al. 2005). Because the basin was subject to

large detrital inputs, it is inconceivable that nothing else but silica and clays were

deposited between two turbiditic events. Thus, because the internal organization of

black cherts is homogeneous and continuous, without significant detrital contribu-
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tion, we suggest that permanent Si-oversaturation of the basin water is unlikely and

envisage short-term enhanced chemical precipitation triggered by the clay content.

The discontinuous inputs of debris flows is thus thought to be responsible

for local and episodic precipitation of silica. During turbidite emplacement, large

amounts of suspended particles are rapidly introduced to the basin and trigger

heterogeneous nucleation and precipitation of silica. Siever et Woodford (1973),

Williams et al. (1985), Williams et Crerar (1985), Gehlen et Van Raaphorst (2002)

and Grenne et Slack (2003) described how such particles act as nuclei that concen-

trate dissolved silica via a sorption process controlled by the nature and specific

area of particulate matter and by the dissolved silica concentration, cation content

and pH of the solution. Accordingly, the weak silica addition to the coarser part of

turbidites and its upward increasing content is best explain by the higher sorption

capacity of clay minerals : their higher surface/volume ratio compared to coarser

particles allow significant amount of silica to be sorbed.

Rouchon et al. (2009) calculated that 1g of shale take up about 35mmol of si-

lica, whereas coarser sediments such as fine pebble conglomerates take up only

4.5mmol. The sorption takes place either at the seawater-sediment interface, or di-

rectly in the water column during particle settling, with the low settling velocity

of phyllosilicates (<0.1mm/s, value for silt-size particles ; Gibbs et al. 1971) that

enhances the quantity of sorbed silica. Although silica precipitates primarily to-

gether with clays, it also forms the majority of the cement in the final chert and

underlying siltstone, pointing to additional silica nucleation in the fine porosity of

the sediment and/or to diagenetic fluid contribution at this stage of the model.

Despite the very high silica content in this clastic environment, detrital particles

are physically and chemically preserved, which could be used as a criteria for the

recognition of primary silica precipitation from low temperature oceanic fluids. Ne-

vertheless, such criterion requires that we can be confident of the non-authigenic

origin of the observed phases.

In our study, we showed that the majority of sericites represent detrital particles

inherited from granitic and dacitic rocks, and are thus neither neoformed nor au-

tigenic minerals. Adapting the model of Rouchon et Orberger (2008), we propose

that the sorption of silica onto the clastic particle within the Si-rich water column,
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and the subsequent settling of these flocs to the seafloor, resulted in the deposi-

tion of a gelatinous phase mixed with detrital clays and micro-feldspars at the top

of turbidite layers. We depart from their interpretation by suggesting that (1) seri-

cites are continent-derived detritus and not locally produced, (2) the silica sorption

does not affect detrital-particle chemistry, (3) the transformation of K-feldspar to

sericite in the source occurred during weathering at the land surface rather than

during seafloor K-metasomatism, and (4) the source of the detrital particles must

be a mixture of dacitic and granitic rocks to account for the presence of orthoclase

and microclines in the turbidites.

In Chapter 4, the Si and O isotopic compositions of Komati River siltstones and

cherts are used to provide further constraints to our model.

Buck Reef Chert

The Buck Reef black and white cherts were deposited in a very different setting

in which continental-derived, detrital inputs were minor, thus favoring chemical

sedimentation driven by oceanic processes. In the previous sections, we provided

evidence that the bedding represents periodic sedimentation of alternating pure si-

liceous deposits and carbonaceous-matter rich siliceous mixtures in a shallow sub-

siding basin. Here, we review and discuss several hypotheses and possible trigger

mechanisms for the deposition of such a massive banded chert sequence.

(1) The diagenetic hypothesis. Lowe et Fisher Worrell (1999) and Tice et Lowe (2006)

proposed an early diagenetic origin for the banding. They argued that at first a

mixture of chemical sediment, detrital particles and organic matter, was deposited

on the seafloor, then the silica segregated to form the white chert bands, the rest

forming the black chert layers. Such hypothesis has also been proposed for the

similar structures in banded iron formations (BIFs) (e.g. Krapez et al. 2003, Lascelles

2007). However, we prefer wholly a sedimentary origin for the bedding, based on

the following observations :

(1) The upper and lower contacts of white chert layers with surrounding black

units are sharp, and local diffusion of silica is rare and limited to the very first 1mm

of the transition, as shown by the pervasive structures of Figure 2.30 - d.

(2) The microbial mat structures are very well preserved. Upward migration of
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silica during early diagenesis would have resulted in disturbance, and probably

disruption and flattening of carbonaceous laminations, which is not the case, as

shown in Figure 2.28.

(3) Each black and white chert layer maintains a uniform lateral thickness over

several tens of meters in outcrop : such regularity is unlikely to be preserved if the

layers formed by the segregation of the white phase.

(4) One may expect that each black chert/white chert couplet will have a rather

constant thickness ratio through the sequence if the white facies were produced

by the dewatering/re-precipitation of a primary mixture. Although both facies are

concomitantly thinning upward as the basin depth increased, such ratio is not res-

pected and strongly varies from one couplet to another, a typical example of which

is shown in Figure 2.19.

(5) In the sandstones and siltstones from the lower part of the Buck Reef se-

quence (Fig.2.18), white layers alternate with rusty-weathered layers with the pa-

lest color being associated with the highest silica content. If silica segregation was

a major process for the banding, it is barely conceivable that the highly porous,

silica-rich siltstones did not produce pure white chert layers at their tops.

(6) Arguments against a diagenetic origin also emerged from geochemical ana-

lyzes, and are pointed out in Chapter 4. These arguments are essentially based on

the strong differences in composition between black and white layers sampled next

to each other. Especially their mobile element content is very contrasting which is

barely conceivable if both facies were genetically related.

We thus favor a sedimentary origin for the bedding, which implies cyclic va-

riations of the physicochemical characteristics of local seawater that triggered the

precipitation mode of silica, either as a pure phase (i.e. white chert), or mixed with

carbonaceous matter and detrital particles (i.e. black chert). The following para-

graphs thus focus on the possible cyclic variations that may have occurred in the

paleo-basin.

(2) The hydrothermal hypothesis.

Models of early Earth evolution suggest higher heat production and faster sea-

floor spreading rate during the Archean (e.g. McKenzie et Weiss 1975, Abbott
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et Hoffman 1984). Moreover, enhanced hydrothermalism has been evidenced ba-

sed on specific chemical characteristics of marine precipitates (carbonates, iron-

formations and cherts), including very common, black-smoker fluid-like, positive

europium anomalies, low, mantle-like Sr isotopic values and radiogenic Nd isoto-

pic ratios (e.g. Fryer et al. 1979, Veizer et al. 1989, Derry et Jacobsen 1990, Danielson

et al. 1992, Kamber et Webb 2001, Eglington et al. 2003).

Hydrothermal fluids may thus have significantly contributed to the Archean

seawater chemistry, and several models propose their involvement in the formation

of marine precipitates, especially for banded iron-formations (BIFs) (e.g. Holland

1973, Dymek et Klein 1988, Kato et al. 1998, Van Kranendonk et al. 2003, Bolhar

et al. 2005) : these rocks are composed of alternating Si-rich and Fe-rich layers,

the former being precipitated during normal chemical sedimentation and the latter

produced under active hydrothermal inputs to the basin. Although this model is

not unique (e.g. Alibert et McCulloch 1993, Hamade et al. 2003, Posth et al. 2008), a

similar process can be proposed for the deposition of the Buck Reef Chert : white

chert layers could have precipitated from Si-rich, high-temperature fluids during

enhanced hydrothermal activity at the vent (de Wit 1982, Paris et al. 1985, Brasier

et al. 2002), while the black chert layers could represent quiescence periods and

"normal", oceanic sedimentation of silica and carbonaceous matter, with varying

detrital inputs (Tice et Lowe 2006).

Although significant secondary fluid circulations were evidenced in this study,

we agree with the observations of Tice et Lowe (2006) that the Buck Reef units lack

relicts of hydrothermal-derived plumbing structures, such as vent mounds, chim-

ney or dikes, and that no identifiable heat source could have triggered widespread

hydrothermalism in the area. Moreover, hydrothermal venting cannot account for

the remarkable regularity of the banding and periodicity of white chert layers. It

would require a very regular and cyclic activity in which chimneys released equal

amount of silica during each pulse, and pulses would be equally spaced in time,

which seems unlikely for hydrothermal systems (Tice et Lowe 2006), even in the

Archean.

However, such considerations are not sufficient to rule out the hydrothermal

hypothesis because the source of the fluids can be far from the deposition site.
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Upwelling currents or hydrothermal plumes can transport deep hydrothermal wa-

ters onto the continental shelf, the latter which may expend up to 10km from their

source (e.g. Lupton et al. 1985, Baker et al. 1985, Baker et Massoth 1986, Baker et al.

1987, Klein et Beukes 1989, Baker 1990, Dymond et Roth 1988, Feely et al. 1994b;a,

Isley 1995, Feely et al. 1996). In such a model, hydrothermal activity would have

driven the silica influx and saturation state of the local oceanic fluids at Buck Reef.

Tice et Lowe (2006) ruled out such contribution on the basis of the absence

of hydrothermally-derived metal enrichment in the Buck Reef cherts. Such obser-

vation relies on the comparison with modern hydrothermal fluids characteristics,

especially black-smoker-like fluids that vent at mid-oceanic ridges. However, Shi-

buya et al. (2010) recently used thermodynamical calculations to suggest that Ar-

chean hydrothermal fluids could have been significantly different from modern

analogues, thus questioning the relevance of modern comparisons.

As will be discussed in Chapter 4, geochemical analyses fail to distinguish ocea-

nic vs. hydrothermal contribution, even when using the highly immobile rare-earth

elements. However, some trace element features, such as Ba, Pb, Cr and Ni enrich-

ments, could be attributed to specific marine conditions in which hydrothermal

fluids might have been part of the chemical budget of the Buck Reef paleo-basin.

The Si and O isotopic data (Chapter 5) are ambiguous and appear to indicate a

marine contribution in one white chert layer, whereas another layer taken less than

5m above has a strong hydrothermal signal.

Thus, although we prefer a strong seawater contribution to both the primary

cherts and the subsequent silicification of the sequence, we do not exclude the pos-

sible contribution of hydrothermal fluids, but we still require a trigger mechanism

for the massive precipitation of the silica. The following paragraphs deal with what

we call the "Oceanic hypothesis" which is a discussion of possible parameters that

could have led to cyclic oversaturation of seawater with respect to dissolved silica.

(3) Seasonal variations.

The base of the Buck Reef Chert has been dated at 3416 ± 5Ma (Kröner et al.

1991), but we lack an upper limit to constrain the span of time that saw the deposi-

tion of the 200-450m-thick siliceous units. The next age determination corresponds
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to the Footbridge Cherts, dated at 3334Ma ± 3 and located at about 1200m above

the present unit. It is probable that the errors are larger than the ±5 and ±3Ma,

but we assume for the purpose of this exercise that the interval was no more than

90Ma. Thus, we can assume a reasonable time of deposition of about 15 ± 5Ma for

the Buck Reef cherts.

Using a maximum thickness of 400m for the sequence and an average 2cm for

each chert layer, a simple calculation shows that the Buck Reef cherts would have

formed in about 10, 000 years if each white/black chert couplet represented a sea-

sonal deposition of silica. Moreover, such a calculation gives a minimum sedimen-

tation rate of 4cm/yr, which is far greater than the 0.03 to 1mm/yr proposed for

Precambrian BIFs (Barley et al. 1997, Pickard 2002, Konhauser et al. 2005).

We thus envisage an alternative model in which the massive black layers re-

present "normal" sedimentary conditions whereas the white layers were produced

under abnormal conditions as described later in the section.

In the black chert facies, the microbial mats occur as a mixture of silica and

carbonaceous detrital components that could have served as substrate for the com-

munity growth. The laminations constitutive of the mat are intercalated with thin

silica bands, both of which are 5 to 10µm-thick in average (Fig.2.28 and 2.30).

Such structures are observed in modern siliceous sinters and has been inter-

preted in two ways. Walter et al. (1972) and Berelson et al. (2011) both proposed

a daily cycle in sinter deposits of Yellowstone, and interpreted microbial lamina-

tions of tens of micrometer-thickness as produced by biological activity during the

day that balances the abiologic precipitation of silica, while at night quiescence of

microbes allows inorganic silica precipitation. This daily growth is unlikely in our

case because the Buck Reef cherts would have been deposited in more than 400My.

Konhauser et al. (2001) focused on the microbial-silica interaction in modern sin-

ters from Iceland and prefer a seasonal microbial activity, with active growth du-

ring summer onto a silica-rich substratum, followed by a quiescence period during

winter when abiological silica precipitation exceeds the bacteria growth capacity.

Considering the seasonal hypothesis, and assuming a maximum thickness of

200m for the black units, 2cm for each layer, and 10µm for the microlayers, then

the whole black chert sequence would have been deposited within ∼ 10Ma, which
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is consistent with the proposed estimation of the timing of deposition of the Buck

Reef Chert. Moreover, such calculation gives an average sedimentation rate of ∼

0.2mm/yr, which is within the range of BIFs estimates (Barley et al. 1997, Pickard

2002, Konhauser et al. 2005).

Thus we suggest that the black cherts represent the common type of sedimen-

tation in the Buck Reef basin, within which are recognized seasonal cycles of silica

precipitation vs. microbial growth similar to those reported by Konhauser et al.

(2001) in Iceland. However, the origin of the white chert layers remains unsolved :

because white cherts are entirely composed of cryptocristalline silica without de-

trital content or microbial communities, they must have been deposited in a very

short period of time. Thus, we envisage a catastrophic precipitation process for

such layer, triggered by one or another parameter that cyclically varies and allowed

periodically the water column to pass through its saturation limit with respect to

dissolved silica. Following the same logic as the above calculations, the periodicity

of the white chert deposition would be around 10, 000 years.

(4) The climate forcing hypothesis

A first possible explanation involves climatic changes to account for the ban-

ding. We envisage the presence of a stratified ocean where a surface layer, e.g.

above the thermocline, is progressively enriched in dissolved silica during high

evaporation periods. Then, several factors could have caused the concentrations

to exceed the sursaturation level, which, as a consequence, could induce rapid and

massive pure silica precipitation and an drastic lowering of dissolved silica contents

in the water column. Then, a new evaporative period would allow the recharge in

dissolved silica of the surface layer until the next perturbation occurs.

Glacial/interglacial transitions could be an interesting option as they could fit

the inferred thousand years periodicity for the white chert deposition. Such a mo-

del is proposed in Figure 2.33. During inter-glacial periods, the environment could

have been warm enough to favor the colonization of the seafloor by microorga-

nisms and high evaporation rates could account for permanent silica precipitation

from Si-saturated surface water (e.g. Siever 1992). Such conditions would favor the

formation of a Si-saturated layer at the surface of Archean oceans, especially in the
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Figure 2.33 – Theoretical model for the formation of Buck Reef black and white banded cherts,
with special emphasize to the white chert formation. According to the model, inter-glacial periods
are marked by strong evaporation and high riverine inputs that have competitive influence on the
silica solubility. Surface water is maintained close to the saturation with respect to dissolved silica
and permanent precipitation of silica is accompanied by the colonization of the seafloor by microbial
communities. During glacial periods, the evaporation rate is low, the seawater temperature drops
and the pH is lowered. These factors cooperate to allow the destabilization of the surface water and
the precipitation of massive and translucent silica by flocculation/sedimentation process.

Buck Reef case where the water depth is low. The presence of evaporitic deposits

at the base of the sequence also sustains such warm and favorable conditions for

high silica precipitation. Hydrothermal contributions are still envisaged in this mo-

del and could have contributed to the Si enrichment of ambient fluid, but are not

responsible for the banding.

Continental influxes are known to be a significant source of silica to Precam-

brian oceans (e.g. Cloud 1973, Laschet 1984, Hamade et al. 2003, Basile-Doelsch

et al. 2005, Alexander et al. 2008; 2009). The alkalinity of river waters may have

promoted the dissolution of silica in the water column as the silica solubility is

enhanced under high pH conditions (typically for pH>9 ; Knauss et Wolery 1988,

Brady et Walther 1990, Bennett 1991, Dove 1994). Thus, high evaporation rates at

the ocean-atmosphere interface and significant riverine contribution during inter-
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glacial periods could maintain the water basin close to the silica saturation and

would have been able to produce the siliceous and carbonaceous-matter rich mix-

ture at the origin of the black cherts. A permanent settling of silica flocs in the water

column or its permanent uptake at the sediment-water interface by the living biota

can thus account for the black chert formation.

During glacial periods, the temperature drops, riverine inputs are insignificant

and the pH may be lowered to more acidic conditions. These factors would coope-

rate to destabilize the now strongly enriched surface water, leading to sudden and

dramatic precipitation of pure silica from this layer and its settling down through

the water column as silica flocs. In the same time, the biota would have entered a

quiescent period of a thousand years, leaving the environment free of anything but

silica.

Such a model fits well (1) with the regularity of the banding and its homoge-

neous lateral extent, (2) with the thickness decrease up-section as deeper marine

conditions dilute the silica concentrations, (3) with the purity of the white cherts,

i.e. their lack of continental inputs and living biota, (4) with the varying isotopic

composition in this facies, as hydrothermal and marine contributions are not in-

compatible with the climatic-triggered silica precipitation, and (5) with the time

constraint of a few thousand years for the periodicity of white chert deposition.

This model brought into questions when considering the extensive literature

dedicated to the Archean climate, which is believed to have been warm and hu-

mid based on numerous geological evidence, including the presence of evaporitic

deposits and stromatolitic carbonates (Hofmann 1999, Van Kranendonk et al. 2003,

Allwood 2006, Tice et Lowe 2006, Allwood et al. 2007, Lowe et Tice 2007, Allwood

et al. 2010), the abundance of fluvial sandstones and conglomerates (e.g. Mueller

et Corcoran 1998, Eriksson et al. 1998, Lowe et Fisher Worrell 1999, Sugitani et al.

2003), the low Ca, Na and Sr content in Archean shales (Eriksson et al. 1998), high

weathering indexes in clastic rocks (see Hessler et Lowe 2006, for a review), the

Si and O isotopic compositions of cherts (e.g. Knauth et Lowe 1978; 2003, Robert

et Chaussidon 2006) as well as thermodynamic models involving high contents of

greenhouse gases in the atmosphere to solve the Faint Young Sun Paradox (e.g.

Lowe et Tice 2004, Ohmoto 2004, Shaw 2008).
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The oldest glaciation is recorded at 3.0-2.9Ga in the Pangola Supergroup in

South Africa, and followed a long term cooling of Precambrian surface conditions

(Von Brunn et Gold 1993). Archean glaciogenic deposits, essentially found in South

Africa, are limited to diamictites in the Witwatersand Supergroup (3-2.7Ga ; Wie-

bols 1955, Harland 1981) and glaciaclastic strata in the Pangola Supergroup (3.1-

2.8Ga ; Von Brunn et Gold 1993). Apart from these rare and questionable traces,

most of the Archean appears to have been non-glaciated according to Young et

Gostin (1991). However, glacial/inter-glacial periods, in our sense, do not neces-

sary involve ice sheet development/destruction, but could have well be expressed

as strong variations of mean surface temperatures during the Archean. We believe

that the shorter Milankovitch cycle of ∼ 20, 000 years, resulting from the periodic

axial precession of the Earth, can account for the substantial temperature drops

and rises proposed in our model, and could explain the Buck Reef black and white

banding. Such natural temperature variations have also been advocated by Posth

et al. (2008) to explain the layering in BIFs, although no time constrain has been

proposed.

(5) The water mass mixing hypothesis

An alternative model to the climate forcing involves water mass mixings due to

upwelling systems and/or hydrothermal plume formation in the Archean oceans.

Both these types of water currents were proposed in some models for BIFs forma-

tion to account for the supply of iron in shallow marine, near continental settings

(e.g. Drever 1974, Degens et Stoffers 1976, Ewers et Morris 1981, Ewers 1983, Morris

et Horwitz 1983, Klein et Beukes 1989, James 1992, Morris 1993).

The lack of significant iron, or other component but silica, in the major part

of the Buck Reef Chert requires specific water masses enriched solely in dissolved

silica and lacking particulate matter, an assumption that may be supported by the

recent thermodynamic model proposed by Shibuya et al. (2010). Based on the fact

that Archean seawater was significantly different from modern oceans, i.e. near-

neutral to slightly acidic and enriched in CO2, they proposed that fluid-rock inter-

actions in hydrothermal systems may have differ from modern settings, leading to

the production of hydrothermal fluids with specific composition that departs from
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present day acidic and iron-rich vent fluids. Their model proposes the emanation

of high-temperature, alkaline and silica-rich buoyant plumes from basalt-hosted

plumbing systems. Such alkaline emanations have been similarly proposed for the

Hadean (Russell et al. 1993, Martin et al. 2008) and for Archean, Al-depleted koma-

tiite hosted hydrothermal systems (Wang et al. 2009). The modern Lost City field, a

hydrothermal system off the Mid-Atlantic Ridge, also provide evidence that alka-

line fluids can be produced in ultramafic hosted plumbing systems( (Kelley et al.

2001).

Because modern plumes can extent several thousands of kilometers away from

their vent (Lupton et al. 1985, Lupton 1995), the Si-rich plume hypothesis can re-

concile the large amount of silica deposition at Buck Reef and the lack of hydrother-

mal plumbing evidence in the area. It is also consistent with the thinning upward

of chert layers as the plume would be more diluted in deeper waters. The minute

iron oxides and chromites found disseminated in the white chert microquartzitic

fabrics could also have been brought by such a fluid and could have act as nuclei

for the precipitation of silica. However, the regularity of the bedding requires that

plumes were highly periodical features, a requirement we still doubt of.

Upwelling currents could as well be an option for the silica addition to the

Buck Reef paleo-basin and subsequent precipitation as massive siliceous depo-

sits. Decadal upwelling currents were early proposed by Klein et Beukes (1989)

to account for the formation of iron-formations in shallow platform settings. The

deep, bottom seawater of Precambrian oceans could have been significantly enri-

ched in hydrothermal-derived components, such as silica, and the mixing of such

cold water with the warm Buck Reef oceanic fluids, already enriched in silica by

evaporation, could account for the massive precipitation of the white cherts. More

recently, Dezileau et al. (2004) recognized in a past, coastal upwelling systems a

strong correlation between vertical rain rates of biogenic opal and organic carbon

and the well-known precessional cycles of about 20000 years. These authors sho-

wed that the silica productivity triples as a result of such cycles, although their

study focused on biogenic processes, thus providing a time constrain consistent

with that inferred for the Buck Reef periodicity. However, Wefer et al. (1998) poin-

ted out that upwelling waters generally carry significant particulate matter, such
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as clay, silt and phosphorite, eroded from the continental slope on their way up.

They also observed that sediments close to upwelling systems are subject to intense

chemical activity, with the common formation of authigenic minerals such as dolo-

mite, phosphorite and iron sulfides. All these features are lacking in the pure and

massive white cherts at Buck Reef.

2.1.9 Conclusions

In this study, we first introduce a new nomenclature based on Archean chert

formation process : C-cherts formed by the chemical precipitation of silica at sur-

face condition from ambient oceanic fluids, either as silica gel (or siliceous ooze)

or as cement in unconsolidated sediments ; F-cherts were chemically precipitated

in discordant and concordant veins from circulating fluids ; S-cherts resulted of

replacement by Si-metasomatism of pre-existing rocks by percolating fluids.

The Komati River and Buck Reef sites from the Barberton Greenstone Belt were

selected as a case study for Archean chert investigations. Field and petrological ob-

servations are used (1) to recognize depositional settings, (2) to identify the origin

of cherts and (3) to propose recognition criteria as well as (4) new model for chert

formation.

The Komati River cherts formed as C-chert at the surface of turbidite units by

clastic-triggered, chemical precipitation of silica. The recognition criteria we used

are : the lack of secondary fluid circulation evidence, the deformation structures ty-

pical of surface conditions (i.e. flame structures, ripples, chert pebbles), the chemi-

cal/physical preservation of clastic particles from Si-metasomatism and the conti-

nuous evolution from silica-cemented siltstone to homogeneous chert.

We propose that the chert deposited as a siliceous ooze during the waning

stages of turbidite emplacement and marked a transition from clastic to chemical

sedimentation. The precipitation of silica is favored by efficient sorption on sus-

pended clay particles. The amount of deposited chert is low and does not require a

high Si-saturation of ambient fluids, mostly of oceanic origin with possible porosity

fluid contribution from deeper in the turbidite.

The Buck Reef cherts deposited on the seafloor, as individual black and white

chemical precipitates in a clastic-free, Si-saturated environment where secondary
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Si-rich fluid circulations were abundant. The recognition criteria we used are : the

sharp contact between both facies, the presence of microbial mats soft-deformed

at the interface and soft deformation structures at or close to the seabed (i.e. load

cast, ball-and-pillow structures). Petrological evidence is the pure, microcrystal-

line fabrics of massive cherts, representative of seafloor silica precipitation whereas

void-filling and vein textures characterized by chalcedony and megaquartz are evi-

dence for secondary fluid precipitations. Slabs in conglomerates are interpreted as

the disrupted equivalent of massive white layers and are additional evidence for

the presence of white cherts at the surface as well as for their very rapid induration

just after deposition.

We argue that the bedding is neither of diagenetic origin, nor representative of

periodic hydrothermal activity within the area. We propose a model decoupling the

origin of the black and white facies. The micro-layering in black cherts (i.e. carbo-

naceous matter/silica laminations) is interpreted as seasonal variations with pure

silica precipitation during winter and microbial community growth during sum-

mer. The high purity white layers are thought to result from very rapid, dramatic

silica precipitation with a possible periodicity of a few thousand years. We envisage

the destabilization of the surface layer in a stratified water column and proposed se-

veral trigger mechanisms among which climatic variations at a glacial/inter-glacial

scale seems the most likely. Another possibility is the involvement of Si-enriched,

cold bottom seawater in an upwelling system and/or hydrothermal plume contri-

bution from hydrothermal vents away from the continental platform.

Acknowledgments

This work was supported by the 2011 "PIR Environnements Planétaires et Ori-

gines de la Vie" grant (PIR-EPOV). I acknowledge Frances Westall for the time

she spent with me on the thin sections and for the precious advices she gave me.

Many thanks are given to Etienne Jaillard for the abundant discussions we had on

sedimentary processes. I am especially grateful to Valentina Sobolev and Manuel

Munoz for their precious help on microprobe and X-ray microfluorescence analyses

respectively. Catherine Chauvel is finally thanked for the time she spent reviewing

this chapter.



3Comportement rhéologique des
cherts de fracture.
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In this chapter, we focus on the rheological behavior of carbonaceous cherts in

large dykes from the Barite Valley syncline.
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3.1 Avant-propos

Le chapitre précédent a permis de mettre en avant l’intérêt du couplage entre

des observations de terrain et la caractérisation pétrologique des cherts. Une telle

approche apparaît comme un outil indispensable pour reconnaître l’environnement

de mise en place des cherts, mais surtout leur mode de formation. J’ai pu mettre

en place plusieurs critères de reconnaissance permettant notamment de distinguer

des cherts océaniques (C-chert) de cherts secondaires (S-chert) et révélant ainsi la

nature primaire des cherts de Komati River et de Buck Reef.

Un aspect relativement peu exploré dans les travaux consacrées aux cherts en

général, concerne l’étude des structures sédimentaires et de déformation. Dans ce

premier chapitre, j’ai montré comment, sur la base des observations de terrain, de

telles structures peuvent être utilisées pour contraindre la forme sous laquelle a

précipité la silice. Cette approche me permet en outre de comprendre le comporte-

ment rhéologique qu’avait le précurseur siliceux à l’origine des cherts, à la fois sur

le plancher et dans les premiers stades de diagenèse.

Dans ce chapitre, je présente un article consacré à l’étude des cherts de fracture

de Barite Valley. La rhéologie est au coeur de cette étude, où je m’attache à décrite

les structures de déformation, en l’occurrence les structures de fracturation, afin

de comprendre comment ce sont formés les dykes et quel était le comportement

rhéologique des fluides siliceux qui les ont remplis.

Deux aspects sont essentiels dans l’approche proposée ici : la description des

structures à l’échelle macroscopique, et l’observation des caractéristiques microsco-

piques du chert. La combinaison de ces données montre que les structures internes

du chert sont étroitement corrélées à son comportement initial, à savoir un com-

portement à viscosité variable rarement, si ce n’est jamais, observé ni décrit dans

les dykes de la ceinture de Barberton.

Cette caractéristique thixotropique des cherts de fracture est attribuée ici à la

capacité de la silice à former des polymères en solution, parfois jusqu’à un stade

de gélification avancé en absence de contrainte, et maintenant une viscosité élevée
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dans la solution colloidale. A l’inverse, sous l’effet de contraintes cisaillantes, la

polymérisation est inhibée et la viscosité reste suffisamment faible pour provoquer

le fluage du matériau initial. Un tel comportement pourrait s’appliquer aux cherts

déposés sur le plancher océanique, et l’étude systématique des structures de dé-

formation dans les C-cherts devrait apporter de nouvelles perspectives quant à la

nature de la phase siliceuse précipitant depuis l’eau de mer dans des environne-

ments très variés (e.g. gel de silice, silice amorphe, boue siliceuse).
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Abstract

The transition from the Mendon to Mapepe Formations (∼ 3260Ma) in the Barberton

Greenstone Belt, South Africa, is marked by a ∼ 100m-thick complex of black carbonaceous

chert dykes that cut through silicified volcanogenic units. The fracturation was intense in

this area, as shown by the width of the dykes (<1m in average, up to 8m-thick) and by

the abundance of completely shattered rocks. The dyke-and-sill organization of part of the

plumbing system and the upward narrowing of some of the large veins indicates that at

least part of the fluid originated from below and migrated upward.

Abundant angular fragments, either eroded from adjacent country rocks or brecciated

in situ during fluid infiltration, are suspended and uniformly distributed within the larger

dykes. The lack of closure of the veins below eroded blocks proves that the fragments did

not settled to the lower part of fractures. This is taken as evidence that overpressured fluids

were involved in the formation of the fractures : following the model of Hofmann et Bolhar

(2007), we believe that hydraulic fracturation was at the origin of the dykes.

The most important finding of this study is that the material at the origin of the fracture-

filling black chert was thixotropic. The presence of black chert in networks filling extremely

fine fractures is evidence for a low viscosity at the time of injection, but the apparent sus-

pension of large blocks of country rock within larger veins indicates a high viscosity. The

inference is that the viscosity of the injected fluid changed from low to high.

Such rheological behavior is characteristic of media composed of solid particles suspended

in a fluid. The presence of abundant fine-grained (i.e. clay-sized) particles of silica and

carbonaceous matter, the relatively high proportion of siliceous matrix and the capacity of

colloidal silica to form cohesive 3D networks, can account for the viscosity variations and

thixotropic behavior of the fluid that filled the veins. When it was injected, the stirring and

shearing of the fluid imparted a low viscosity by lowering internal particle interactions, but

as the rate of movement decreased, it became highly viscous as the inter-particulate bonds

were reconstituted.

Key Words - Fracture-filling cherts ; Thixotropy ; Viscosity ; Fracturation ; Hy-
drothermalism.
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3.2.1 Introduction

In the previous chapter, we focused essentially on the petrological characteris-

tics of Archean cherts with special emphasis given to their identification as either

seafloor chemical precipitates, replacement chert of fracture-filling chert. We pro-

posed several mechanisms for their respective formation and gave new insights on

the rheological behavior of C-cherts from their deposition at the surface to shallow

and deep burial conditions.

In this chapter, we focus on the fracture-filling cherts found in the Barite Valley

Syncline. These black carbonaceous cherts are found filling large dykes that mark

the transition from the Onverwacht to Fig Tree Group. They are part of a volcano-

sedimentary complex very similar to those found in other parts of the Barberton

Greenstone Belt, as well as in other Archean terranes (Lowe et Knauth 1977, Nijman

et al. 1998, Lowe et Byerly 2003, Lowe et al. 2003, de Vries et al. 2006, de Wit et al.

2011).

The origin of the widespread shattering of preliminary deposited, and proba-

bly already silicified, sedimentary units is controversial, and thus the origin of the

cherts itself needs to be clarified. Two important papers are considered together

with the present study : Hofmann et Bolhar (2007) and Lowe (in press.). These au-

thors provided extensive field work in the area and proposed contrasting theories

for the origin of dykes.

In the present study, we would like to fill a gap that concerns the rheology of the

material which precipitated to form the now fracture-filling black cherts. Through

descriptions of the field relations and dyke geometry, and the macro- and micro-

scopic characteristics of the chert, we will demonstrate that the fluids from which

they formed had unusual thixotropic behavior, a characteristic already proposed

for seafloor-deposited cherts in the previous chapter. Although the discussion of

the mechanism of dyke formation is beyond the scope of this study, the theories

proposed by Hofmann et Bolhar (2007) and Lowe (in press.) will be briefly revie-

wed to better constrain the origin of the fracture-filling cherts.
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Figure 3.1 – Simplified geological map of the Barberton Greenstone Belt and location of the Barite
Valley Syncline north-east to the Onverwacht Anticline. The stratigraphy is modified from Lowe
(in press.) and corresponds to the western limb of the Barite Valley (location SAF-483 of Lowe (in
press.)). The Onverwacht to Fig Tree transition is marked by the spherule bed S2 (Lowe et Byerly
1986b) below which is found the dyke complex of this study. The dykes begin in the sedimentary
units M3c and M2c, cut through M1c and extent down to the Si-metasomatised komatiitic flows.

3.2.2 Geological context and location of studied dykes

The Barberton Greenstone Belt is a 3.5-3.2Ga volcano-sedimentary sequence ty-

pical of Archean greenstone belts, beginning with the thick, magmatic-dominated

Onverwacht Group at its base (3530-3334Ma ; Viljoen et Viljoen 1969b;a, Armstrong

et al. 1990, Kröner et al. 1991, Lowe et Byerly 1999, Hofmann 2005, Hofmann et

Harris 2008), essentially composed of ultramafic rocks with few sedimentary inter-

calations. It is further divided into the Komati, Hooggenoeg, Kromberg and Men-

don Formations (e.g. Viljoen et Viljoen 1969c, Armstrong et al. 1990, Kröner et al.

1991, Kamo et Davis 1994, Byerly et al. 1996, Lowe et Byerly 1999). The overlying

Fig Tree Group marks an evolution to more felsic rocks with increasing sediment

contributions in the form of clastic or chemical deposits (3258-3226Ma ; e.g. Kröner

et al. 1991, Byerly et al. 1993, Lowe et Nocita 1999, Hofmann 2005). The sequence
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Figure 3.2 – Geological map of the Barite Valley site from Lowe (in press.) showing the repartition
of the dykes. They start at the top of the Mendon Formation (grey) and extent downward through to
the komatiitic units (pink). The red rectangle represents the studied area.
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ends with the thick, clastic-dominated Moodies Group (3230-3110Ma ; e.g. Kröner

et al. 1991, Kamo et Davis 1994), essentially composed of the erosional products of

previously deposited Fig Tree and Onverwacht Groups.

The Barite Valley site is located North-East of the Onverwacht anticline (Fig.3.1),

where the uppermost units of the Mendon Formation (3335-3260Ma ; Kröner et al.

1991, Byerly et al. 1993; 1996) are conformably overlain by the lowermost units of

the Mapepe Formation (3260-3225Ma ; Armstrong et al. 1990, Byerly et al. 1996)

(Fig.3.2). The Onverwacht to Fig Tree transition is well-exposed on the western

limb of the Barite Valley syncline (Studied area : S25◦54.509− 54.535 ; E30◦03.185−

03.236 ; Fig.3.2).

Here, the Mendon Formation comprises a series of komatiite flows (Fig.3.1) with

silicified upper parts (Duchac et Hanor 1987, Hanor et Duchac 1990, Hofmann et

Harris 2008), which evolves to a ∼ 100m−thick unit of thinly laminated ferruginous

cherts (Mc1), massive bedded black cherts (Mc2) then greenish micaceous cherts

(Mc3), all deposited in quiet, probably deep, subaqueous environments (Lowe in

press.). The series contain concordant layers of seafloor-deposited cherts briefly

described in Chapter 2 and recognized as marine, chemical precipitates.

These units are conformably overlain by the felsic volcanogenic sediments of

the Mapepe Formation (Fig.3.1) which comprise intervals of lithic sandstone, slab

conglomerate, barite and minor chert and jasper layers (Heinrichs 1980, Lowe 1999,

Lowe et Nocita 1999). They represent clastic sedimentation in shallower environ-

ments, evolving from fan-delta to alluvial and shallow marine conditions (Lowe

et Nocita 1999, Lowe in press.). Part of the detritus, especially the chert clasts

in conglomerates, was derived from the underlying Mendon Formation (Lowe in

press.).

The sedimentary units are folded and steeply deep to the S-SE (∼ 60◦ ; Fig.3.3-

a). At the top of Mendon Formation, they are cut by numerous veins and fractures

filled with black, carbonaceous chert (Fig.3.2) (Lowe et Nocita 1999, Lowe et Braun-

stein 2003, Lowe et al. 2003, Lowe in press.). The nature and origin of the veins and

of the filling material are the focus of this chapter. The veins terminate below the

spherule bed S2 of the overlying Mapepe unit (Lowe et Byerly 1986b).
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Figure 3.3 – (a) Photo of the Barite Valley area (NE side of the hill) showing the main limits of Men-
don and Mapepe Formations. The series young to the S-SE and steeply deep at ∼ 60◦ in the same
direction. The main dyke complex area begins in the sedimentary units M3c and M2c, cuts through
M1c and extends down to the Si-metasomatised komatiitic flows (K). The stratigraphy is shown in
Figure 3.1. Photos (b) and (c) are examples of black chert dykes cross-cutting the volcaniclastic rocks
of the upper Mendon formation.
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Figure 3.4 – Main types of dykes encountered in the Barite Valley syncline with degree of frac-
turation increasing from photo (a) to (d). The fractures have straight and sharp (a) to irregular
boundaries (c). They contain variable amount of country rock fragments embedded in the black chert
matrix, leading to clast-supported (c,d) or matrix-supported (b) textures in outcrop. Fragments are
most commonly angular in shape and preserve primary laminations.
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Some fractures are parallel to the bedding and commonly root in larger and dis-

cordant dykes that can be followed down into the underlying Mendon units.Typical

examples are illustrated in Figure 3.3 - b & c.

3.2.3 Discordant dykes

Geometry of fractures

As shown in Figures 3.1 and 3.3, the dyke complex starts in the greenish mi-

caceous cherts and black cherts of units Mc3 and Mc2 at the top of the Mendon

Formation, as described by Lowe (in press.). They can be followed several tens

of meters through to the underlying laminated, ferruginous cherts of M1c unit

and can extend up to 100m into the underlying, komatiitic volcanic units Lowe (in

press.). In average, the fractures become narrower with depth in the Mendon for-

mation. The dykes are oriented to the W-NW and cut across the sedimentary rocks

at high angle, commonly at 60 to 90◦ to the bedding although Lowe (in press.)

reported values down to 20-40◦.

The fractures display a wide range of shapes, widths and fracturation intensities

as presented in Figure 3.4. They vary in thickness from a few centimeters to several

meters (max. 8m ; <1m in average) and have complex structures with numerous

mm-thick veins that branch out from the main part of intrusions. From photo (a) to

(d), the shape evolves from straight dykes to irregular fractures, the intermediate

shapes (b) and (c) being the most common type encountered in the area.

The fractures are in sharp contact with surrounding host rocks and contain

variable amounts of host rock fragments embedded within a black chert matrix. The

fragments are most commonly angular in shape, although sub-rounded to rounded

grains can be observed (see next section and Fig.3.7 and 3.8 for description). The

resulting structure is either matrix-supported (Fig. 3.4 - b) or clast-supported (Fig.

3.4 - c) depending on the clast/matrix ratio and degree of fracturation.

Intense cases of fracturation are illustrated by the clast-supported fracture of

Figure 3.5. The structure consists of little displaced, minimally rotated, sub-angular

to angular clasts of fine-grained country rock separated by < 1mm to cm-thick

veins of black chert. All clasts are elongated thorough the same direction due to

the sub-parrallel orientation of most of the chert veins, and the fragments form a
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Figure 3.5 – Highly brecciated zone composed of long and angular host rock fragments with jigsaw
fits separated by mm- to cm-thick black chert veins. The structures are more easily visible on sketches
(a) and (b) corresponding to the upper and bottom parts of the structure respectively. (a) Rocks
are fragmented in small blocks separated by thin black chert veins (<1mm-2cm). Each block is
minimally displaced. (b) This part of the outcrop is less fragmented and the black chert veins are
thicker, reaching 4-5cm. Note that the blocks present in the chert did not settle to the bottom part
of the jigsaw structure. Instead, they look suspended in the siliceous matrix, at least in the two-
dimension view of the outcrop.

"jigsaw-puzzle" texture. The fracturation was more intense in the upper part of the

structure (Fig.3.5-a) as shown by the abundance of small-size fragments (typically

<5mm). When moving through the bottom, black chert veins are larger and country

rock fragments are bigger. These fragments look suspended in the siliceous matrix,

at least in the two-dimensional view of the outcrop.

Other examples of highly fractured zones are shown in Figure 3.6. In photo

(a), the texture resembles the previous jigsaw-puzzle although the fragments are

slightly more rounded. The black chert veins are abundant and range in size from

<1mm to ∼ 5mm. Photo (b) differs from (a) by showing multiple directions of veins

which spread out at 360◦ from a highly fractured central zone.
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Figure 3.6 – Hydraulic-fracturation features in Barite Valley dykes. (a) Jigsaw-puzzle texture :
angular and long-shaped country rock fragments little displaced and separated by cm-thick black
chert veins. (b) Burst-out texture : radiating black chert veins at 360◦ around a central, highly
fractured zone.

Internal structures

Although some of the dykes are filled entirely with homogeneous, translucent

black chert (see Fig.3.4-a), most are charged with fragments originating from the

silicified country rocks. As shown by the multiple examples in Figure 3.7, fragments

have polyhedral shapes covering the whole range between sub-rounded (a) and

cobble (c) clasts. They range in size from ∼ 1cm to 40-50cm (<10cm in average) (see

also Fig.3.4 b to d) and are uniformly distributed within the dyke with their long

dimension commonly sub-parallel to the fracture walls (Fig. 3.7 - b,d), especially

when close to the contact.
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Figure 3.7 – Selection of dykes showing the most common shapes of country rock fragments. They
range in size from ∼ 1cm to 40-50cm (<10cm in average) and show a wide range of polyhedral
shapes, from (a) sub-rounded to (c) cobble-like. They are most commonly irregular as in (b) and
(c). More than 90% of embedded fragments are from the surrounding host rock. The rest consists
essentially of clasts eroded from older veins.
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Figure 3.8 – (a) Homogeneous dyke essentially filled of black chert with low amount angular
country rock fragments. Photos (b) and (c) are located in photo (a) and show agglomerates of small
balls of translucent silica (<1mm). More than half of the balls were eroded during weathering and
part of the remaining holes are now filled with modern zeolite. The packages are found (b) at the
bottom part of a black chert sill or (c) between suspended fragments in the main, vertical channel.

The finest and roundest particles we found are shown in Figure 3.8. They form

dense packages at the bottom of a sill (b) or between suspended fragments in

the main channel (c). The rounded particles are less than 1mm in diameter and

composed of pure, translucent silica and highly weathered grains of unidentified

origin. Such aggregates are rare and most of the fragments less than 1cm in size

display sub-rounded to sharp edges similar to larger clasts (e.g. Fig.3.4-d).

The origin of eroded blocks is easily determined thanks to their resemblance

with surrounding units in terms of color, grain size, structure and texture. We

estimate that more than 90% of the clasts are derived from the adjacent units. The

laminations of the source rock are generally preserved (e.g. Fig.3.4-d), except in the
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most intense cases of silicification. In Figure 3.7-c, the darker zones show signs of

interaction with the primary siliceous fluid and partial disappearance of primary

structures.

The distribution of country rock fragments varies from one dyke to another. The

jigsaw structures, previously shown in Figure 3.6-a, have the highest clast to matrix

ratio and all the fragments are close to one another, being separated only by thin

veins of black chert. These clasts are much longer than large, and preserve typical

spindle-shape edges representative of their minimal displacement. They comprise

more than 60-70% of the fractured zone whereas the black chert is restricted to thin

veins typically less than 1mm.

In larger dykes, the proportion of clasts is more variable. The transition from

clast- to matrix-supported is not particularly obvious, being limited by the two-

dimension of outcrops, but a typical example of matrix-supported dyke is shown

in Figure 3.7, photo (d) (see also Fig.3.4-b for a larger view). In this fracture, pale

grey blocks eroded from the country rock are suspended in the black chert matrix.

Multiple cobble clasts of translucent black chert (Fig.3.7-d) are seen in some veins :

these may have been inherited from an older vein given the lack of black chert

horizons in surrounding units. In other examples of matrix-supported dykes, the

black chert matrix appears homogeneous and free of macroscopic fragments, like

in the previous Figure 3.4-a.

3.2.4 Microscopic observations

The petrography of two representative fracture-filling cherts are shown in Fi-

gure 4.12 (FTC4 and FTC9). These samples were taken in matrix-supported frac-

tures that cut through pale grey, tuffaceous cherts essentially composed of sericite

and microquartz with variable amount of Fe-carbonates.

The apparent homogeneity of the chert in outcrop does not apply at a micro-

scopic scale. Sample FTC9 (Fig.4.12-a) consists of rounded silica and carbonaceous

matter grains in a microquartzitic matrix. The proportion of matrix is difficult to

determine but is estimated between 20 and 30%. The carbonaceous matter grains
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Figure 3.9 – Photomicrographs of fracture-filling black chert samples FTC9 (a) and FTC4 (b). CM
= carbonaceous matter ; µQz = microquartz. (a) Sample FTC9 is composed of rounded particles of
silica and carbonaceous matter in a matrix of microquartz. The grains are 100-200µm in average.
Silica grains are composed of microquartz similar to surrounding matrix leading to diffusive contact
between both phases. Carbonaceous grains are aggregates of smaller particles. (b) Sample FTC4 is
composed of rounded particles of silica (50% of the particulate fraction), carbonaceous matter (50%)
and carbonate (< 2-%) in a matrix of microquartz (up to 50-60% of the chert).
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represent a few percent of the rock. The grains are rounded in shape, consist of

fine particles aggregates and are less than 100µm in size, with rare, larger grains

reaching 500-600µm. On the other hand, the amount of silica grains is much more

abundant and comprises the majority of the chert. Each grain is in close contact to

one another and all are composed of pure microquartz very similar to the surroun-

ding matrix. These silica grains are characterized by sub-rounded to very well-

rounded shapes and have typical size of 200-300µm with minor occurrences of

mm-sized particles.

The sample FTC4 (Fig.4.12-b) is similarly organized and comprises a mixture

of small rounded grains of silica, carbonaceous matter and carbonate in a very

fine microquartzitic matrix. This sample differs from the previous one by showing

higher matrix content (up to 50-60%) whose dark color is due to the presence of

diffuse carbonaceous matter. The grains of carbonaceous material comprises half of

the particulate fraction. They have near-rounded shapes and range in size from 10

to 500µm (100µm in average). Silica grains form the rest of the particulate fraction

and display rounded shapes similar to the carbonaceous grains. They are composed

of almost pure microquartz (<5-10µm) in either sharp or diffusive contact with

the surrounding matrix. Carbonates are a minor component (<5%) and found as

isolated, rounded grains no larger than 50µm.

3.2.5 Discussion

Two main theories have been proposed to explain the intense fracturation ob-

served in the Barite Valley Syncline.

The "hydraulic fracturation hypothesis" was proposed by Hofmann et Bolhar (2007)

who argue that the sedimentary units of Upper Mendon Formation were silicified

early at the surface, during or just after deposition, by the pervasive and diffuse

venting of low temperature hydrothermal fluids through the seafloor. The resulting

impermeable cap of chert would have acted like the seal of a pressure cooker,

increasing the pressure of trapped fluids from the paleo-hydrothermal system and

leading to extensive fracturation and dyke formation.

The "impact hypothesis" was first proposed by Lowe et Byerly (2003) who believe

that a large meteorite or asteroid impact and subsequent seismic activity supplied



3.2. Article 2 119

sufficient energy to produce intense fracturing of the Archean seafloor and the

development of open fractures. More recently, Lowe (in press.) described the most

accurate field work ever done on the Barite Valley dykes and put together various

lines of evidence that favor the fracturation of the primitive oceanic crust by one or

multiple impactors. He proposes a model that includes contemporaneous crustal

fracturing and tectonic activity leading to local block displacement, dyke formation

and tsunami generation, all related to the impact spherule bed described by Lowe

et Byerly (1986b).

The following sections focuses on the rheology of the infilling material at the

origin of the fracture-filling black chert. Complete discussion of the mechanism of

dyke formation is beyond the scope of this study, but both the above hypotheses

need to be considered and will be briefly discussed as the fracturation must be

strongly related to the circulating fluid properties.

Filling of the fractures : from below or from above ?

Although the Hydraulic and Impact hypotheses invoke different the trigger me-

chanism of fracturation, they concur on the following point : the fractures are filled

from above, by the downward migration of unconsolidated carbonaceous sedi-

ments of the Mc2 and Mc3 divisions (Fig.3.1). According to Hofmann et Bolhar

(2007) and Lowe (in press.), these sediments were present on the seafloor at the

time of dyke formation and migrated toward, then into the newly formed, open

fractures in the form of soft and/or liquefied material. The main arguments ad-

vocated by Lowe (in press.) are (1) the presence of rock fragments in dykes that

come from higher stratigraphic levels and the lack of fragments from lower stra-

tigraphic levels, (2) the downward displacement of blocks eroded from adjacent

country rocks and (3) the geometry of the dyke complex that is 50m wide on top

and extend as individual dykes downward through to the Mendon volcanic units.

However, the Figure 3.10 shows evidence of (pene-)contemporaneous upward

fluid migration for some of the studied dykes. The photo (a) shows a dyke-and-

sill structure similar to those observed in magmatic plumbing systems. The main,

vertical channel spreads out laterally at specific sedimentary intervals (i.e. weaker

plans) to form horizontal veins (or sills) concordant with host rock bedding. The
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Figure 3.10 – (a) Dyke-and-sill structure : a central, vertical channel spread out laterally along
weaker sedimentary plane to produce sills concordant with country rock bedding. The structure
ends in the younging direction by a final, <40cm-thick sill. (b) Vertical dyke narrowing in the
younging direction. both photos are evidence for the migration of fluids from below contrarily to the
majority of the dykes that show emplacement from above.

structure does not persist upward as the fluid lost its fracturation capacity, and ends

with a final sill of limited lateral extent (<40cm). Another example comes from the

multi-branch dyke of photo (b) where the main channel, or feeder channel, is larger

at the base and narrower when cutting through younger units. The central part of

the dyke has suspended host rock fragments that are little displaced (1cm) toward

the top of the structure.

Both these structures are evidence that some fluids came from below. However,

we will show in the following section 3.2.5 that upward fluid migrations are not

incompatible with the downward flows observed by Lowe (in press.).
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Behavior of the circulating fluids.

Arguably the most important finding of this study centres on the physical cha-

racteristics of the fluid that filled the fractures. In section 3.2.3, we showed several

examples where the black chert occupies a network of extremely fine fractures (e.g.

jigsaw textures of Fig.3.5), which is evidence for us that the chert had a low visco-

sity at the time it was injected. In contrast, very soon after injection, it must had

acquired a viscosity high enough to suspend large blocks of country rock.

Such a capacity to change viscosity refers to the concept of thixotropy (e.g. Bauer

et Collins 1967, Barnes 1997, Mewis et Wagner 2009). When the fluid was injected,

the stirring and shearing imparted a low viscosity but, as the rate of movement

decreased, it became highly viscous.

The fact that blocks of country rock are distributed uniformly through the vo-

lumes of chert in the large "matrix-supported" dykes (e.g. Fig.3.4-a) indicates that

the transition from low to high viscosity was rapid ; sufficiently rapid that the

blocks did not have the time to migrate towards the lower part of the fracture. This

is especially noticeable in the jigsaw zones, where the veins are wider in the bot-

tom part of the structure and much thinner at the top (Fig.3.5). The lack of vein

closure through the lower zone indicates that the blocks of country rock did not

settle downwards and suggests again that the transition from low to high viscosity

was rapid.

The cause of thixotropic behavior

Inspection of thin sections shows that the fracture-filling black chert is not uni-

form but consists of an assemblage of fine particles in a siliceous medium (Fig.4.12).

The significance of this finding is made clear by consultation of the extensive lite-

rature on thixotropic systems.

From the recent reviews of Barnes (1997) and Mewis et Wagner (2009) (and

reference therein), it is obvious that thixotropy is typical of colloidal suspensions

or any other system in which solid particles are suspended in a fluid. Examples

of such materials are abundant in the everyday life, including food products (e.g.

yoghurt, mayonnaise, ketchup), pharmaceutical and personal care products, adhe-

sives, paints, coatings, printing inks and so on (see references in Barnes 1997, Mewis
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et Wagner 2009). From the mining industry, evidence is shown that mineral slur-

ries, such as clay (bentonite, montmorillonite) and silicate suspensions, are strongly

thixotrope (e.g. Nguyen et Boger 1985, Besq et al. 2000, de Kretser et Boger 2001,

Klein et Hallbom 2002, Oleksy et al. 2007).

In the geological world, it has been shown by Boswell (1948) that all unconsoli-

dated sediments can exhibit thixotropy to a greater or lesser extent. The degree of

thixotropy depends on a variety of factors according to authors, among which are

of major importance the (1) size and shape of suspended particles, (2) the loose pa-

cking and water content of the system, and (3) the presence of adequate electrolytes

such as seawater salts.

The geometry of the grains are particularly important : Freundlich (1935), a

pioneer of thixotropy, pointed out that a substantial proportion of fine-grained par-

ticles, characterized by small size and platy shapes, will promote viscosity drops

under shear stress. He also recognized that rounded shapes or significant amount

of silt and/or sand in the particulate fraction does not inhibit the development of

thixotropic behavior, although it lowers its efficiency. Thus, we propose that the

thixotropy of the fluid at the origin of Barite Valley fracture-filling cherts can be

linked directly to the presence of the small rounded particles randomly distributed

in the siliceous matrix. The thixotropy is especially enhanced by the presence of

fine clay particles (Boswell 1948) eroded from the surrounding silicified tuffaceous

country rocks and by the abundance of carbonaceous matter of organic origin (Bos-

well 1948, Hofmann et Bolhar 2007, Lowe in press.).

The mechanism of viscosity variations is still poorly constrained, but it is

broadly accepted that the competition between(1) break-down of microstructures

under flow stresses and (2) build-up due to in-flow collisions and Brownian motion

drives the rheological behavior of the particulate (or colloidal) suspensions (Boswell

1948, Barnes 1997, Mewis et Wagner 2009). In other words, when the slurry is stir-

red and critical shear stress is reached, the attraction between particles is lowered

and the viscosity drops to a minimum, but as movement decreases the attraction

becomes more important and the slurry more viscous.

Barnes (1997) reported that, at rest, the only forces that favor the re-formation

of inter-particle bonds are the Brownian forces whereas the nature of inter-particle



3.2. Article 2 123

bonds must control the rapidity of the build-up process. From the petrology of

the fracture-filling cherts, we propose that the siliceous matrix had the best chance

to account for the rapid recovery of a viscous state soon after the injection of the

primary material. In siliceous colloidal suspensions, such as those produced at

hydrothermal vents (e.g. Guidry et Chafetz 2002; 2003, Channing et al. 2004, Tobler

et al. 2008), the polymerization of small (nm) to large (µm) silica flocs have the

capacity to form coherent 3D networks, or gel-like structures (Iler 1979, Williams

et Crerar 1985, Bergna 1994, Channing et al. 2004). The polymerization is enhanced

when nuclei are available (Rimstidt et Barnes 1980, Williams et al. 1985, Williams

et Crerar 1985, Rouchon et Orberger 2008), a role that we attribute to the abundant

rounded, clay-sized grains present in the primary injected mixture.

However, the timing of network formation, the timing of viscosity recovery, and

the strength of the newly formed network remain uncertain and depend on seve-

ral factors affecting the silica polymerization, which includes (1) the temperature,

supersaturation state and acidity of the fluid (Iler 1979, Chen et Marshall 1982,

Rimstidt et Cole 1983, Fournier 1985, Renaut et al. 2002, Renaut et Jones 2003), (2)

the current state of the material and the amount of previously underwent aggrega-

tion/disaggregation processes (Stade et Wicker 1971, Dietzel 2000, Chanson et al.

2006), and (3) the presence of activated complexes such as salts (Marshall et Wara-

komski 1980, Marshall et Chen 1982, Dandurand et al. 1982, Yates et al. 1998) that

will help balancing the negatively charges silica colloids, especially in near-neutral

and alkaline media (Grenne et Slack 2003, Channing et al. 2004).

The timing and mechanism of dyke formation.

In this section we focus on the linkage between the process that produced the

fractures and the process that introduced the chert. We remain undecided about

the exact trigger mechanism that shattered the rock at first, but for reasons outlined

above and developed below, we favor hydraulic fracturing.

The key argument centres on our inference that the time between the develop-

ment of the fractures and their in-filling with chert was very short. The lack of

settling of matrix-supported blocks and the lack of closure of fracture networks

even in the bottom part of the fractures points to rapid influx of the initial low-
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viscosity fluid that was able to invade the entire fracture network. We suggest that

unless the fractures were kept open by overpressured fluid, or perhaps by the pre-

sence of sufficient amount of particles in the fluid (in the manner of sand injected

during hydraulic fracturing for shale gas extraction), the fractures would close.

In our opinion, such rapid influx of fluid is inconsistent with the models of Lowe

(in press.). He suggests that the fractures remained open for a certain amount of

time based on their observation of cavity-filling textures (i.e. botryoidal precipita-

tive silica on cavity edges that grades into coarser quartz crystals through to the

center) and sediment accumulation features on fracture edges. He argued that the

lower part of the largest fractures remained open for a longer time compared to

their upper part, and that the soft sediments that are supposed to have descended

into the dyke took some time to reach the deepest levels of the fractures.

In our opinion, the formation of impact-triggered open fractures from on the

seafloor fails to explain the lack of clast settling and their suspension in the black

chert, the maintaining of fracture thicknesses in bottom part of highly fractured

zones and the confined bursting of country rocks inferred from both the jigsaw

structures (Fig.3.5) and the apparent 360◦ spreading out of some vein networks

(Fig.3.6).

For these reasons we propose that the fluid that deposited the chert in fractures

was the same as that which shattered the rock. We support the model of Hofmann

et Bolhar (2007) who suggested that the development of layered silicified rocks

formed a impermeable cap that allowed the pressure to build up in the confined

fluids that pervaded the substrate from below. Once the pressure exceeded their

strength limit, the rock was shattered, opening passageways into which a slurry of

fine abraded particles of country rock in colloidal solution was injected. Overpres-

sure in the fluid kept open the fractures until the flow velocity decreased and the

viscosity increased to a value sufficient to suspend the fractured blocks. Relaxation

of the system, soon after its emplacement and before its complete induration, allo-

wed the collapse of surface sediments that were still soft and capable to liquefied

in their way toward and into the newly formed fractures.
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3.2.6 Conclusions

Based on the geometry of Barite Valley dykes and on the petrology of the

fracture-filling black cherts, several conclusions were reached concerning both the

mechanism of fracture formation and the nature and behavior of the pervasive

fluid.

(1) Part of, if not all, the fractures originated from hydraulic fracturation as

overpressured fluids are required to maintain opened the veins and prevent the

settling of clasts eroded from adjacent units.

(2) Such process can account for the intense in situ brecciation of the country

rocks and requires the confining of fluids below impermeable series of rocks sili-

cified early on the seafloor. Such model is similar to that proposed by Hofmann et

Bolhar (2007).

(3) The fluid that provoked the fracturation had a thixotropic behavior, being

fluid during flow and viscous early after the filling stopped. The presence of fine

particles (clay size) mixed with the Si-rich fluid and the capacity of silica to form

cohesive 3D networks at rest can account for the viscosity variations.

(4) The relaxation of the siliceous plumbing system allowed the collapse and

downward migration of unconsolidated material present at the surface.

Among the above concluding remarks, the thixotropy of fracture-filling cherts

at the time they formed is an important take-home message as such behavior may

be a characteristic common to other chert types, including seafloor-deposited cherts

(marine precipitates) as briefly discussed in Ledevin et al. (in prep.a), Chapter 2.
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Dans ce chapitre, le but est de comprendre ce qui contrôle la composition

chimique des cherts afin de tester leur fiabilité en tant que proxys paléo-

environnementaux.
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In this chapter, I aim to understand what controls the chert geochemistry in order

to test their reliability as paleo-environment recorders.
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4.1 Avant-propos.

Dans les chapitres précédents, nous avons vu que l’approche de terrain, la pétro-

logie et l’étude des structures sédimentaires et de déformation offrent des indices

précieux et indispensables dans la reconnaissance des différents types de cherts et

de leur processus de formation. Ces approches sont pourtant trop souvent négli-

gées et nombre de travaux leur préfèrent une approche géochimique, essentielle

pour les études paléo-environnementales.

L’utilisation des précipités océaniques, tels que les carbonates, les BIFs et les

cherts, repose sur le fait (ou la supposition) qu’ils enregistrent la composition du

fluide à partir duquel ils précipitent. Dès lors, ils peuvent être considérés comme

de véritables fenêtres sur les conditions océaniques à l’Archéen. Mais avant même

d’interpréter la chimie de telles roches, encore faut-il être capable de distinguer

un signal océanique parmi toute autre contribution. Interviennent alors les proxys

océaniques, critères de reconnaissances basés sur les caractéristiques chimiques des

océans modernes.

Dans ce chapitre, je présente le troisième article de ces travaux de thèse, des-

tiné à être soumis à la revue scientifique Precambrian Research. Je teste ici la fiabilité

des cherts Archéens en tant que traceurs paléo-environnementaux grâce aux ana-

lyses géochimiques des échantillons identifiés comme précipités océaniques dans

le Chapitre 3.

En premier lieu, je cherche à comprendre ce qui contrôle la chimie de ces cherts

en distinguant les éléments majeurs et traces portés par la silice de ceux portés par

ce que j’appelle les phases contaminantes, i.e. les phases détritiques, carbonatées ou

organiques que peuvent contenir les cherts. Cette approche me permet de sélec-

tionner les échantillons les plus à même de représenter la chimie du fluide à partir

duquel ils ont précipité, et de tester les proxys océaniques couramment utilisés

dans l’étude des précipités anciens (e.g. carbonates, cherts et BIFs).

Grâce à cette approche, je montre que la chimie des cherts est dominée par la

composition du contaminant qu’ils contiennent et que le signal porté par la silice
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est inaccessible. Seules des concentrations extrêmement faibles sont garantes de la

pureté du chert et ce critère est une condition sinequanone pour étudier la composi-

tion des cherts comme traceurs paléo-environnementaux. Je montre également que

l’utilisation des proxys océaniques modernes sur les cherts Archéen n’est pas une

approche fiable, quoique toujours potentiellement applicable aux roches carbona-

tées.

Dans cet article, je présente ainsi la première quantification réelle du pouvoir

contaminant de différentes phases minérales sur la chimie des cherts. Il en résulte

que les carbonates sont les plus à même d’obscurcir le signal siliceux, que les argiles

ont également un fort pouvoir contaminant, et que la matière carbonée a un effet

moindre.
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Abstract

Archean cherts represent some of the oldest sedimentary rocks on Earth. It is commonly

thought that they could be useful paleo-environment indicators, assuming that the silica

phase retained the composition of the fluid from which it precipitated. In this study, we

conducted major and trace element analyses of three types of cherts (seawater-derived preci-

pitates, fracture-filling cherts and silicified sediments) from the Komati River, Barite Valley

and Buck Reef sites of the Barberton greenstone belt (3.5-3.2Gy), South Africa, in order to

test their reliability for paleo-environment studies.

We show that Archean cherts are a mixture of (1) a silica phase that has extremely low

concentrations of trace elements and contributes only SiO2 to the bulk composition, and (2)

another phase that dominates the trace element composition and varies from site to site. We

encountered three types of contaminants and calculated that 3-4% of phyllosilicate, 20% of

carbonaceous matter and only 2% of carbonate is enough to control the chert chemistry and

mask the silica composition. Carbonate-rich cherts could be of interest because this phase has

long been known to retain oceanic fluid chemistry. However, caution must be taken because

carbonates could be secondary phases produced under much more recent conditions.

Because the silica phase is easily contaminated, the use of cherts for paleo-environment

reconstructions is seriously limited and requires high purity precipitates. Massive white

chert layers at Buck Reef have SiO2 close to 100wt% and extremely low concentrations in

all the trace elements. We argue that these chemical features are the sole reliable criteria avai-

lable for now to recognize a pure precipitate, i.e. one that lacks continental contributions,

but that they are not sufficient to rule out a possible hydrothermal contribution. Otherwise,

only systematic field and petrographic studies can help to distinguish the various chert

types, as their composition does not depend on the formation process.

The high purity white cherts from Buck Reef display strong LREE depletions, positive

La anomalies and superchondritic Y/Ho ratios that resemble modern seawater. They lack

significant Ce-anomalies and have europium enrichments typical of Archean sediments.

However, these commonly used proxies for the recognition of seawater-derived precipitates

fail to distinguish the origin of the silica, these characteristics being similar to those found in

hydrothermal, metamorphic and pegmatitic quartz. An unusual feature is the strong posi-

tive Sm-anomalies of these samples which have never been observed in any other terrestrial

rock. To solve this problem and to further test the reliability of cherts as paleo-environment

recorders, we need to improve our understanding of element partitioning during the preci-

pitation of the siliceous phase.

Key Words - Archean chert composition ; Oceanic proxies ; Primitive environ-
ment ; Sm anomaly.
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4.2.1 Introduction

The reconstruction of the composition of Archean oceans is motivated by our

need to understand the habitat in which life first emerged then evolved. Precam-

brian hydrogenous sediments are of particular interest as they preserve the oldest

fossils on Earth (e.g. Awramik et al. 1983, Schopf 1993, Schopf et al. 2007, Wes-

tall et al. 2001, Allwood 2006, Allwood et al. 2007, Hofmann et Bolhar 2007, van

Kranendonk 2007, Wacey 2010) and may have retained the chemistry of Archean

seawater (e.g. Sugitani 1992, Murray et al. 1992b, Allwood et al. 2010). A common

approach is to use modern seawater rare-earth element characteristics as a proxy

of an oceanic signatures in ancient chemical precipitates such as carbonates, cherts

and banded-iron formations (see Bolhar et al. 2004, for a review).

In this study, we test the reliability of cherts as paelo-environment recorders.

Archean cherts, an important component of the Precambrian sedimentary record,

formed by three different processes (Van den Boorn et al. 2010, Ledevin et al. in

prep.a, and Chapter 2) : direct precipitation of silica at or near the surface from

ocean water (C-chert), secondary silicification of magmatic or sedimentary proto-

liths (S-chert), and precipitation of silica in fractures or veins within the crust (F-

chert). They precipitated from oceanic, diagenetic and/or hydrothermal fluids in

a variety of environments, thus constituting a major target for paleo-environment

reconstructions. Perry et Lefticariu (2003) argued that "chert can retain a chemi-

cal/isotopic signature of surface processes because of its genetic relation to surface

water bodies" (i.e. ocean and/or shallow groundwater) (see also Schopf 1993, Pinti

et al. 2009). However, we still know very little about the way cherts formed and

the origin of the silica is still controversial (e.g. Lowe et Byerly 1986a, Duchac et

Hanor 1987, Hanor et Duchac 1990, Buick et Dunlop 1990, Lowe 1999, Lowe et

Fisher Worrell 1999, Nijman et al. 1999, Kato et Nakamura 2003, Knauth et Lowe

2003, van Kranendonk 2006, Van den Boorn et al. 2007).

In Chapter 2 (Ledevin et al. in prep.a), we used field and petrographic criteria

to recognize various chert types from different paleo-environments in the Barber-

ton Belt. In this paper, we present major and trace element analyses of the same

sample set, which includes oceanic and fracture-filling cherts, and discuss seve-
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ral geochemical constraints that seriously compromise the use of these rocks for

paleo-environment reconstructions.

4.2.2 Modern oceanic proxies : a brief review.

Modern ocean compositions are controlled firstly, by the various inputs to the

basin, i.e. terrestrial vs. hydrothermal sources, and secondly, by the particle-solution

interactions and the predictable behavior of the rare-earth elements (REE) in so-

lution (Wood 1990, Bau et al. 1995; 1996, Bau 1999). Whereas the former mostly

depend on the geological setting, the latter are strongly influenced by the environ-

ment, including the water depth, temperature, salinity and redox state of seawater

(Elderfield et al. 1988).

Hydrothermal fluids are one to three orders of magnitude enriched compared

to oceanic fluids (Michard et Albarède 1986, Michard 1989), but their contribution

to the chemical budget of seawater is limited by the rapid incorporation of REE in

Fe-Mn oxides that precipitate near hydrothermal vents (Bau et al. 1996, Bau 1999,

Bau et Koschinsky 2009, and references therein). This efficient scavenging main-

tain low concentrations in seawater and hydrothermal activity is thus regarded as

a sink and not a source for the REE budget of oceans (Olivarez et Owen 1989, El-

derfield et Schultz 1996). The major source of REE is continental influx (Piepgras

et Wasseburg 1980, Andersson et al. 2008) which are enriched during the weathe-

ring of silicate minerals on the land surface. Continent-ocean transition zones, i.e.

deltas and estuaries, act as filters in which complexation reactions greatly modify

the original composition of river waters to produce the well-known composition

of modern oceans (Elderfield et al. 1990, Zhang et Nozaki 1998, Bau et al. 2000,

Lawrence et Kamber 2006).

The following paragraphs briefly describe the REE characteristics common to all

modern oceans, their origin in terms of complexation reactions and the way they

are used as proxies for the recognition of seawater signals in ancient sediments.

Typical modern oceanic fluid compositions are shown in Figure 4.1.

(1) Highly fractionated rare-earth element patterns with strong LREE depletion

The well-known contraction effect of lanthanides facilitates the complexation of
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Figure 4.1 – PAAS-normalized REE+Y patterns of various modern oceanic fluids : the surface and
deep waters of Pacific Ocean (Alibo et Nozaki 1999), the hyper-saline and periodically anoxic waters
of the Black Sea (German et al. 1991) and the anoxic waters from Saanich Inlet (German et Elderfield
1989). Concentrations are normalized to the Post-Archean Australian Shales (Taylor et McLennan
1985) and are multiplied by 106. Oxygenic waters have characteristic La and Y enrichments and Ce
and LREE depletions. Anoxic water lack a Ce anomaly and have lower La enrichment.

the heavy REE (HREE : Tb to Lu, including Y) with dissolved carbonates whereas

the light (LREE : La to Gd) tend to associate with particulate matter (Sholkovitz

et al. 1994, Byrne et Kim 1990, Lee et Byrne 1992, Byrne et Lee 1993, Bolhar et al.

2004). The LREE are thus preferentially removed in deltas and estuaries (Goldstein

et Jacobsen 1987, Elderfield et al. 1990, Lawrence et Kamber 2006, Kulaksiz et Bau

2007) leading to their depletion away from the mixing zone and in all modern

oceans (Fig.4.1) (De Baar et al. 1985, Goldstein et Jacobsen 1987, Elderfield et al.

1988, Byrne et Kim 1990, Elderfield et al. 1990, Sholkovitz et al. 1994, Lee et Byrne

1992, Byrne et Lee 1993, Bolhar et al. 2004, Lawrence et Kamber 2006, Kulaksiz et

Bau 2007).

The LREE depletion is quantified using the ratio Pr/NdSN∗ (SN=shale-

normalized). This value represents the slope of the REE patterns and is below

unity in the case of modern oceans. The use of Pr is unusual for most geochemists,

but necessary for marine considerations as the commonly used lanthanum is sub-

ject to strong enrichment in modern oceans (Zhang et Nozaki 1996, De Baar et al.

1985, Alibo et Nozaki 1999) and cerium is highly variable due to its redox-sensitive
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behavior (e.g. Liu et al. 1988, Braun et al. 1990, Bau et al. 1996, Shields et Stille 2001,

Bau et Koschinsky 2009).

(2) Positive La anomaly The empty 4 f electronic shell of lanthanum confers to

this element a higher stability in solution compared to other LREE. As a result, it

is less affected by the "estuarine removal effect" and becomes enriched in modern

oceans (Fig.4.1) (Zhang et Nozaki 1996, De Baar et al. 1985). The end-position of La

in the lanthanide series renders difficult the quantification of the anomaly by the

common approach, a difficulty bypassed by the Equation /refLa/La initially pro-

posed by Bau et Dulski (1996). Here, the anomaly corresponds to the ratio between

the measured La concentration and the concentration expected from the slope de-

fined by the neighbors Pr and Nd. Cerium cannot be used due to the anomalies it

develops under specific redox conditions (e.g. Elderfield et Greaves 1981, Liu et al.

1988, Braun et al. 1990, De Baar 1991, Bau et Dulski 1992, Bau et al. 1997, Shields et

Stille 2001, Bau et Koschinsky 2009).

La/La∗ = [La/(3Pr − 2Nd)]SN > 1 (4.1)

(3) Superchondritic Y/Ho ratio Yttrium and holmium have very similar chemical

behavior thanks to their similar ionic radii and trivalent oxidation states (Shan-

non 1976), which results in very constant Y/Ho ratio, near chondritic values, in

terrestrial rocks (∽ 26 − 28 Pack et al. 2007). However, their behaviors differ in

aqueous solution, leading to significant fractionation of these elements and super-

chondritic Y/Ho, typically above 50-60 in modern oceans, (Fig.4.1) (e.g. Hogdahl

et al. 1968, De Baar et al. 1991, Byrne et Lee 1993, Sholkovitz et al. 1994, Nozaki

et al. 1997, Bau 1999, Bau et al. 2000, Webb et Kamber 2000, Shields et Webb 2004).

Several explanations have been proposed for the fractionation, including (1) ele-

ment mobility during continental weathering (Bau et al. 1995), (2) higher stability

of Y-phosphates compared to Ho-phosphates (Bau et al. 1995), (3) scavenging by

particulate matter (Zhang et al. 1994, Nozaki et al. 1997), or (4) weaker absorption

of Y in Fe-oxyhydroxides near high-temperature hydrothermal vents (Bau et al.

1996).
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Figure 4.2 – REE composition of hydrothermal fluids normalized to Pacific seawater (Alibo et
Nozaki 1999). Data are compiled from James et al. (1995), Mills et Elderfield (1995), Douville et al.
(1999), Hongo et al. (2007) and Bao et al. (2008). Hydrothermal fluids are characterized by HREE,
Ce and Eu enrichment and Y depletion compared to modern seawater.

(4) Negative Ce anomaly Modern oceans are strongly depleted in cerium because

of its specific redox-sensitive behavior. In its oxidized form, the tetravalent cerium

(Ce4+) is much less soluble and incorporated into Fe-Mn oxyhydroxides. The sca-

venging occurs either on the seabed into Fe-Mn crusts and nodules (Goldberg et al.

1963, Elderfield et Greaves 1981, Bau et al. 1996, Bau 1999, Bau et Koschinsky 2009)

or directly in the water column by the suspended iron oxides (De Carlo et al. 1998).

The lack of cerium anomaly or positive anomalies in ancient sediment (as in mo-

dern anoxic waters, Fig.4.1) is thus thought to represent anoxic marine conditions

at the time of deposition (e.g. Wright et al. 1987, Holser 1997, Shields et al. 1997, Bau

et al. 1998, Yang et al. 1999). The extent of Ce enrichment or depletion is calculated

from Equation 4.2 (Bau et Dulski 1996).

Ce/Ce∗ = [Ce/(2Pr − Nd)]SN < 1 (4.2)

(5) Lack of Eu anomaly Whereas modern oceans lack an europium anomaly, Ar-

chean sediments are almost systematically enriched in this element (Fryer et al.

1979, Klein et Beukes 1989, Shimizu et al. 1990, Derry et Jacobsen 1990, Danielson

et al. 1992, Kamber et Webb 2001). Because Eu is also enriched in high tempe-
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rature hydrothermal fluids (Fig.4.2) (T◦>250◦C ; Bau et Möller 1993, Pichler et al.

1999, Wheat et al. 2002), the Eu anomaly, quantified from Equation 4.3, is gene-

rally included in the proxies used for paleo-environmental reconstructions (Derry

et Jacobsen 1990, Danielson et al. 1992, Bau et Möller 1993, Alibert et McCulloch

1993).

Eu/Eu∗ = [Eu/(Sm.Gd)1/2]SN > 1 (4.3)

All the above proxies are commonly used to try to extract the composition of

ancient marine fluids from the composition of chemical precipitates. Seawater-like

signatures have been retrieved in chemical precipitates with a wide range of ages

and in a variety of marine hydrogenous sediments, supporting the reliability of

the approach. Archean banded iron formations, stromatolitic carbonates and li-

mestones, evaporites, Phanerozoic reef carbonates and Holocene microbialites, all

appeared to record primary oceanic compositions (e.g. Derry et Jacobsen 1990, Su-

gitani 1992, Alibert et McCulloch 1993, Bau et Möller 1993, Webb et Kamber 2000,

Kamber et Webb 2001, Van Kranendonk et al. 2003, Bolhar et al. 2004, Nothdurft

et al. 2004, Alexander et al. 2008).

The use of proxies has been much debated (see Johannesson et al. 2006, for a

review). Advocated arguments that cast doubt on the reliability of the method are

(1) the post-diagenetic remobilization of REE, (2) the fractionation of REE during

precipitation, (3) the common contamination of precipitates which have extremely

low trace element contents, and (4) the occurrence of seawater-like signatures even

in terrestrial waters (i.e. river water and groundwater) (e.g. Palmer 1985, Elderfield

et Pagett 1986, Palmer et Elderfield 1986, Murray et al. 1992a, Sholkovitz et Shen

1995, Bau 1996, Reynard et al. 1999, Shields et Stille 2001, Shields et Webb 2004,

Johannesson et al. 2006).

However, Bau (1991), Bau et Möller (1993), Murray et al. (1991; 1992a), Panahi

et al. (2000) and many others reported that REE mobility is insignificant and that

REE proportions remain unchanged to a certain extent during secondary processes

(i.e. alteration, weathering, diagenesis, metamorphism). In this study, we focus on

just one of the questions which is the capacity of cherts to have record the com-

position of the fluid from which they formed. More specifically, we investigate the
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extent to which the presence of detrital or other non-silicate phases in the chert can

mask the chemical signature of seawater. Our results provide several geochemical

constraints that seriously limit the use of cherts for paleo-environment reconstruc-

tions.

4.2.3 New approach and aims of the study.

In Chapter 2, we used the petrology and sedimentary structures of various Ar-

chean cherts from the Barberton Belt to unravel their origin and mode of depo-

sition. The studied sites, shown in Figure 4.3, correspond to various depositional

environments (summarized in Table 4.1).

(1) The Komati River site contains a thick unit of turbidites characterized by

black chert tops, both deposited in a fan-delta, shallow marine and near-continental

setting Grosch et al. (e.g. 2011). According to Chapter 2, the chert most probably

formed at first by the sorption of dissolved silica onto the suspended clays and

other fine-grained detrital phases that represents the last-deposited particles at the

end of turbidite Bouma sequences (Chapter 2). The silica might have been sup-

plied either by ambient marine fluids, or by diagenetic fluids extracted through

the surface and enriched in Si during the alteration of the silicate minerals of the

turbidites.

(2) The Barite Valley site contains fine-grained, volcanogenic sediments now si-

licified to chert (S-chert) and deposited in settings ranging from quiet and probably

deep conditions to fan-delta, alluvial and shallow marine conditions (Lowe et No-

cita 1999, Lowe in press.). Minor conformable black chert interlayers are found in

the deepest facies which comprises reddish ferruginous and light grey laminated

shales. This type of chert is homogeneous and is believed to have formed by the

direct precipitation of silica on the seafloor (Chapter 2), but the origin of the silica

remains unclear : either oceanic or hydrothermal sources may have contributed to

the basin chemistry in the area. Another type of chert corresponds to black cherts

found filling large dykes that cross-cut the sedimentary sequences. These dykes

were the object of Chapter 4 (Ledevin et al. in prep.b) in which we discussed both

the physical behavior and the origin of the siliceous fluids.
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Figure 4.3 – Geological map and simplified stratigraphy of the Barberton Greenstone Belt, South
Africa. The map and stratigraphy column are modified from Hofmann (2005) and Lowe et al. (2003)
respectively. The belt is NE-SW elongated and subdivided into the northern and southern domain
along the Inyoka fault that represents a major suture. It contains three major units named the Onver-
wacht, Fig Tree and Moodies Groups. The three studied sites are shown on the map and stratigraphy
column. KRC=Komati River Chert ; BRC=Buck Reef Chert ; FTC=Fig Tree Chert (Barite Valley).
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(3) The Buck Reef site lacks significant continental inputs and is characterized

by a thick siliceous unit of black and white banded cherts deposited in lagunal to

shallow (<200m) then slightly deeper (>200m) conditions onto a subsiding plat-

form (Lowe 1999, Tice et Lowe 2006). Both facies were identified as chemically

precipitated (Chapter 2) and are distinguished essentially by the contrasting pu-

rity of the white cherts and enrichment in carbonaceous matter of the black cherts.

The origin of the silica and the conditions of deposition of these cherts remain

uncertain.

The following sections are organized in three parts. Part I deals with the cherts

that were deposited at or near the seafloor (C-cherts) in all the three sites whereas

Part II is dedicated to the fracture-filling cherts (F-chert) of the Barite Valley locality.

In Part III, we discuss the results and present several constraints for the use of

geochemistry on Archean cherts.

The approach we used in Part I and II is the same for C-cherts and F-chert. The

three sites are described to define what controls the geochemistry of the cherts.

Special emphasize is given to their mineralogy : we use the major element com-

position of the various components (obtained by microprobe analyses) to estimate

their contribution to the bulk, major element composition of cherts. This approach

allows us to interpret the trace element patterns in terms of mineral phase contri-

butions and to investigate the chemical signal specifically hosted in the silica phase.

In the final Part III, all phases that are not SiO2 (quartz, microquartz, chalcedony)

are considered as contaminants : i.e. clastic particles (K-feldspar and clay) at Ko-

mati River, carbonates and clays at Barite Valley and carbonaceous matter at Buck

Reef (Table 4.1). Using the purest sample we have (i.e. the white cherts from Buck

Reef, see Section 4.2.7), we estimate the capacity of these phases to dominate the

composition of a chert : i.e. their capacity to obscure the chemical signal hosted by

the silica phase.

The mineralogical to geochemical linkage used in this Chapter is not a common

approach and such a quantification of the contamination effect has never been

done. In the last section, we discuss the implications of such contamination on the
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Table 4.1 – Summary of the studied cherts showing their locality and depositional environment.
Coordinates represent the studied area for each site. The structure and petrology of the cherts are
shown. Each phase that is not silica is considered as a contaminant whose percentages (% cont.) are
estimated from optical microscopy and mixing calculations (see text).



4.2. Article 3 145

use of cherts as paleo-environment recorders. Special attention is given to the use

and reliability of modern seawater proxies.

4.2.4 Analytical methods

Geochemical analyses were performed at ISTerre, Grenoble (France) using a

Perkin Elmer Optima 3000 DV ICP-AES for the measurement of major element

compositions, and an Agilent 7500ce ICP-MS for trace elements (See Annexe A.3).

Chert samples are primarily crushed into powder using agate grinders to prevent

contamination, and the following analytical procedure is adapted from Chauvel

et al. (2011). Accuracy and precision of the data are evaluated using international

rock reference materials as part of the sample set (Annexe A.3). Results are shown

in Table 4.2.

Major element analyses. A portion of the powder is precisely weighed (50mg)

and mixed in closed Savillex beakers with 2mL of nitric acid ([HNO3]=14mol.L−1)

and 15 drops of hydrofluoric acid ([HF]=24mol.L−1). Samples are entirely dis-

solved after 7 days onto a hotplate at 90◦C. After cooling, 20mL of boric acid

([H3BO3]=20g.L−1) is added to neutralise the excess HF and the solution is further

diluted by the addition of 250mL of Milli-Q water. The complete neutralisation of

HF by H3BO3 is further guaranteed by two days of storage in refrigerators for the

solutions, and analyses are performed within the following week. The calibration of

the signal is obtained using a blank and mixed solutions containing pure elements :

the solutions are prepared using five different dilutions to mimic and calibrate the

major element composition of the samples. In the Buck Reef Chert samples, the

silica content is so high that none of the dilution was able to mimic the real SiO2

content, resulting in anomalously high concentrations as shown in Table 4.2. Other

elements are not affected by this analytical bias. The volatile content, express as

the loss on ignition (LOI), is estimated by heating samples at 1000◦C for 1h. The

concentrations of the analysed reference materials are generally within 5% of the

published values, and the uncertainties on the measurement (1s) varies from less

than 0.01% to 1.23%, showing the very good reproducibility of our data.



146 Chapitre 4. La géochimie des cherts et les proxys paleo-environnementaux.

Trace element analyses. A portion of the powder is precisely weighed (100mg)

and mixed with perchloric acid (HClO4) and high purity hydrofluoric acid

([HF]=24mol.L−1). Samples are cooked in steel Paar bombs during 7 days to al-

low for the complete dissolution of heavy minerals such as zircons, and the use

of HClO4 is justified by the common presence of organic matter in our samples.

The solution is then evaporated using hotplates to obtain a dry residue. The resi-

due is diluted in concentrated HNO3 for one day before being evaporated again,

then diluted in about 40mL of 7mol.L−1 HNO3. A weighed aliquot of this mother

solution is sampled and diluted in 2% v/v HNO3 with HF traces to produce a

daughter solution with variable dilution factors according to sample specificities.

For the detritus-rich samples and reference materials, best results are obtain for a

2500 dilution whereas the composition of almost pure silica samples (i.e. Buck Reef

Chert) is best estimated for a dilution of 500. With such values, we minimise the

matrix effects while maintaining sufficient signal for all measured elements. The

daughter solution is finally mixed with a spike containing five elements (Be, Ge,

In, Tm, Bi) before being analysed within the day of preparation. The international

standard BHVO2, diluted at 5000, is used for the calibration of the ICP-MS signal.

The reference material DTS2 is used to estimate the accuracy and precision of our

measurement for the least concentrated samples.

X-ray micro-fluorescence analyses. X-ray micro-fluorescence analyses are reali-

zed on the EDAX Eagle III equipment at ISTerre, Grenoble (France) (See Annexe

A.1). Major element maps are obtained using a beam of 30µm in diameter (25kV,

400µA) and a counting time of 1s per pixel. Analyses are realized onto polished

thin sections in order to avoid diffraction artifacts produced by rough surfaces. Ho-

wever, we systematically encountered Bragg peaks at specific energies (i.e. 4260eV,

4800eV, 5180eV, 5500eV) and recognized that these are similar to the diffraction

spectra of international quartz reference 00 − 046 − 1045 described par Kern et Ey-

sel (1993). Thus, the Bragg peaks are inherited from the diffraction produced by the

microquartzitic fabric in the chert. Such effect implies that the quartz is less than

5µm in size. The raw data are treated in two steps following the method described

in Ulrich et al. (submitted). The first step uses the composition and X-ray micro-



4.2. Article 3 147

fluorescence spectra of various internal standards to quantify the major element

concentrations across the analysed area. The precision is about 5wt%. Then we use

the composition of pixels representative of each pure mineral phases (microquartz,

sericite and Fe-carbonate) to reconstruct the mineralogical map of the chert. Each

pixel is thus expressed as a mixture of pure mineral phases, resulting in the RGB

map of Figure 4.29.

Microprobe analyses. The microprobe maps and single-point analyses are reali-

zed on the JEOL JXA-8230 equipment at ISTerre, Grenoble (France) (See Annexe

A.2). Polished and metallized thin sections are scanned using a beam of <5µm in

diameter (15kV) to obtain the best spatial resolution. The chemical maps are expres-

sed in raw data, i.e. number of counts, which is sufficient as we are interested by

the relative proportion of each elements. Results are given in Figures 4.25. Single-

point analyses are given in weight percent in Table 4.3, calculated using internal

standard compositions. Silica especially needs to be corrected because, at the time

the analyses were made, the spectrometer gave anomalous and systematic ±2wt%

deviations from expected concentrations whereas other elements were unaffected.

With the correction, results are precise at ±2-3wt% in average, generally less than

1wt%.
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Table 4.2 – Major and trace element composition of Buck Reef, Komati River and Barite Valley
samples. Empty fields are for concentrations below the detection limit (or for unanalyzed samples).
ΣREE = sum of concentrations from La to Lu including Y ; ΣHFSE- sum of Zr, Hf, Nb, Ta and Y ;
ΣLILE=sum of Cs, Rb, Ba. See text for the calculation of REE anomalies.
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Table 4.3 – Major element compositions (wt%) of various mineral phases encountered in Komati
River and Barite Valley samples, obtained using in situ microprobe analyses. Std.Dev.=Standard
deviation.



PART I
-

The geochemistry of
seafloor-deposited cherts

153





4.2. Article 3 155

4.2.5 Komati River : the clastic contaminant.

The Komati River site (Grosch et al. 2011) belongs to the Kromberg Formation

and is located on the east limb of the Onverwacht anticline, in the Songimvelo

Nature Reserve (Fig.4.3). The outcrop is distributed along the Komati River banks

and comprises a 180m−thick unit of well-bedded, fining-upward diamictites and

turbiditic, clastic deposits. Grosch et al. (2011) proposed that the turbidites were

deposited as fan-delta sequences with a minimum age of 3432Ma in a shallow,

intra-continental epieric sea.

Cherts in this area form the uppermost parts of turbidite units (Fig.5.13-a) and

represent the endmembers of Archean Bouma sequences. Because the "normal"

endmember of a Bouma sequence in modern settings is very fine shale and/or

mud, Lowe et Knauth (1977), Lowe (1999) and Rouchon et al. (2009) have inter-

preted the upper black chert facies as the silicification product of such material,

probably induced by pervasive seawater infiltration, hydrothermal fluid circula-

tion, or early diagenetis. However, based on field and petrological observations, we

proposed in Chapter 2 that the black cherts are seafloor-deposited and precipitated

as a siliceous ooze, a primary mixture of gelatinous silica containing minor detrital

sericite and micro feldspar grains (Chap.2 ; Ledevin et al. in prep.a).

Our samples were taken from the black chert layers and the immediately under-

lying siltstones. We did not sample the coarser-grained sediments from the lower

parts of the turbidite units.

Chert characteristics.

The turbidites were deposited as 1 to 5m-thick layers characterized by well-

defined Bouma sequences (Bouma 1962) : the facies evolves from coarse-grained

bases (Bouma division Ta) in erosive contact with the underlying layer, to medium-

grained, then laminated and fine-grained silicified siltstone near the top (Bouma

division Td). Black chert horizons are commonly, but not always, found at the tops

of the sequences.

In the siltstones immediately below the chert layers, detrital grains of angular

to sub-angular, K-feldspar (orthoclase and microcline) comprises the majority



156 Chapitre 4. La géochimie des cherts et les proxys paleo-environnementaux.

Figure 4.4 – Petrological characteristics of Komati River turbiditic siltstone and above chert. Photo
(a) shows a turbidite layer that contains a black chert horizon on top. Photo (b) shows the sharp
transition between both facies : (c) and (e) highlight the homogeneous microquartzitic and clay
fabrics in black cherts, with rare clots of clays found as isolated packages ; (d) and (f) show the detrital
particles in siltstones, essentially composed of K-feldspar (orthoclase and microcline) partially altered
to sericite, embedded in a matrix of microquartz and sericite. Rare dolomite crystals are preserved
and detrital quartz grains are absent.
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of the detritus (Fig.5.13-d, f). They are partially altered to phyllosilicates and are

embedded in a matrix of microquartz and clays. Minor heavy minerals (i.e. Ti-

oxide, zircon) and rare carbonate and detrital quartz grains are observed. Over an

interval of less than 5mm, the laminations disappear as the detrital content sharply

decreases, and the siliceous matrix increases in abundance until it is forming the

entire uppermost, homogeneous black chert layer (Fig.5.13-b). The chert is entirely

composed of microquartz, with a small amount of clay (<10%) homogeneously

distributed at quartz grain boundaries (Fig. 5.13-c), as well as rare clots of clay and

micro feldspar grains found isolated in this siliceous matrix (Fig. 5.13-e).

In Chapter 2, we combined X-ray diffraction and microprobe analyses to iden-

tified the nature of the mineral phases : feldspars are typical orthoclases ; clays are

K-micas showing muscovite or sericite characteristics ; the rest of the rock consists

exclusively of microquartz. The K-micas are inherited from the low-grade meta-

morphism recorded in the area (215 to <350◦C ; Grosch et al. 2012). The X-ray

diffraction spectra are shown in Figure A.3 (same as in Chapter 2) and chemical

composition (microprobe analyses) are shown in Table 4.3.

Major element composition.

As shown in Figure 4.6, the black cherts from Komati River turbidites are en-

riched in Al2O3, Fe2O3(tot), K2O and TiO2 compared to other sites (see also Table

4.2), which is consistent with the abundance of detrital particles in these samples.

The SiO2 contents of both the chert (up to 92wt%) and siltstone (>69.7wt%)

are higher than those of normal shales (Average Archean shales ; SiO2=∼ 61wt%

Condie 1993) due to the presence of microquartz in their matrix. In Figure 4.6,

their composition lies on mixing lines between a pure silica component and the

composition of K-mica and K-feldspar minerals. The gain of silica with decreasing

major element concentrations is interpreted as an increase in the siliceous over

detrital fraction from the siltstone through to the chert. Thus, the silica acts as a

diluent while other major elements are controlled by the detrital fraction.

In Figure 4.7, well-defined positive correlation curves are observed between the

continent-derived elements Al, K and Ti (and Zr, not shown) (r2=0.92-0.99). The
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Figure 4.5 – X-ray diffraction spectra for Komati River siltstone, Barite Valley fracture-filling chert
and Buck Reef white chert. Komati river siltstones are essentially composed of microquartz with
significant amount of orthoclase and K-micas preserved from silicification. Barite Valley fracture-
filling cherts are almost pure microquartz with low muscovite content. Buck Reef white cherts ex-
clusively consist of microquartz.
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Figure 4.6 – SiO2 vs. major element diagrams. Solid lines represent mixing curves between quartz
and sericite, feldspar or AUC. Note the Y-axis is in log scale. Symbols used for the various sites are
similar in all incoming figures. Quartz, K-feldspar and sericite compositions were obtained using
in situ microprobe analyzes (Table 4.3). Fe-carbonate is from Komati River ankerite layer (Samples
KRC5 ; ICP-AES analyzes ; Table 4.2). AUC = Archean Upper Crust (Condie 1993).

linear trends are best defined by the siltstone samples whereas the cherts plot close

to each other near the quartz end-member. The consistency across the siltstones

suggests that the composition of the detrital fraction does not vary from one turbi-

dite layer to another, although it is affected by variable dilution effects of silica.

Using the in situ microprobe analyses of the silicate phases (Table.4.3), we are

able to model the composition of the detrital fraction in absence of siliceous ma-

trix. Because the siltstones come from the uppermost ∼ 10cm of m-scale units, such

composition is not exactly representative of the average detrital influx that produ-

ced the turbidites, but still approach the composition of the eroded source.
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Figure 4.7 – Selected major element correlation diagrams for Komati River samples. Solid lines
correspond to mixing curves involving two mineral species and dotted lines are correlation curves
obtained from our samples. The composition of Komati River cherts and siltstones can be expressed
as a mixture of feldspar and sericite in roughly equal proportion with ∼ 1% of ilmenite and diluted
by the amount of siliceous matrix.
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From the mineralogy (X-ray diffraction and microprobe data), we can assume

that K-feldspar and sericite host potassium and aluminum, whereas heavy mi-

nerals such as zircon and ilmenite grains must control zirconium and titanium

contents. The composition of our samples can be expressed as a mixture of these

minerals using the correlation curves of Figure 4.7. Calculations are based on silts-

tone curves as the cherts plot all close to each other and are thus less reliable. The

dominant component in siltstones is microquartz, which, from Figure 4.7-a, comp-

rises more than 50% of the rock, although one sample has only 35%. Sericite and

feldspar comprise together the major rest of the rock and are present in roughly

equal proportions. The Ti/Zr ratio of siltstones ranges from 13.3 to 17.8, which is

very close to the average 15.2 ratio of ilmenite and far from the 0.10 value of zircon

(Garçon et al. 2011). Thus, both the Ti and Zr contents in these samples are proba-

bly controlled by ilmenite, whose contribution is estimated at 1.2-1.3% from Figure

4.7-b.

To summarize, the major element composition of Komati River siltstones from

the upper part of the turbidite units is consistent with a mixture of 43% sericite,

56% K-feldspars, ∼ 1% of ilmenite, and a fraction of silica that varies from about

35% in these samples to 85-97% in the overlying cherts.

Trace elements and the mineral sorting effect.

In Figure 4.8 are shown the trace element patterns of the Komati River cherts

and siltstones (normalized to PAAS ; Taylor et McLennan 1985), which are similar

to some extent. They show relatively flat patterns with strong Rb, Zr and Hf en-

richment, Sr and Li depletion, and a large range of trace metal compositions. To

illustrate the main differences between both facies, and above all to monitor the

chemical effect of higher silica content in the cherts, we use the lower graph of

Figure 4.8 which represents the compositions of black cherts normalized to that of

the siltstone from the same turbidite bed.

Compared to siltstones, the cherts are depleted in the Large Ion Lithophile Ele-

ments (LILE, Cs, Rb, Ba, K), as well as in Ti, Nb, Zr and Hf, whereas Th, U and the

LREE are enriched. These features allow us to highlight what we call the "mineral

sorting effect". As the turbiditic cloud sedimented, the segregation of mineral spe-
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Figure 4.8 – PAAS-normalized trace element patterns (PAAS = Post-Archean Australian Shales ;
Taylor et McLennan 1985) for Komati River siltstones (top) and black cherts (middle) sharing some
characteristics with the Hooggenoeg dacite from Rouchon et al. (2009) (dark grey line). The bottom
diagram corresponds to the composition of black cherts normalized to the siltstone from the same
turbidite layer : main differences are due to the mineral sorting effect as discussed in the text.
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cies according to their density resulted in their repartition between the siltstone and

the chert, leading to the observed chemical differences : the siltstones are enriched

in the densest phases, whereas the chert is enriched in clay which, because of its

platy habit, settles more slowly (e.g. Gibbs et al. 1971).

The LILE depletion in cherts can be explained by the higher clay to feldspar ratio

in these sample. Both clay and K-feldspar are enriched in LILE (Nesbitt et al. 1980),

but the lack of coarse feldspar grains in the cherts most probably account for their

apparent depletions in Cs, Rb and K. Barium is less depleted due to its preferential

retention in phyllosilicates (Eylem et al. 1990, Göktürk et al. 1995, Shahwan et al.

2000), which constitute the majority of the clastic fraction in these samples.

Heavy minerals such as Ti- and Fe-oxides, as well as accessory minerals such

as zircon, monazite and apatite are major hosts for the HFSE and REE in terrestrial

rocks. Zircon especially is considered as the main reservoir for Zr and Hf, whereas

Ti-oxides, such as ilmenite (FeTiO3), have a large control on Ti and Nb-Ta (Hoskin

et Schaltegger 2003, Klemme et al. 2006, Garçon et al. 2011, and reference therein).

Thus, the lack of such phases in the chert can account for their significant depletion

in Zr, Hf, Ti and Nb (Fig. 4.8).

Similarly, Th, U and the LREE are typically enriched in monazites

((La, Ce, Nd)PO4) and may contribute to the enrichment of the cherts (Kami-

neni et al. 1991, Ayres et Harris 1997, Zhu et O’Nions 1999, Nagy et al. 2002, Thöni

et al. 2008, Radulescu et al. 2009, Garçon et al. 2011). However, the petrographic

observations did not reveal the presence of such phase, and the abundant clay

fraction is most probably responsible for the Th, U and LREE enrichment in the

cherts (Götze et Lewis 1994, Coppin et al. 2002).

REE and the detrital signal.

Because the REE are supposed to be immobile during secondary processes (e.g.

alteration, diagenesis) (e.g. Bau et Möller 1993, Bau et Dulski 1996, Webb et Kamber

2000, Shields et Stille 2001, Shields et Webb 2004, Nothdurft et al. 2004, Bolhar et al.

2004), and because no in situ silicification is observed (Chapter 2), the REE patterns

should preserve the primary signature of the source rock.

Although we identified Komati River black cherts as seawater-derived precipi-
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Figure 4.9 – PAAS-normalized REE+Y patterns for Komati River black cherts and siltstones in
relation with their respective mineralogy. Both the chert and siltstone have REE pattern consistent
with their clastic contaminant. Hooggenoeg dacites from Rouchon et al. (2009) are shown form
comparison. Note that Pm was not measured and is here estimated from its neighbors.

tates, none of their REE characteristics is consistent with their deposition as che-

mical sediment from oceanic fluids. As shown in Figures 4.9 and 4.10, they have

weakly to strongly fractionated REE patterns, with part of the samples showing

large HREE depletions. All patterns have significant europium enrichment and

lack cerium and lanthanum anomalies (Fig.4.10 and 4.11). The Y/Ho ratio is low in

average and remains close to chondritic values (Pack et al. 2007).

Thus, as for the major and trace elements, the REE composition most probably

represent a mixture of the various detrital phases, whose relative proportions vary

according to the mineral sorting during deposition. We consider that phyllosilicates

must dominate the composition of the chert layers because (1) zircon and ilmenite

are lacking , (2) K-feldspars are only present as microphases and (3) clays are pre-

ferentially enriched in REE during efficient complexation and sorption processes
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Figure 4.10 – REE and anomaly diagrams for Komati River (orange), Barite Valley (green) and
Buck Reef (blue) cherts. Symbols are detailed in Fig.4.6. Horizontal lines represent an absence of
anomaly. Archean Upper Crust (AUC) is from Condie (1993) ; Dacite (D.) from Hofmann et Har-
ris (2008) ; Modern Pacific seawater from Alibo et Nozaki (1999). Mineral compositions are from
Garçon et al. (2011).

in aqueous systems (e.g. Siever et Woodford 1973, Eylem et al. 1990, Götze et Lewis

1994, Coppin et al. 2002).

Origin of the detrital fraction

This section deals with the source of the detrital fraction. Rouchon et al. (2009)

proposed that the dacitic volcanic rocks of the Hooggenoeg Formation represent

the source of the detrital material in the turbidites. These rocks stratigraphically

underly the Komati River section and outcrop farther to the north-east, below the

Buck Reef site (Fig.4.3). Their composition has been plotted for comparison in all

the Figures presented so far (From Fig.4.6 to 4.11).
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Figure 4.11 – Diagrams representative of the Eu and Ce anomalies ; Legend similar to Fig.4.10.

The trace element patterns of Figure 4.8 (upper diagram) shows some characte-

ristics shared by the dacites and Komati River cherts, including the flat slope of the

spectra, the strong depletion in Sr and similar enrichments in Zr and Hf. However,

in the following ways the composition of the cherts and dacites are different.

(1) In Figure 4.6, one siltstone displays higher K2O, Al2O3, and TiO2 contents

and lower SiO2 than the dacite.

(2) In Figure 4.8 , the concentration of a number of trace elements in cherts

exceeds those measured in the dacites : in particular the trace metals Cr and Co

can be 10 times enriched compared to the dacite.

(3) In Figure 4.9, rare-earth elements are very different from dacites in both

cherts and siltstones, being less fractionated with lower LREE enrichment and wea-

ker HREE depletion.

(4) The presence of microcline in the detrital fraction (Fig.5.13-d) is inconsistent

with a dacitic source because this mineral crystallizes only in slowly-cooled pluto-

nic rocks (e.g. Deer et al. 1966).

Thus, the detrital fraction in Komati River turbidites best represents a mixing

between different continental sources, probably a mixture of Hooggenoeg dacites

and an unidentified granitic source.
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4.2.6 Barite Valley : the carbonate contaminant.

The Barite Valley site, or Barite Syncline, is located at the north-east of the On-

verwacht anticline (Fig.4.3). Here we focus on the western limb of the syncline

and especially on the lower units that correspond to the Mendon Formation (3335-

3260Ma ; Kröner et al. 1991, Byerly et al. 1993; 1996). The series evolves upward

from finely laminated, reddish shales (Fig. 4.12-a) to very fine-grained, light grey

shales (Fig. 4.12-c) with homogeneous black chert interlayers, all deposited in quiet,

probably deep, subaqueous environments (Lowe in press.).

The black chert layers range in thickness from millimeter-thick intercalations up

to 30cm-thick concordant layers (∼ 5cm in average). They were identified in Chap-

ter 2 as seafloor-deposited, chemical precipitates although the origin of the silica

remains ambiguous. Fracture-filling cherts from the area, found in large, cross-

cutting dykes, will be described in Part II of this Chapter.

Chert characteristics.

As shown in Figure 4.12-e,f, the Barite Valley C-chert lacks detrital particles

and internal structures, and is exclusively composed of cryptocrystalline micro-

quartz with carbonate grains found as isolated packages (<2-5%). These grains are

rhombohedral in shape with sharp to partially altered boundaries and show well-

developed internal zoning. Such carbonates are probably early diagenetic products

as they commonly fill thin veins cross-cutting the chert (Fig.4.12-e).

The laminated, ferruginous shales are composed of Si-rich (black) and Fe-rich

(red) laminations (Fig.4.12-b) that correspond to alternating microquartz and iron

oxide concentration zones. The light grey to yellowish shales lack significant iron

but are characterized by abundant carbonates in a matrix of microquartz, carbona-

ceous matter and minor sericite (Fig.4.12-d). Both these shale types are now silici-

fied to chert, a metasomatism that might have occurred during the earliest stages

of diagenesis, as will be discussed in Part II (Section 4.2.8).

From the mineralogy, we can infer that the whole rock chemistry of the chert

will should be a mixture of carbonate and silica compositions. At this point, we

need to introduce a new sample that we consider representative of typical Archean

carbonate. It corresponds to a carbonate layer (sample KRC5) sampled in the Ko-
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Figure 4.12 – Field (a,c) and microscope photos of Barite Valley C-cherts (e,f) and adjacent shale
units (b,d). The shales are of two types : (b) laminated, ferruginous shales characterized by alterna-
ting quartz-rich/Fe-oxide-rich layers ; (b) laminated, light grey shales composed of abundant carbo-
nate and carbonaceous matter grains in a microquartzitic matrix. The black chert (e,c) is exclusively
composed of microquartz in which are disseminated carbonate grains. Note the soft deformation of
black chert layers at their upper interface with shales. µQz = microquartz ; CM = carbonaceous
matter.
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Figure 4.13 – Field (a) and optical (b) photos of the carbonate layer found above the turbiditic units
at Komati River (Sample KRC5). Carbonates have ankerite composition according to Table 4.2.

mati River site and located above the turbiditic sequence (Fig.4.13-a). The layer is

∼ 3cm-thick and confined between carbonaceous black chert layers close to ultra-

mafic rocks. As shown in Table 4.2, the carbonate has a major element composition

close to ankerite (Deer et al. 1966) but has an excess silica with a SiO2 content of

17.9wt%. Because carbonate grains are well preserved in Figure 4.13-b, the silica

enrichment is attributed to the presence of significant amount of siliceous matrix

around carbonates. The carbonate layer lacks detrital particles which prevent any

continental contribution to its bulk chemistry.

Accordingly, in the following sections this layer is used as a reference material

for Archean carbonates and helps unraveling such contribution to the trace element

composition of Barite Valley cherts.

Trace elements and possible origin of the fluid.

As shown in Figure 4.14, both the black chert and carbonate layers from the

Barite Valley site have REE, HFSE (Zr, H f , Nb, Ta, Y) and LILE (Cs, Rb, Ba) concen-

trations well below those of Komati River samples, which is consistent with the

detritus-free mineralogy of these samples.

We can estimate the dilution effect of the silica matrix on the carbonate layer

composition. In this facies, the excess ∼ 18wt% SiO2 reduces the REE and HFSE

concentrations by about 1/5th, taking an initial SiO2 for carbonates of 0wt%. Ac-
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Figure 4.14 – Concentration diagrams (Log scale) for the total REE+Y, HFSE (Zr, Hf, Nb, Ta,
Y) and LILE (Cs, Rb, Ba) in Barite Valley, Komati River and Buck Reef samples. Buck Reef Chert
samples, especially the white chert facies, are systematically lower than any other rock type. Sample
FTC18-CN, the black chert layer from Barite Valley, is compared to the carbonate layer (KRC5) from
Komati River.
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Figure 4.15 – PAAS-normalized trace element patterns of the reference carbonate (Komati River,
sample KRC5) and the black chert layer (Barite Valley, FTC18-CN). The lower graph corresponds to
the chert composition normalized to the carbonate. Enrichments in Ba, U, Pb, Sr and in the transition
metals Cr, Co and Ni in the chert are attributed to hydrothermally-influenced oceanic fluids (see text
for discussion). The flat REE show that they are controlled by the carbonate fraction. Note that the
LILE content for Barite Valley samples are essentially controlled by the barium enrichment in the
area (see Tale 4.2).

cordingly, the initial REE and HFSE contents would be 37.5ppm and 25ppm res-

pectively instead of the present 30ppm and 20ppm values. The dilution is thus

negligible in the carbonate, which is certainly not the case in the chert where the

REE and HFSE remain below 1ppm.

The trace element patterns of these samples are shown in Figure 4.15. We re-

trieve from this graph the very low concentrations in Barite Valley cherts, whose

pattern is characterized by strong enrichment in Ba, Pb and to a lesser extent U and

Sr compared to other trace elements. The transition metal Cr, Co and Ni are simi-

larly enriched in this sample. The carbonate layer displays higher concentrations

and lacks major enrichment in one or another of the trace elements, although Rb,
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Pb, Sr and the transition metals are slightly enriched. Lithium is depleted in both

the carbonate and chert.

To allow for comparison, the chert is normalized to the carbonate layer in the

bottom graph of Figure 4.15. Although differences are observed for the majority

of trace elements (see below), the REE display a flat shape that indicates a chert

composition very similar to the composition of the carbonate (see also Fig.4.16).

Such consistency is evidence for us that the REE content of the Barite Valley chert

is controlled by its carbonate fraction in a way similar to that observed in Komati

River cherts, with the silica content acting again as a diluent.

The significant enrichment in Ba, U, Pb, Sr and in the trace metal Cr, Co and

Ni in the chert remain to be explained. Because carbonates are known to record

the chemistry of the fluid from which they precipitated (Veizer et al. 1989, Lee et

Byrne 1992, Kamber et Webb 2001, Van Kranendonk et al. 2003, Nothdurft et al.

2004, Allwood et al. 2010), we believe that these differences may be inherited from

specific conditions that prevailed in the Barite Valley paleo-basins.

Because the Barite Valley chert was found interbedded with deep sea shales, it is

thought to have been deposited on the seafloor, in the deep ocean, where only very

fine-grained sediments were transported and deposited. Thus, the fluid from which

it precipitated could have been hydrothermally-influenced, which can account for

the barium enrichment as already proposed by Heinrichs et Reimer (1977), Lowe

et Knauth (1977) and Bao et al. (2007) for barite deposits commonly found in the

area. The significant concentrations in Pb, U, Co and Cu are consistent with such

a depositional setting as these elements are characteristic of modern hydrothermal

fluids (e.g. Klinkhammer et al. 1994, Bau et Dulski 1999, Frei et Polat 2007).

REE contents and seawater proxies.

According to their REE+Y patterns (Fig. 4.16), the carbonate layer from Komati

River is characterized by a seawater-like signature as described in Section 4.2.2.

The carbonate is strongly depleted in LREE, with a Pr/YbSN ratio as low as 0.19,

and displays a slight positive lanthanum anomaly (La/La∗=1.50). The HREE are

relatively flat and only disturbed by a slight positive Y anomaly that gives a Y/Ho

ratio of 32.2. This value is far from that of modern oceanic fluids (Y/Ho=50-60 in
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Figure 4.16 – PAAS-normalized REE+Y patterns for the reference carbonate (Komati River,
samples KRC5) and the black chert layer from Barite Valley (FTC18-CN). Both samples display
seawater-like characteristics, including strong LREE depletion and Y enrichment. Note the different
scales and the very low concentration of the chert.

average ; e.g. Nozaki et al. 1997, Bau et al. 2000), but significantly exceeds the chon-

dritic values of modern terrestrial rocks (Y/Ho=26-28 ; Pack et al. 2007). Despite

these similarities, the carbonate layer differs from modern equivalents (e.g. Webb et

Kamber 2000) by lacking a negative cerium anomaly (Ce/Ce∗=1.08) and showing

strong europium enrichment (Eu/Eu∗ ∼ 2).

The REE pattern of Barite Valley black cherts is very similar to that of the Ko-

mati River carbonate. It displays strong LREE depletion (Pr/YbSN = 0.10) and

slight lanthanum enrichment (La/La∗ = 1.32), whereas the HREE are relatively

flat. The Y/Ho ratio is superchondritic with a value of 36.9. The europium ano-

maly is positive (Eu/Eu∗ = 1.39) but lower than in the Komati River carbonate,

and cerium is slightly depleted with a Ce/Ce∗ of 0.8. Slight samarium and gadoli-

nium enrichment is observed when compared to KRC5.

Thus, the Barite Valley C-chert displays a well-defined seawater-like, chemical
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composition, but its similarity with the ankerite layer suggests that the oceanic

signal is hosted by the carbonate fraction and not by the silica fraction. As for the

Komati River detritus-rich samples, the silica only contributes SiO2 to the bulk

chemistry and acts as a diluent to produce the very low concentrations found in

FTC18-CN compared to KRC5.

Positive europium anomalies are a common feature of Archean chemical preci-

pitates and have been previously attributed to primitive environments (e.g. Fryer

1977, De Baar 1991, Olivarez et Owen 1991, Danielson et al. 1992, Alibo et Nozaki

1998, Shields et Stille 2001, Hayashi et al. 2004, Bau et Koschinsky 2009). The Eu en-

richment in modern hydrothermal systems (e.g. Von Damm 1990, Butterfield et al.

1997, Wheat et al. 2002, Seyfried Jr. et al. 2003, Bao et al. 2008) suggests the contri-

bution of such fluids to both the chert and carbonates deposited at Komati River

and Barite Valley. On the other hand, the slight negative cerium anomaly could be

inherited from slightly oxidizing conditions in the Barite Valley site, although the

anomaly is much lower than that observed in modern oxygenic oceans (see Fig.4.1).

4.2.7 Buck Reef : carbonaceous and high purity cherts.

The Buck Reef site is stratigraphically above Komati River units (Fig.4.3) and

belongs to the Kromberg Formation (3.416Ga, Kröner et al. 1991). It is well exposed

on the western limb of Onverwacht anticline and comprises a 250 to 400m-thick

unit of banded siliceous sediments, i.e. black and white banded chert, overlying

dacitic volcanic rocks and associated volcaniclastics of the Hooggenoeg Formation

(Lowe et Byerly 2007).

The sequence is subdivided into three units, and grades from siltstones and

evaporites to black and white banded cherts, with the upward disappearance of

sedimentary structures and thinning of the beds. According to (Lowe 1999, Tice

et Lowe 2006), it represents evolving marine conditions, from shallow, lagunal to

deep, open-ocean settings. We focus here on the banded chert sequence whose ori-

gin remains ambiguous (e.g. Lowe et Knauth 1977, Walsh 1992, Lowe 1999, Westall

et al. 2001, Westall 2005, Tice et al. 2004, de Vries 2004, Tice et Lowe 2006, de Vries

et al. 2006). In Chapter 2, we identified both the black and white facies (Fig.4.17
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- a) as oceanic chemical precipitates, probably deposited as soft and gelatinous

amorphous silica.

The lower half of the sequence contains several slab conglomerate layers re-

presentative of occasional high-energy currents on the continental platform setting

(Lower Banded Chert facies, Tice et Lowe 2006, Ledevin et al. in prep.a). In the

conglomerates (Fig.4.17 - b), slabs are elongated and angular to sub-angular in

shape and were produced by the disruption of massive white chert layers, whereas

the surrounding matrix is similar to the massive black chert facies.

Chert characteristics.

The petrology of both the black and white cherts is consistent thorough the

whole sequence (Fig.4.17). In conglomerates, the slabs have compositions similar

to white chert and the matrix to black chert (4.17-d,f).

(1) Massive white cherts are almost entirely composed of homogeneous micro-

quartz (<5µm) and lack obvious detrital grains or internal structures (Fig.4.17-c,d ;

see also diffraction spectra of Fig.A.3). Rare ankerite and siderite grains are obser-

ved as secondary phases, grown within mm- to µm-thick silica-veins that cross-cut

the chert. Minute grains (<1µm) of chromite and iron oxide are commonly found

disseminated within the microquartzitic fabrics (only visible using high resolution

imaging).

(2) Massive black cherts show higher petrological variability : they contain abun-

dant carbonaceous matter in variable forms, including rounded agglomerates and

elongated, homogeneous grains, mostly of detrital origin (Fig.4.17-e,f). Thin carbo-

naceous laminations are intercalated with silica layers, both <10µm in thickness,

and were interpreted as microbial mats by Tice et Lowe (2006) and in Chapter 2.

Sand-size detrital particles, either ghosts of rounded grains now recrystallized to

microquartz or carbonaceous grains, are commonly trapped within microbial lami-

nations.

Throughout the whole sequence there is evidence of silicification, as revealed

by numerous quartz-filled veins, pervasive silicification fronts and the partial di-

sappearance of primary textures (Chapter 2. It is difficult to judge the extent of this

process, but we estimate that it affects about 10-30% of the outcrop. Samples
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Figure 4.17 – Field (a & b) and microscope (c to f) photos of Buck Reef black and white chert samples.
Massive white chert layers (c) and white chert slabs in conglomerates (d) have similar mineralogy,
entirely composed of microquartz with disseminated chromites and iron oxides (<2µm). Massive
black chert layers (e) and black matrix in conglomerates (f) are similarly composed of microquartz
but display abundant carbonaceous matter contents, either as microbial mats, thin laminations, or
rounded agglomerates. Rare ghosts of rounded detrital grains can be observed although they are
recrystallized to microquartz.
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Figure 4.18 – Harker diagrams for Zr and Hf for Barberton cherts from the Komati River (orange
shades), Barite Valley (green shades) and Buck Reef (blue shades) sites. Solid lines are mixing curves
between the purest withe chert from Buck Reef and the Archean Upper Crust (Condie 1993). Symbols
are similar to Figure 4.6.

selected for analysis were generally free of secondary veins and obvious alteration

fronts.

The purity of Buck Reef cherts.

The chemical composition of Buck Reef cherts is in agreement with the silica-

dominated mineralogy : the white cherts have the highest silica content of the

whole sample set (Fig. 4.6), with SiO2 concentrations very near 100wt% and most

other major elements being below the detection limit (Table 4.2). Black cherts also

contain very low aluminum (<0.2wt%) and potassium (<0.07wt%) contents that

may be inherited from the rare rounded detrital grains preserved as ghosts in the

matrix. Significant iron contents are recorded in both the black and white facies,

ranging from 0.15 to 0.33wt%. The iron is probably hosted in the minute dissemi-

nated oxides : although they are <2µm in size, they are abundant in the siliceous

matrix.

As expected from the major elements, the trace element concentrations are extre-

mely low (Fig.4.14). The ΣREE in white cherts is below 1ppm (<0.5ppm in average)

but can reach 6.4ppm in the black cherts, especially those with non-zero Al2O3 and

K2O contents. The LILE content of the white cherts is below 50ppm and the HFSE
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Figure 4.19 – Evolution of the Ba/Sc ratio across the Buck Reef sequence. Stratigraphy is modified
from Tice et Lowe (2006). Ba/Sc strongly differs from one layer to another, especially in black and
white chert facies sampled in adjacent layers. Thus, the mobile elements (here Ba) might not have
been significantly remobilized during secondary fluid circulations. Dark bands represent black layers.
When samples have "Mtx" (matrix) of "Slab" in their name, they are from conglomerate layers.
Otherwise they are from massive layers.
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concentrations do not exceed 10ppm for Zr and 1ppm for Th (Fig.4.18 ; Table 4.2).

In the black cherts the LILE and HFSE contents are 2 to 10 times higher.

In the previous sections, we showed that the presence of even a small amount of

contaminant (e.g. detrital particles, phyllosilicates, carbonates) dominates the bulk

chemical signature whereas the silica contribution is difficult, if not impossible, to

recognize. In the Buck Reef Chert samples, the black cherts may contain a certain

amount of contaminant, as shown by the Al and K enrichment in some samples.

However, the massive white chert layers, with their spectacularly low concentra-

tions and almost pure silica mineralogy, provide the best chance to estimate the

chemical signature of pure, oceanic, silica deposits. The minute iron oxides do not

contribute significantly to their bulk chemistry as no correlation was found between

iron concentrations and the trace element contents.

Because the whole Buck Reef section underwent significant secondary fluid cir-

culation (see previous section), their bulk composition could have been significantly

disturbed depending on the fluid characteristics (i.e. temperature, pH, dissolved

species ; Michard et Albarède 1986, Michard 1989, Seyfried 1987, Bau 1991, Bignall

et Browne 1994, Seyfried et al. 1998, Elderfield et al. 1999, Douville et al. 1999). Ho-

wever, as shown in Figure 4.19, adjacent black and white chert layers display dis-

tinct and specific trace element characteristics that would have been averaged if the

fluid had exchanged with surrounding layers. Mobile elements, such as Pb, Sr, Ba,

U and Li, would have been leached or mobilized, but instead their concentrations

vary strongly between layers collected at the same place, and from black to white

units. Although it is possible that the carbonaceous matter or another component

of the black chert fixed a certain proportion of the trace elements, we take the pa-

rallel patterns to indicate that the difference in concentration of the trace elements

is due to the dilution effect of silica. Thus, one may assume that the composition of

Buck Reef cherts remained unchanged and reflect the primarily deposited, oceanic

silica composition.

Silica signal and the use of seawater proxies.

The trace element patterns of Buck Reef cherts are shown in Figure 4.20, which

dramatically illustrates the extremely low concentrations we are dealing with.
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Figure 4.20 – Shale-normalized trace element patterns of Buck Reef cherts showing the homogeneity
of white cherts (upper graph) compared to black cherts (lower graph). The

From this figure, and from Figures 4.18 and 4.21, the white cherts are characte-

rized by strong enrichments in Ba, Pb, Cr and Ni. As previously noticed, the HFSE

are extremely low. The black cherts are much more variable and, in average, have

lower Ba enrichment but higher U contents. Other elements have a wide range

of concentrations, which we believe is representative of the presence of variable

amount of contaminant in the black chert (i.e. carbonaceous matter and detrital

grains). Mass balance calculations like those described in the previous sections in-

dicate that the amount of contaminant is probably less than 1-2% (Fig.4.18).

The variability of the black chert facies, either in massive or conglomerate layers,

is similarly observed in the REE patterns of Figure 4.22 : the LREE are either flat

or strongly depleted (Pr/YbSN = 0.09-1.00), the lanthanum and cerium anomalies

are either absent or weakly to strongly positive (La/La∗ = 1.0-7.8 ; Ce/Ce∗ = 0.98-

2.15), the europium anomaly is strongly positive and ranges from 1.36 to 2.43, and
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Figure 4.21 – Selected ratio vs. element diagrams for Komati River (orange), Barite Valley (green)
and Buck Reef (blue) cherts. Symbols are detailed in Fig.4.6. Horizontal lines represent AUC ratio.
Archean Upper Crust (AUC) is from Condie (1993) ; Dacite (D.) from Hofmann et Harris (2008) ;
Modern Pacific seawater from Alibo et Nozaki (1999). Carbonate = Sample KRC5 ; Other mineral
compositions are from Garçon et al. (2011).

the Y/Ho ratio ranges from subchondritic to superchondritic values, from 24.7 to

45.9. The presence of some contaminant is again advocated to explain such a range

of compositions.

In contrast, the purity of the white chert facies allows us to consider their

REE composition as representative of pure siliceous deposits. The massive layers

have highly fractionated REE patterns characterized by strong LREE depletion

(Pr/YbSN = 0.10-0.59) and nearly flat HREE. The lanthanum and europium ano-

malies are either slightly negative or positive, with La/La∗ ranging from 0.87 to 1.57

and Eu/Eu∗ from 0.82 to 1.29, whereas a cerium anomaly is absent (Ce/Ce∗ = 0.81-
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Figure 4.22 – PAAS-normalized REE+Y patterns for Buck Reef Chert samples in relation with
their respective mineralogy. The composition of modern Pacific seawater from Taylor et McLennan
(1985) is shown form comparison. The massive white chert layers display strong positive samarium
anomalies that are barely explainable.

1.12). Yttrium is variably enriched, producing chondritic to superchondritic Y/Ho

ratios of 25 up to 36.6. The white chert slabs in conglomerates are interpreted as

disrupted layers of massive white chert. Indeed, they show REE patterns similar to

those found in previous massive layers, although slight differences are observed :

the lanthanum and europium anomalies are much more positive (La/La∗ = 1.00-

1.7 ; Eu/Eu∗ = 1.38-2.51) and the Y/Ho ratio is even more superchondritic, ranging

from 30.3 to 43.4.

Such REE characteristics approach those of modern seawater as shown in Figure

4.10, although the lack of Ce-anomaly and the variable Eu-anomalies are evidence

for specific environmental conditions, i.e. more reducing conditions (e.g. Sverjensky

1984, Danielson et al. 1992, Shields et al. 1997, Bau et al. 1998, Yang et al. 1999).

The seawater-like characteristics found in the white cherts (i.e. LREE depletion,

La and Y enrichment) could have been inherited from Archean seawater if we ac-
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cept that seawater proxies are reliable indicators of oceanic contribution. However,

in Figure 4.23, we show that the Buck Reef white cherts fall within the field of

modern hydrothermal, magmatic and metamorphic quartz (Monecke et al. 2000,

Götze et al. 2004) that did not precipitated from oceanic fluids. Thus, we can be

confident that the chert precipitated on the seafloor using the field and petrogra-

phic approach of Chapter 2, but we cannot distinguish the various oceanic and

hydrothermal contributions to the ambient fluids on a geochemical basis.

The mysterious samarium anomaly

A spectacular and unexpected feature is the presence of strong positive sama-

rium anomalies in all the sampled massive white chert layers. Such anomaly is

particularly of interest, as it has never been observed in any terrestrial rock. We

believe that the anomaly is neither an analytical artifact, nor due to contamination

during the digestion procedure or within the ICP-MS analysis (see Appendix A for

analytical details). We repeated the analysis three times with variable dilution fac-

tors and reproduced the anomaly in each case. Black and white samples from both

massive and disrupted layers were randomly placed in the analytical sequence. For

two of the three series, the samples underwent the same procedure, from the diges-

tion until the analysis. We systematically obtained the Sm enrichment in the white

cherts but not in the black cherts, confirming the reality of the anomaly.

The Sm-anomaly is expressed as Sm/Sm∗ and calculated from the equation

4.4 : it corresponds to the ratio between the measured value and that expected

by the slope defined by the closest neighbors that are not affected by anomalous

enrichment or depletion.

Samarium anomaly :

Sm/Sm∗ = SmSN/[(PrSN + GdSN)/2] (4.4)

The anomaly ranges from 2.80 to 7.77 in white cherts, but is lacking or even

negative in black cherts (Sm/Sm∗ = 0.53-1.18) (Table 4.2). Because the total REE

content is higher in the latter, we argue that the samarium enrichment might have
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Figure 4.23 – Selected diagrams showing the superposition of Buck Reef chert compositions with
those of pegmatitic, hydrothermal and metamorphic quartz. Various quartz types cannot be distin-
guished on the basis of their REE content. Pegmatitic quartz compositions are from Götze et Lewis
(1994) and hydrothermal and metamorphic quartz are from Monecke et al. (2000).
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been obscured in these samples. Only one slab sample (BRC15-Slab) has a positive

Sm anomaly whereas other slabs have normal patterns. Thus, either the specific

condition that fractionated samarium was not constant through time, or the ano-

maly was obscured during the disruption and reworking of most of the slabs.

We found only one study reporting anomalous Sm behavior : Pack et al. (2004)

observed distinct negative Sm anomalies in ordinary chondrite chondrules, proba-

bly inherited from the REE gas-solid fractionation in nebular environments. Howe-

ver, such conditions are obviously unlikely on the primitive Earth, and we propose

here several other possibilities for the fractionation of samarium.

(1) The complexation of REE with dissolved phosphate can fractionate Sm be-

cause it is preferentially removed from seawater (Byrne et al. 1996). Thus, it is not

inconceivable that similar Sm-phosphates exist in the Buck Reef white cherts. Ho-

wever, the P2O5 contents are below the detection limits in these samples and we

failed to identify phosphates in chemical maps.

(2) Minute oxides are the only other minerals found in the microquartzitic ma-

trix. Thus, we envisage that samarium could have been preferentially retained in

these oxides during the chert formation. Such fractionation could have been ren-

dered possible by the specific magnetic moment of samarium, especially that of
147Sm and 149Sm (Lock 1957, Benz et Martin 1970, Taylor 1971, Danebrock et al.

1996, Malaman et al. 1997, Wolff et al. 2001). The way the samarium is used in the

industry to produce powerful magnets could provide further information on the

way it might fractionate under specific conditions.

(3) Although we recognized the cherts as oceanic precipitates, we cannot enti-

rely rule out a possible hydrothermal contribution to the basin on the basis of their

composition. Indeed, Archean hydrothermal systems may have been very different

from modern equivalent, especially in terms of the fluid composition and deep

fluid-rock interactions (Isley 1995, de Vries et Touret 2007, Shibuya et al. 2010). Fol-

lowing the model of Shibuya et al. (2010), we envisage the precipitation of the white

layers from a mixture of seawater and a hydrothermal plume. The plume could

have been enriched in Sm within the crust, especially if it interacted with ultrama-

fic rocks that are known, in some cases, to be preferentially enriched in samarium

(e.g. Sharma et al. 1995). However, modern systems with ultramafic basements do
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not produce such Sm-rich fluids (Logatchev and Rainbow fields Batuyev et al. 1994,

Bogdanov et al. 1995, German et al. 1996, Charlou et al. 1998, Douville et al. 2002).

We speculate that and Archean fluid may have had chemical characteristics (i.e. T◦,

salinity, acidity and the nature of dissolved and particulate species) that could have

promote the fractionation of samarium.

We can also envisage specific fission reactions, or the fractionation of samarium

during the precipitation of amorphous silica. None of these hypotheses is convin-

cing, and additional investigations are needed. In the future, we plan to measure

the Nd isotopic composition of these cherts, in the hope that the enormous range

of Sm-Nd ratios of the white and black cherts will allow us to place constraints on

the timing of the fractionation.
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In this section, we focus on the silicified shales (S-chert) that comprises the

sedimentary sequence of the Barite Valley locality, and on the black chert dykes (F-

chert) that cross-cut these units. The composition of both chert types are discussed

in terms of mineral compositions. By this approach, we investigate the origin of the

silica that now fills the fractures and the effect of dyke emplacement on the country

rock chemistry.

4.2.8 The silicified shales from the Barite Valley site.

S-chert characteristics.

The shales from the Barite Valley site comprises two distinct facies.

The first facies corresponds to the laminated, more or less ferruginous,

carbonate-rich shales described in Part I (Section 4.2.6). Their mineralogy is summa-

rized in Figure 4.24-f. These shales are characterized by abundant grains of micro-

carbonaceous matter associated with isolated and slightly less abundant carbonate

grains. Phyllosilicates in this facies are limited to fine grains less than 5-10µm in

size. Both these phases are enclosed in a microquartzitic matrix whose dark color is

attributed to the presence of diffuse carbonaceous matter. In the following sections,

we will referred to this facies as "carbonate-shale".

The second facies is enriched in detrital grains and consists of a mixture of mi-

croquartz and phyllosilicates in roughly equal proportions, in which iron oxides

may be abundant (Fig. 4.24-d). The coarser phyllosilicates (typically 50µm in size)

display well-defined zoning (Fig. 4.25) whereas the finest grains are homogeneous.

The elongated shapes and rounded edges of phyllosilicates suggest that these are

primary detrital particles rather than secondary material produced during diage-

nesis. From the microprobe analyzes of Table 4.3, the phyllosilicates have sericite

composition and we will thus referred to this facies as "sericite-shale".
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Figure 4.24 – Selected photomicrographs of Barite Valley dyke-filling black cherts (c, e) and silicified
country rocks. The photo (a) shows the relationship between the dyke and shales. The silicified shales
are either (d) sericite- or (f) carbonate-rich according to their stratigraphic levels, the former being
older and deposited under deeper marine conditions (Lowe 1999; in press.). The fracture-filling
cherts are characterized by the abundance of rounded particles of microquartz and carbonaceous
matter enclosed in a microquartzitic matrix. µQz = microquartz ; CM = carbonaceous matter.
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Figure 4.25 – BSE photos of Barite Valley shales, and in situ, high resolution microprobe maps of
zoned sericite grains showing the preferential location of barium in sericite rims. Note that the rim
is relatively thick compared to the central, narrow zone, and that the thin, green aureole around the
grain is an artifact due to the color scale. Quantitative analyzes are given in Table 4.3.

Composition of sericite-shales.

Compared to the clastic-rich, turbiditic samples of Komati River , the sericite-

shales are significantly enriched in SiO2 whereas major and trace element concen-

trations are lower (Fig. 4.6 and 4.14). Aluminum is the most enriched element, with

concentrations up to 3.86wt%, whereas other major elements are below 1wt% (Fig.

4.6), which is consistent with the siliceous, phyllosilicate-dominated mineralogy

that lacks coarse, clastic particles and heavy minerals. The SiO2 content (>90wt%)

represents the amount of siliceous matrix around detrital clays as no detrital quartz

is observed. Other elements are thus more or less diluted according to samples,

which provides the negative correlations curves of Fig. 4.6, a dilution effect already

observed at Komati River.

As shown in Figure 4.26, Al2O3, K2O, Zr and Ti concentrations correlate po-
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Figure 4.26 – Barite Valley major element correlation diagrams. The well-defined positive correla-
tions are consistent with the location of Al, K, Zr, Ba and Ti in the fine-grained fraction. We can
model the bulk shale composition with 12% sericite, 0.2% ilmenite and less than 0.01% zircon, the
rest being microquartz.

sitively with each other, suggesting that the detrital fraction preserves a similar

composition across the sampled sericite-shales. As we did in Section 4.2.5 for Ko-

mati River siltstones , the major element content of the sericite-shales can be linked

to specific minerals species, and the bulk composition can thus be expressed as a

mixture of mineral compositions.

The mineralogy is homogeneous and dominated by the mixture of phyllosili-

cates and microquartz. As shown in Table 4.3, the zoned, coarser phyllosilicates

found in most of the samples have sericite-like compositions similar to those in

Komati River samples. (SiO2=50wt%, Al2O3=32-34wt% and K2O=7wt%). The rim
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Figure 4.27 – Element vs. element diagrams showing positive correlations between the continental-
derived elements Zr and Al. The correlation with barium indicates that this element is exclusively
located in the clastic fraction. Samples FTC18 corresponds to the massive, black chert layers deposited
as C-chert in the carbonate-shales.

is enriched in barium (4wt%), and to a lesser extent in heavy elements (Cr, Ti, Fe)

and MgO, whereas Na2O is depleted. Iron is most probably located in siderite that

can be abundant in some layers (up to 5%).

In Figure 4.26, we model the major element composition of Barite Valley sericite-

shales using the composition of the mineral components. From this figure, the

Al2O3 and K2O contents of sericite-shale samples can be modeled using a mixture

of 88% quartz and 12% sericite. Similarly, we estimate that ∼ 0.1% of ilmenite and

less than 0.006% zircon are required to account for the Ti and Zr concentrations

observed in our samples.

The well-defined positive correlation between BaO and the continent-derived

elements Al2O3 (Fig.4.27), Zr and Th (Fig.4.27) suggest that barium is located in

the clastic fraction. In Table 4.3 and Figure 4.25, we see that the sericite grains have

high Ba contents, particularly the rims. It is uncertain whether the Ba is part of the

detrital component or introduced during diagenesis or later alteration. The mixing

calculation of Figure 4.26 shows that 12% of sericite can account for the barium

content.

As previously noticed for Komati River cherts, the silica acts as a diluent in these

silicified shales but, otherwise, seems contribute only SiO2 to the bulk composition.

The trace and rare-earth element patterns of Barite Valley sericite-shales may thus
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Figure 4.28 – Barite Valley PAAS-normalized REE patterns for the silicified shales (S-chert) and
fracture-filling cherts (F-chert). The silicified shales are further divided into Carbonate- and sericite-
shales according to their mineralogy. The composition of modern Pacific seawater (Alibo et Nozaki
1999) is shown for comparison.

be representative of their phyllosilicates-dominated fraction. The carbonate-shale

have much lower REE contents, as seen in Figure 4.28.

REE composition and the contaminant signal.

The REE patterns for the two shale types are shown in Figure 4.28. The sericite-

shales have total REE contents of ∼ 24-38ppm and form an homogeneous group

characterized by relatively flat LREE whereas the HREE are more variable, being ei-

ther flat or strongly depleted with Pr/YbSN ranging from 0.94 to 2.8. These samples

display weak to strong negative cerium anomalies (Ce/Ce∗ = 0.80-0.41), chondritic

to superchondritic Y/Ho ratios (Y/Ho = 27.2-34.9), and absent to weak, positive

Eu-anomalies, with Eu/Eu∗ of 1.1 to 1.3. These features are somehow similar to

those of Komati River clastic samples and are characteristics of their respective

detrital components.

The carbonate-shales are very different as they contain much lower REE

contents (∼ 5-12ppm) and display highly fractionated REE patterns, with strong

LREE depletion and relatively flat HREE (Pr/YbSN = 0.2-0.54). They lack cerium
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anomalies (Ce/Ce∗ = 0.92-1.11) and lanthanum is slightly enriched with La/La∗

of 1.18-1.35. Y/Ho ratios are superchondritic 32.7 to 33.9, and europium is strongly

enriched for the least LREE-depleted samples (Eu/Eu∗ = 0.95-1.61). These charac-

teristics, and especially the LREE depletion, and La and Y enrichments,approach

those obtained in the reference carbonate KRC5 (see Fig.4.16) and resemble modern

seawater characteristics, despite the presence of low amount of phyllosilicates.

These results are in good agreement with the previous conclusions reached for

Komati River samples : the sericite-shale chemistry is controlled by its phyllosilicate

fraction whereas the carbonate-shales have a composition that approaches that of

the Buck Reef cherts. In both cases, the silica dilute the detrital fraction composition

and contribute to the average low concentrations in these samples.

Silicification process.

A key question is wether these rocks were primarily silicified during early to

late diagenesis, or secondarily modified during the black chert dyke emplacement.

Figure 4.29 represents a X-ray microfluorescence map of the interface between a

black chert dyke and surrounding sericite-shales. Whereas the dyke is almost en-

tirely composed of silica, with rare, isolated carbonate grains, the shale preserves

chemical and mineralogical variations in agreement with its primary layering. The

variable clay/microquartz ratio from band to band is responsible for the color va-

riations of the rock, and the organization seems undisturbed by the proximity of

the fracture.

However, pervasive silicification has been reported tens of meters below chert

horizons in more resistant mafic and ultramafic magmatic rocks (Paris et al. 1985,

Lowe et Byerly 1986a, Duchac et Hanor 1987, Hanor et Duchac 1990, Hofmann et

Harris 2008). Thus, why was the Si-metasomatism so limited in the Barite Valley

shales ?

In Figures 4.27 and 4.26, we showed that barium is located in the fine-grained,

clastic fraction as it correlates positively with the HFSE and Al2O3 content. From

the microprobe analyses of Table 4.3 and microprobe maps of Figure 4.25, we sho-

wed that it is highly concentrated in sericite rims (∼ 4wt%), less in their core

(0.67wt%) and otherwise absent from other phases.
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Figure 4.29 – In situ X-ray microfluorescence map at the interface between a fracture-filling black
chert and surrounding laminated and silicified shales in the Barite Valley area. (a) Photo of the
selected area. The primary layering of the shale is preserved despite its contact with the black chert
dyke.

Such specific location could be easily explained by the transfer of Ba (together

with K and Si) from the circulating fluid through to the country rock during the

dyke emplacement and subsequent Si-metasomatism Hofmann et Harris (e.g. 2008),

and preferential incorporation of Ba in phyllosilicates (e.g. Eylem et al. 1990, Zhang

et al. 2001). However, based on the following evidence, we argue that the shales

were silicified prior to dyke emplacement : (1) other mineral phases, and especially

carbonates, do not contain Ba enrichment as shown in Table 4.3 ; (2) the primary

layering in shales is preserved even close to the fracture wall.

Previous studies on massive barite deposits (Heinrichs et Reimer 1977, Reimer

1980) and Fig Tree greywackes (Hofmann 2005) argued that the area was a geother-

mally active zone during shale deposition. Hofmann (2005) proposed that ascen-

ding Ba-rich hydrothermal fluids could have been responsible for the metasomatic

alteration of the Mendon Formation along major upflow zones.

Following their idea, we propose that the shales were silicified very early, du-

ring or shortly after deposition. However, we depart from their interpretation as

we believe that the Ba and Si enrichments could be inherited from hydrothermally-

influenced bottom seawater, rather than from shallow circulating hydrothermal

fluids. We argue that Si and Ba sorption onto clays, either during their deposi-

tion or subsequent pervasive seawater infiltrations, can account for both the early

silicification (e.g. Rouchon et al. 2009) and the specific location of Ba in sericite
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rims (e.g. Eylem et al. 1990, Zhang et al. 2001). The early metasomatism of shales

and following diagenetic compaction could have sufficiently reduced their average

porosity to prevent further silicification when the fracture-filling chert emplaced.

4.2.9 The fracture-filling cherts from the Barite Valley site.

Fracture-filling chert (F-chert) are found in large dykes that cross cut the pre-

viously described silicified shales in the Barite Valley site. The fractures are perpen-

dicular to the bedding, as shown in Figure 4.24-a, and can reach a few meters in

thickness with variable intensities of fracturation. As discussed in Chapter 3, they

may have originate either from oceanic crust fracturation triggered by meteorite im-

pact (Lowe et Byerly 2003, Lowe in press.) or from hydraulic fracturation triggered

by overpressured hydrothermal fluids (Hofmann et Bolhar 2007). The petrographic

characteristics of the chert are described in Chapter 3 : it is composed of quartz and

carbonaceous matter rounded grains in a matrix of microquartz, as shown in Figure

4.12. Phyllosilicates are a minor component as shown by the diffraction analysis of

Figure A.3.

Major element composition.

Two samples (FTC2-BC and FTC4-BC) having sericite-shales as country rocks

were analyzed for major element compositions (Fig.4.2). They display relatively

high concentrations in Al2O3 (∼ 1wt%), K2O (∼ 0.25wt%) and Fe2O3 (∼ 0.2wt%)

given their high silica content (97-97wt%) (Fig.4.6). Sample FTC4-BC has low MnO

(0.01wt%), Na2O (0.02wt%) and significant CaO of 0.25wt% (Table 4.2).

In Figure 4.26, these samples plot on the correlation curves previously obtained

from the Barite Valley shales. From this, we can infer that their compositions are

controlled by the presence of non-silica phases, i.e. the phyllosilicates described in

Chapter 3 and seen in diffraction spectra of Figure A.3.
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Figure 4.30 – PAAS-normalized trace element patterns of Barite Valley chert dykes and associated
host rocks. Associated REE patterns are shown in Fig.4.28.
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Figure 4.31 – Composition of the fracture-filling black cherts from Barite Valley, normalized to the
composition of adjacent country rocks.

Trace element composition.

In good agreement with the above observations, the fracture-filling cherts dis-

play trace element patterns very similar to those of surrounding shales (Fig.4.30)

(REE patterns are shown in Fig.4.28). Common features include the strong enrich-

ment in Ba, Cr and Ni, and more variably in Co, and the strong Li depletions in

both facies.

However, key differences can be observed in Figure 4.31, where the composi-

tion of F-cherts is normalized to that of adjacent country rock. In this graph, we can

see which elements in the chert are controlled by the particles from the adjacent

country rock, and which others are inherited from a different source. All samples

display relatively flat patterns, especially for the HFSE and REE that are depleted

(or even enriched) to equal amounts within the same sample. Because it is unlikely

that these immobile elements where gained or lost during water-host rock interac-

tion, they represent the shale fraction of the chert. Accordingly, for each sample,

elements falling within the HFSE/REE range may be inherited from the shale frac-

tion, while elements that depart from the general flat pattern may be controlled

either (1) by the primary fluid itself, or (2) by eroded particles from other parts of

the dyke complex.

The F-cherts sampled within the sericite-shales (dark green in Fig.4.31) have
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trace element concentrations systematically lower that the host rock shale, except

for significant enrichment in Co, and to a lesser extent in Cu and Zn. The elements

are known to be significantly leached during the Si-metasomatism of volcanic rocks

and associated erosion products (e.g. Hofmann 2005). Although we showed that

the shales were silicified prior to dyke emplacement, we do not exclude secondary

fluid-rock interactions, and the trace metal enrichment in the dyke could well be

attributed to such chemical exchange.

The F-cherts from carbonate-shales zones show similar or even higher concen-

trations compared to surrounding host rocks, whereas one may expect lower

concentrations given the higher silica content in the dyke. Sr and the LREE es-

pecially are enriched whereas part of the trace metals (Sc, Co, Ni) are slightly de-

pleted. Because neither the surrounding shales nor the hypothetical primary fluid

can account for the higher concentrations in the vein, we argue that additional host

rock fragments could have been added to the chert during previous fluid circula-

tions within other parts of the Barite Valley section.

According to the above observations, the chemical differences between the

cherts and surrounding shales are limited, supporting the idea that the F-chert

composition is essentially controlled by the nature and amount of fragments ero-

ded while the fluid was circulating through the sedimentary pile.
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4.2.10 Identification of fluid compositions in Archean cherts : the

effect of contamination.

In the previous Part I and II, we showed that the trace element composition of

the silica phase in cherts is rapidly obscured by the addition of various compo-

nents. We observed that clastic particles and carbonates easily masks the siliceous

signal whereas carbonaceous matter has a limited effect on the bulk chert chemis-

try. Here, we quantify the fraction of contaminant required to totally obscure the

signal hosted by the silica.

In the Figures 4.32 and 4.33, we consider the average composition of Buck Reef

white cherts as representative of a pure silica precipitate. To estimate the conta-

minant capacity of the various phases encountered in the three sites, we used the

following compositions :

(1) The silicified sericite-shales from Barite Valley have trace element contents

controlled by their sericite fraction. Their average composition can thus be used to

estimate the contaminant capacity of phyllosilicates, providing we apply a correc-

tion to rule out the dilution effect of silica. Here, we calculated the REE concen-

trations expected for unsilicified rocks using the average SiO2 of cratonic Archean

shales as a reference (∼ 60%, data from Condie 1993).

(2) Similarly, the silicified siltstones from Komati River can be used to represent

a mixed contaminant of K-feldspar and sericite. Their average composition is cor-

rected from their excess SiO2 using the average SiO2 of Archean siltstones (∼ 60%,

data from Condie 1993).

(3) The composition of the Komati River KRC5 reference layer is used to esti-

mate the contaminant capacity of carbonates. Because the 18wt% SiO2 of the rock

is exclusively linked to the siliceous matrix, and because ankerite is free of silica

(Deer et al. 1966), we applied the same correction as before using a SiO2 content of

0wt%.

(4) The Buck Reef black cherts contain significant amount of carbonaceous mat-

ter as well as possible other minor detrital phases. Both these contributions may

account for the variability of black chert composition, but may have a limited effect

given the very low trace element concentrations in these samples. Because of the

high silica content, the composition of the carbonaceous matter contaminant cannot
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Figure 4.32 – PAAS-normalized REE models of average Buck Reef white chert composition conta-
minated by increasing fractions of Komati River siltstone and Barite Valley shale. The composition
of siltstone and shale is corrected from the dilution effect of silica (see text for explanation). The Sm
anomaly, expressed as Sm/Sm∗, is used to monitor the preservation of white chert signature while
contaminated. Only 3 to 4% of continentally-derived contaminant can obscure the silica composi-
tion.

be isolated and corrected from the silica dilution. Thus, we use the average compo-

sition of black cherts as the contaminant, knowing that this will overerestimate the

carbonaceous matter fraction required to disturb the silica composition.

In the Figures 4.32 and 4.33, the chemical signal of each phase is added to that

of the pure Buck Reef chert, and we quantify their efficiency as contaminant by

monitoring the disappearance of the primary positive Sm-anomaly.

We show that only 3 to 4% of continental-derived particles, i.e. shale and silts-

tone, are required to lower the Sm-anomaly by a factor of 2. Carbonates are even

more efficient as only 2% is enough for similar results. On the contrary, carbo-
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Figure 4.33 – PAAS-normalized REE models of average Buck Reef white chert composition conta-
minated by increasing fractions of Komati River carbonate and Buck Reef cabonaceous-matter-rich
black chert (see text for explanation). The Sm anomaly, expressed as Sm/Sm∗, is used to monitor
the preservation of white chert signature while contaminated. Carbonates hide the silica composition
after 2% of contamination whereas carbonaceous matter requires about 21%.

naceous matter seems to have a limited effect, which we attribute to lower trace

elements in this material.

Thus, the cherts are very easily contaminated by the presence of clastic particles,

and such contribution needs to be ruled out before any attempt is made to use

the chert chemistry as paleo-environment proxy. Careful petrographic observations

are of crucial importance, and we recommend that chert used for this purpose

display extremely low trace element concentrations. Especially the sum of REE

and HFSE must not exceed 1ppm, whereas SiO2 must approach 100wt% and other

major elements must be close to or below the detection limit. Al2O3 especially is a

useful indicator to estimate the presence of phyllosilicates in cherts.
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In these very conditions, we can be confident that the chert chemistry repre-

sents that of the siliceous phase. However, because the trace element contents are

extremely low and because we do not know how trace elements are distributed

between fluid and the silica phase, we believe that the composition of these cherts

are unlikely to provide useful information about the composition and chemical

characteristics of Archean seawater.

Although carbonates appeared to be the most efficient contaminants, they no-

netheless provide key information as these minerals are able to retain the che-

mical composition of the fluid from which they precipitated (Veizer et al. 1989,

Lee et Byrne 1992, Kamber et Webb 2001, Van Kranendonk et al. 2003, Nothdurft

et al. 2004, Bau et Alexander 2006, Allwood et al. 2010). If the carbonates were

co-precipitated with the siliceous phase, and if they represent at least 2% of the

chert while continental contributions are lacking, then the bulk chemistry could

represent the fossilized composition of the ambient fluid from which the chert for-

med.

In conclusion, the use of silica in cherts for past environment reconstructions

is strongly limited by the very common presence of additional phases. We believe

that part of the studies that recognized seawater-signatures in Archean cherts and

BIFs may have, in fact, record the chemistry of the carbonate fraction. Thanks to

the Buck Reef cherts, we provide here the only known Archean sample that can

be undoubtedly considered as pure, marine precipitates, and whose composition

represents the trace element content hosted by the silica phase. The next step for

past environment reconstructions would be to put constrains on the fractionation

of the various elements during the precipitation of silica. Such investigations are

still lacking today whereas they are of crucial importance to retrieve the primary

fluid composition from that of the precipitated silica.



4.2. Article 3 207

4.2.11 Conclusions

The compositions of cherts from the three sites studied here are highly variable.

These compositions reflect mainly the environment in which they formed, regard-

less of the formation process.

The cherts can be interpreted as a mixture of two main components : (1) silica,

which contains extremely low concentrations of trace elements and contributes only

SiO2 to the bulk composition of the chert, and (2) another phase that dominates the

trace element composition and varies from site to site.

At the Komati River site, the second component is detrital and consists of K-

feldspar, clay and very minor amount of a Ti-phase (probably ilmenite), zircon and

other heavy minerals. The clastic particles were derived mainly from the dacitic

volcanics that stratigraphically underlie the cherts, with an additional component

from granitic rocks. The proportion of different detrital phases was influenced by

sorting during transport and deposition. The total amount of detrital component in

our samples varies from <10% to about 30% and we estimated that 4% is enough

to dominate the trace element composition of the chert.

At Barite Valley, there are three types of cherts.

(1) A concordant layer which we interpret as a primary chemical precipitate de-

posited on the seabed from hydrothermally-influenced, bottom seawater. Its com-

position retains some key characteristics of modern oceans, but the chemistry is

controlled by the presence of <2-5% of carbonate.

(2) Silicified shales. We showed that these are secondary cherts that were silicified

very early after deposition. Their major element compositions reflect a binary mix-

ture of microquartz with 4 to 13% of sericite. Whereas the former acts as a diluent,

the later exclusively controls the trace element composition.

(3) Cherts precipitated in large dykes that cross cut through the silicified units.

Despite the high amount of siliceous fraction, at least 96%, their composition is

controlled by the 3-4% of particles inherited from the erosion of fracture walls. The

presence of high Ba is explained by its enrichment in the eroded, phyllosilicate

fraction. Its location in sericite rims is interpreted as evidence for hydrothermal

fluid contribution, at least during the early diagenesis of surrounding shales.

The Buck Reef cherts were identified as chemical precipitates from seawater and
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are characterized by remarkably low concentrations of almost all trace elements.

The black cherts contain a significant amount of carbonaceous matter in various

forms, one of which is of detrital origin. Accordingly, they are enriched in trace ele-

ments compared to the white cherts, and their composition is much more variable.

Varying contributions of carbonaceous matter or other micro-detrital particles (less

than 0.5%) can account for the compositions.

The white cherts have near 100% SiO2 and their trace element content is exclu-

sively controlled by the siliceous fraction. We recognized some of the characteristic

REE anomalies of modern seawater, including strong LREE depletion and positive

La and Y anomalies. An unusual feature are the Sm anomalies that have never

been observed in any terrestrial rocks. We envisage several possible explanations :

(1) the possible existence of Sm-phosphates ; (2) the magnetic retention of Sm onto

Fe- and/or Cr-oxides ; (3) the contribution of hydrothermal fluids that interacted

with ultramafic rocks ; (4) specific fission processes ; (5) the fractionation of sama-

rium during the precipitation of amorphous silica.

In conclusion, the geochemistry does not allow the recognition of various chert

types as their composition is independent from their formation processes. For

example, the primary cherts (C-chert) from the three sites have very different com-

positions, while S-cherts and F-cherts from the Barite Valley site have similar com-

positions.

The chert chemistry is strongly influenced by the presence of even minor

amounts of detrital or other components and provides little direct evidence about

the composition of the fluid from which they precipitated. Thus, only very pure

cherts with extremely low trace element contents can be interpreted as pure si-

liceous precipitates. Additional petrographic and field evidence is needed to dis-

tinguish seafloor-deposited cherts from cherts of other origins (i.e. hydrothermal,

magmatic, metamorphic).

To interpret the chert composition in terms of paleo-seawater chemistry, we lack

the partition coefficients between the fluid and the siliceous, colloidal phase that

precipitated at or near the sea floor. Until we can improve our knowledge of REE

fractionation by silica, Archean cherts cannot be used as reliable paleo-seawater

proxies, except if their composition is dominated by carbonates. Some informations
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can still be derived from Si and O isotopes, which will be hosted in the dominant

silica component.
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Dans ce chapitre, j’utilise les compositions isotopiques de cherts de Barberton

(Si et O) afin d’identifier la nature et l’origine des fluides impliqués dans leur

formation.
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In this chapter, I use the Si and O isotopic composition of Barberton cherts in

order to identify the nature and origin of the fluids from which they formed.
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5.1 Avant-propos.

Dans le chapitre précédent, nous avons vu que les compositions géochi-

miques des cherts Archéens est largement contrôlée par les différentes phases

non-siliceuses qu’ils contiennent. Cette caractéristique, imputable aux concentra-

tions extrêmement faibles portées par la silice, limite sérieusement l’utilisation de

la géochimie des cherts pour les reconstructions paléo-environnementales. Nos ré-

sultats montrent en outre qu’une telle composition est indépendante des processus

qui ont vu leur formation, et qu’il n’est donc pas possible de distinguer par cette

approche les trois types de chert définis dans ces travaux.

Nous avons montré que seuls les cherts les plus purs sont susceptibles d’avoir

enregistré la composition du fluide dont ils sont issus. Une minéralogie exclusive-

ment siliceuse (i.e. microquartz pur pour les C-cherts, quartz, calcédoine et/ou mi-

croquartz pour les F-cherts) et des concentrations extrêmement faibles en élements

majeurs et traces (i.e. REE, HFSE, Al, K) sont ainsi le seul critère fiable existant à ce

jour pour reconnaître un précipité chimique pur, et dont la composition représente

effectivement celle de la phase siliceuse primaire.

Cependant, même dans ces cas extrêmes, les proxys océaniques couramment

utilisés pour identifier un signal d’eau de mer dans les cherts n’en sont pas fiables

pour autant puisqu’ils ont été identifiés dans des quartz d’origines variées, à savoir

dans les cherts océaniques de Buck Reef, mais aussi dans des quartz hydrother-

maux, métamorphiques et pegmatitiques.

Si ces contraintes limitent l’utilisation des éléments majeurs et traces, la compo-

sition isotopique des cherts, elle, peut s’avérer un outil puissant. Un grand nombre

de travaux utilise les isotopes de l’oxygène et du silicium dans les sédiments chi-

miques anciens afin de retrouver les températures ambiantes au moment de leur

mise en place. Les récents travaux de Johanna Marin-Carbonne et collaborateurs

montrent en outre qu’il est possible par cette approche de déterminer le degré de

préservation des compositions isotopiques primaires et d’identifier les différents

fluides ayant contribué à la formation des cherts.
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Dans ce chapitre, je présente les compositions isotopiques du silicium et de

l’oxygène de six échantillons précédemment caractérisés en termes de contexte de

mise en place et composition géochimique. Ces analyses ont été réalisées sur la

SIMS (Secondary Ion Mass Spectrometer) du CRPG de Nancy sous la direction de

Marc Chaussidon et Claire Rollion-Bard que je remercie. Une première partie est

dédiée à la préservation du signal primaire dans ces échantillons et une deuxième

partie s’attache à comprendre l’origine des fluides dont ils sont issus, afin d’ap-

porter plus de contraintes aux modèles développés dans le Chapitre 2 quand à la

formation des cherts de Barberton.

Nos résultats nous font douter des critères de préservation proposés par Marin-

Carbonne et al. (2012), mais offrent une vision relativement claire des conditions

de mise en place des cherts de Komati River et Barite Valley, les premiers en tant

que C-chert en environnement clastique et les seconds en tant que F-chert dans un

paleo-système hydrothermal de basse température. Les cherts de Buck Reef sont

quand à eux toujours ambigus et montrent des compositions isotopiques en par-

faite opposition dans deux échantillons de chert blanc prélevés à quelques mètres

d’intervalle, pourtant identiques en termes de composition chimique et minéralo-

gique.
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5.2 The use of isotopes for chert recognition and paleo-

seawater temperature estimations.

As emphasized in this manuscript, Precambrian cherts have been extensively

studied for paleo-environment reconstructions. Their trace element composition is

commonly used as proxies for the recognition of Archean fluid chemistry and their

isotopic composition is used to infer the temperature and origin of these fluids (e.g.

Perry 1967, Knauth et Epstein 1976, Knauth et Lowe 1978, Karhu et Epstein 1986,

Sugitani 1992, Winter et Knauth 1992, Sugitani et al. 2002, Knauth et Lowe 2003,

Perry et Lefticariu 2003, Robert et Chaussidon 2006).

Oxygen isotopes in particular have been used to assess the temperature of Ar-

chean seawater, and provide evidence for a decrease of about 50◦C from the Pre-

cambrian until today according to Knauth et Lowe (2003). Coupled or not with

silicon, the oxygen isotopic composition in cherts indicate a range of Archean sea-

water temperatures. Although high temperature of about 90-160◦C had been pro-

posed by Paris et al. (1985) and de Wit et al. (1987a), most studies converge on

lower temperatures, i.e. ∼ 70◦C for Knauth et Lowe (1978), Knauth (2005) and Ro-

bert et Chaussidon (2006), 55-85◦C for Knauth et Lowe (2003), 55◦C for Van den

Boorn et al. (2010), down to 40◦C for De Ronde et de Wit (1994) and more recently

∼ 37-52◦C for Marin et al. (2010).

All these studies rely on the temperature dependance of oxygen and silicon frac-

tionation in natural systems. Fractionation equations for oxygen are shown in Table

5.1 between a fluid and quartz (Matsuhisa et al. 1979), amorphous silica (Kita et al.

1985) or chert (Knauth et Epstein 1975). De La Rocha et al. (1997) reported fractio-

nation of silicon in diatoms in the 12 to 22◦C temperature range, but no other study

has yet been conducted on the temperature dependance of silicon fractionation.
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Table 5.1 – Temperature-dependant fractionation equations between a fluid and various forms of
silica.

However, before using isotopic compositions of Archean cherts for estimating

paleo-seawater temperature, several constraints need to be considered :

(1) The isotopic composition of paleo-seawater must be estimated. It has been

concluded that Precambrian seawater does not depart from modern value by more

than 2‰ (see Muehlenbachs 1998, for a review), a consistency that is probably

inherited from buffering processes during hydrothermal interaction between sea-

water and the oceanic crust (Muehlenbachs et Clayton 1976, Gregory et Taylor 1981,

Muehlenbachs 1998, Lécuyer et Allemand 1999, Gregory et al. 2008). Thus, Precam-

brian seawater is generally assumed to have a δ30Si at ∼ 0‰ although an upper

limit of +1.3‰ has been proposed by Van den Boorn et al. (2010).

(2) The chert isotopic composition must be related to that of seawater, i.e. the

chert must have formed, at least in part, from oceanic fluids.

(3) The isotopic composition must have been preserved from secondary isotopic

resetting (Becker et Clayton 1976, Perry et Lefticariu 2007), especially for oxygen

isotopes which are sensitive to secondary fluid circulations (e.g. Perry et Leftica-

riu 2003, Marin-Carbonne et al. 2012) whereas silicon isotopes are thought the be

unaffected by metamorphic or hydrothermal fluid circulations (e.g. André et al.

2006).
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The use of isotopic compositions of cherts thus depends essentially on our capa-

bility to recognize the origin of the studied cherts and on the preservation of their

primary compositions from secondary changes during diagenesis and associated

fluid circulations.

Major advances have been made on these questions by Johanna Marin-Carbonne

and co-workers who provided three major papers, Marin et al. (2010), Marin-

Carbonne et al. (2011) and Marin-Carbonne et al. (2012), in which they discuss

high-resolution, in situ oxygen and silicon isotopic data down to a micrometer scale

in cherts from various ages (from 1.88 to 3.5Ga).

One of the most important finding of these studies is that the isotopic composi-

tion of cherts is much more heterogeneous at a fine scale, as revealed by ion probe

analyses with a 2µm spatial resolution (i.e. which corresponds to individual mi-

croquartz grain analyses) as opposed to bulk analyses (André et al. 2006, Van den

Boorn et al. 2007; 2010, Abraham et al. 2011) or in situ ion probe or LA-ICP-MS

analyses at larger scales (typically 25µm and more ; Robert et Chaussidon 2006,

Steinhoefel et al. 2010).

Three key issues emerge from their data : (1) the origin of the microquartz,

which could be formed by the diagenesis of an amorphous silica precursor (C-

chert), by precipitation from hydrothermal fluids (F-chert) or by the replacement

of sedimentary of volcanic precursors (S-chert) ; (2) the effect of diagenesis and

subsequent metamorphic fluid circulation on the chert isotopic composition ; and

(3) the preservation of the primary isotopic signal inherited from diagenesis.

Marin-Carbonne et al. (2012) proposed five criteria which can be used to reco-

gnize cherts that preserved their primary isotopic composition.

Criterion (1) : the chert must be essentially composed of microquartz and free

of detrital and other components (Knauth 1994), a prerequisite that is not self-

sufficient for oceanic cherts, but that can be reinforced by field evidence such as

those developed in Chapter 2 (i.e. layering, sedimentary structures, field relation-

ship with surrounding units, etc). The lack of evident replacement of carbonate or

silicate minerals is also required.
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Figure 5.1 – Silicon isotopic composition vs. Al2O3 and TiO2 diagrams showing the three possible
microquartz end members : diagenetic with positive δ30Si and low trace element content, hydrother-
mal with negative δ30Si and low trace element content and silicified with near-zero δ30Si and high
trace element content. This figure is from Marin-Carbonne et al. (2012) and shows the repartition
of Gunflint (1.88Ga), Mendon (3.29Ga), Dresser (3.48Ga) and Tumbiana cherts (2.72Ga) between
these end members. Quartz veins are shown in circles.

Criterion (2) : the bulk δ18O must be close to the maximum δ18O value mea-

sured in other cherts from the same age (Knauth et Lowe 1978). This condition

relies on the contrasting low δ18O of meteoric fluids compared to seawater and

on the temperature dependance of quartz-water fractionation (decreasing with T◦)

(Knauth et Lowe 2003).

Criterion (3) : the range of δ18O in the chert must be large at the micrometer

scale, i.e. ∼ 10‰ at 2µm. This criterion emerged from the inferred formation of

oceanic cherts : the idea is that an amorphous silica precursor transformed to chert

by successive dissolution-precipitation processes (Knauth 1994). In a closed system,

each precipitating microquartz grain will record the δ18O of the remaining fluid,

leading to highly heterogeneous isotopic compositions at the single-grain scale if

the primary values are preserved from secondary resetting (Marin et al. 2010).

Criterion (4) : similar to the above criterion, the range of δ30Si must be large

in pure diagenetic microquartz, e.g. 1.7-4.5‰ in Marin-Carbonne et al. (2012) as a
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result of the successive dissolution-precipitation processes and distillation of the

fluid in a closed system. Marin et al. (2010) reported that the range of δ30Si should

be similar to that observed for δ18O.

Criterion (5) : trace elements (Al2O3, K2O and TiO2), coupled with δ30Si help

to unravel the origin of the microquartz as shown in Figure 5.1 (i.e. diagenetic,

hydrothermal or secondarily produced by silicification) (Van den Boorn et al. 2007;

2010, Marin-Carbonne et al. 2012). Marin-Carbonne et al. (2012) proposed three

distinct components that can account for the δ30Si range in Archean cherts : (a)

silicified microquartz (S-chert) enriched in Al2O3, K2O or TiO2 and having δ30Si close

to 0‰(e.g. Mendon samples in Fig.5.1) ; (b) hydrothermal microquartz with low trace

elements and negative δ30Si (e.g. Tumbiana samples in Fig.5.1) ; and (c) diagenetic

microquartz with similar low trace elements but positive δ30Si (e.g. Gunflint samples

in Fig.5.1).

If the above criteria are realized, then the isotopic composition of the chert is

preserved and can be used to assess both the nature and temperature of the fluid

from which they formed.

In this chapter, we use the approach of Marin-Carbonne et al. (2012) in order

to characterize a selection of cherts from the Barberton belt, and to test the various

hypotheses we developed in Chapter 2 and 3 for their origin and formation. Each

site is discussed in terms of chert composition, chemical preservation and origin of

the primary fluid. Attempt is made to propose temperature estimations, either for

the primary depositional environment or the secondary diagenetic conditions.
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Table 5.2 – Analytical results for standards used for Si and O estimations. Estimated uncertainties
(1σ) are ±0.24‰ for oxygen and ±0.13‰ for silicon.

5.3 Method and studied samples.

Six samples from the Barberton Belt were selected for in situ Si and O isotopic

analyses, and all but one have been described in terms of petrography and chemical

composition in the previous Chapters 2 and 3.

Two black chert layers (KRC8, KRC11) are from the top of Komati River turbi-

ditic layers. They represent C-cherts formed by the chemical precipitation of silica

on suspended clay particles and forming, at first, a siliceous ooze on the seafloor

(Chapter 2).

Two white chert layers (BRC20 and BRC22) were selected from the Buck Reef

black-and-white banded chert unit. They were also chemically precipitated on the

seafloor (C-chert), probably as amorphous silica, but they lack detrital contributions

(Chapter 2).

Two fracture-filling black cherts (FTC4 and FTC17) are from the Barite Valley

dykes . Both formed by the precipitation of silica from Si-rich fluids circulating

through the sedimentary pile (Chapter 3). Sample FTC17 was not included in pre-

vious chapters and some of its geochemical characteristics will be presented here.
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These samples were chosen (1) because they contain only few secondary veins,

or no vein at all, which guarantee their preservation, at least at the macroscopic

scale, and (2) because they were not secondarily produced, i.e. they are not S-chert

issued from the silicification of any carbonate or other protolith, although some

of our samples contain significant clastic components : K-feldspar and sericite at

Komati River, and sericites at Barite Valley (FTC4 only). Buck Reef samples are ex-

clusively composed of microquartz.For the six, we intended to unravel their origin

and the nature of the fluid that precipitated.

Analyses were performed on the Cameca IMS 1270 ion microprobe at CRPG

(Nancy, France) and supervised by Marc Chaussidon and Claire Rollion-Bard. The

procedure follows the method described in Robert et Chaussidon (2006), Marin

et al. (2010), Marin-Carbonne et al. (2011) and Marin-Carbonne et al. (2012) and is

detailed in Annexe A.4.

The beam diameter was less than 5µm, which limited the number of grain ana-

lysed at the same time as microquartz is typicall 2 to 20µm in size. Between 15

and 62 measurements were obtained for each sample for both silicon and oxygen

isotopes.

A summary of the results is listed in Table 5.3 and full data are available in

Annexe A.4. The results are expressed as per mil deviations from the reference

standards Miocene quartz for oxygen and NL615 for silicon (δ18ONL615 = +18.4‰ ;

δ30SiQuartzMiocene = −0.69‰), using the delta notation of Equations 5.1 and 5.2 :

δ18O =

[

(18O/16O)Ech.

(18O/16O)Std.
− 1

]

× 1000 (5.1)

δ30Si =

[

(30Si/28Si)Ech.

(30Si/28Si)Std.
− 1

]

× 1000 (5.2)

Standard analyses are given in Table 5.2 where the precision of the data is at

least ±0.24‰ and ±0.13‰ for oxygen and silicon composition respectively.
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Table 5.3 – δ30Si and δ18O compositions of microquartz in Komati River black cherts from the
top of turbidite units. Each sample is presented as a probability density function F(X). Vertical solid
lines show the mean value of each sample and the dotted lines show additional peaks representative
of multiple distribution of the silicon data whereas oxygen displays an unimodal distribution.
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5.4 Description of isotopic compositions.

Results are summarized in Table 5.3 and shown as probability density functions

in Figures 5.2, 5.4 and 5.5. The calculation of such function takes into account the

uncertainty of each measurement and is calculated following the method of Marin

et al. (2010) and Marin-Carbonne et al. (2012). The following text is taken from

these papers and adapted here to inform the reader about the method.

Each measurement is replaced by a gaussian curve fδ30Si,σ as defined by Equa-

tion 5.3.

fδ30Si,σ =

[

1

σ ×
√

2π

]

× exp

[

−(x − δ30Si)2

2σ2

]

(5.3)

The integral of fδ30Si,σ between x1 and x2 gives the probability that the true δ30Si

of the chert is between x1 and x2 (Equation 5.4). F(x) is the density probability

function describing the variations of δ30Si in the sample, and is calculated from

Equation 5.5. It is defined as the sum of individual fδ30Si,σ divided by the number

N of measurements.

P(x) =
∫ +∞

−∞
F(x)× dx = 1 (5.4)

with F(x) =
j=N

∑
j=1

fδ30Sij,σj

N
(5.5)

The use of F(x) allows the comparison between data sets obtained in different

sessions when the precision may have varied. We note that the limited number of

analyses in some of the samples (i.e. for 15 single points) renders less accurate the

probability density function calculation, but such approach still allows the charac-

terization of the distribution of δ30Si and δ18O in these samples.



224 Chapitre 5. Composition isotopique des cherts Archéens.

5.4.1 Komati River.

Sample KRC8 has δ30Si values ranging from −0.69‰ to +1.6‰, corresponding

to a relatively large range of 2.3‰(Table 5.3). The probability density function of

Figure 5.2 shows a bimodal distribution : the first peak, at +0.1‰, is close to the

mean value of +0.13 ± 0.23‰ in this sample, and the second peak is more positive

at +1.5‰.

Sample KRC11 is much more heterogeneous and its range of δ30Si of 5.78‰

is the largest of the whole sample set. δ30Si varies from negative to strongly posi-

tive values (−1.89‰ to +3.89‰) with an heterogeneous distribution where several

peaks can be identified on the basis of Figure 5.2 : only one peak is in the negative

field at δ30Si = −1.9‰ whereas three peaks can be distinguished at +0.2‰, +0.8‰

and +2.2‰ respectively. The +0.8‰ peak is the largest and is close to the mean

value of +0.76 ± 0.31‰ in this sample.

Both KRC8 and KRC11 have very narrow δ18O variations of 1.23‰ and 1.57‰

respectively, but depart from each other when considering their mean values : δ18O

is +17.13 ± 0.17‰ for KRC8 and +19.35 ± 0.34‰ for KRC11.

Figure 5.2 – δ30Si and δ18O compositions of microquartz in Komati River black cherts from the
top of turbidite units. The analyses of each sample are presented as a probability density function
F(X). Vertical solid lines show the mean value of each sample and the dotted lines show additional
peaks representative of multiple distribution of the silicon data whereas oxygen displays an unimodal
distribution.
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Figure 5.3 – Microscale profile at proximity of a microquartzitic vein in sample KRC8 from
Komati River. The vein has a lower δ18O that seems not to affect the average isotopic composition
of surrounding microquartz from the massive chert. Instead, a slight increase of δ18O above KRC8

average value is observed in microquartz within 8µm of the vein.

A microquartzitic vein analysed in sample KRC8 gives a lower mean δ18O value

of 16.83 ± 0.17‰. Adjacent to the vein, the δ18O of the chert seems unaffected,

and, instead, slightly increases above its average value within the last 7-8µm to the

contact (Fig.5.3).

5.4.2 Barite Valley.

Unlike the Komati River samples, the fracture-filling black cherts from Barite

Valley have distinctive negative silicon isotopic compositions as shown in Figure

5.4.

δ30Si in sample FTC4 varies from −4.50‰ to −0.19‰ corresponding to a very

large range of 4.31‰ close to that observed in KRC8 (Table 5.3). Similarly, its distri-

bution is highly heterogeneous around a mean value of −1.37 ± 0.22‰. Two main

peaks are observed at −2‰ and −1‰, and two minor peaks are visible at much

lower values of −4.5‰ and −3.3‰.

The range is more restricted in sample FTC17, but still significant as it covers

2.11‰. The δ30Si in this sample ranges from a less negative value of −1.89‰ up to

a positive value of +0.22‰. However, the positive δ30Si is limited to one analysis

and the mean δ30Si remains negative at −0.91 ± 0.32‰.
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Figure 5.4 – δ30Si and δ18O compositions of microquartz in fracture-filling black cherts from the
Barite Valley site. Each sample is presented as a probability density function F(X). Vertical solid lines
show the mean value of each sample. Note the presence of multiple peaks in the δ30Si composition of
sample FTC4 whereas FTC17 is homogeneously distributed around its mean composition. Oxygen
values have unimodal distribution in both samples.

The δ18O in these samples have a very narrow range of less than 1‰, which

is the lowest found in this study. FTC17 differs strongly from FTC4 by showing a

surprisingly high mean δ18O of 23.68 ± 0.34‰ whereas the latter has a mean value

at 20.97 ± 0.11‰.

5.4.3 Buck Reef.

The Buck Reef white cherts display very narrow ranges of δ18O similar to those

found at Komati River, being restricted to 1.15‰ for BRC20 and 1.23‰ for BRC22

(Table 5.3). The mean δ18O composition of BRC20 and BRC22 are very similar with

values of 20.58 ± 0.34‰ and 20.01 ± 0.34‰ respectively.

Both samples have a δ30Si range smaller than other samples, being 1.70‰ for

BRC20 and 1.03‰ for BRC22, with well-defined unimodal distributions in Fi-

gure 5.5. However, given the inferred similar origin for both these samples (i.e.

C-cherts), we are surprised by their contrasting silicon isotopic compositions. In-

deed, BRC20 is strongly negative with a mean δ30Si of −2.23 ± 0.29‰ (minimum

−3.10‰) whereas BRC22 is the most positive of our samples with an average δ30Si

of 1.13 ± 0.28‰ (maximum +1.58‰).
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Figure 5.5 – δ30Si and δ18O compositions of microquartz in massive white chert layers from Buck
Reef. Each sample is presented as a probability density function F(X). Vertical solid lines show the
mean value of each sample. Both the silicon and oxygen isotopic composition of these samples have
unimodal distributions.

5.5 Discussion.

5.5.1 Questioning the reliability of preservation criterion.

According to Marin et al. (2010) and Marin-Carbonne et al. (2012), a large range

of δ18O and δ30Si represents an heritage from the diagenesis of a primary amor-

phous precursors. In their models, shown in Figure 5.6, the transformation to chert

is thought to occur by successive stages of dissolution-precipitation of this precur-

sor. Each step of microquartz precipitation results in an increase of δ18O and δ30Si

in the remaining fluid, assuming a closed system, and thus in a similar increase of

δ18O and δ30Si for each, newly formed, microquartz grain until the chert is fully

indurated. This Rayleigh distillation-like process implies evolving isotopic compo-

sitions during chert formation and results in a large range of isotopic values at the

microscopic scale. The criteria 3 and 4 previously described assumes that if such

ranges are observed in a chert, thus its primary isotopic composition is preserved

and can be used for studying the nature and temperature of the primary fluid.

A feature common to the six samples studied here is the uniformity of their δ18O

compositions (Fig.5.7). The very narrow ranges observed in individual samples, va-

rying from 0.68‰ to 1.57‰, are far from the 12‰ to 14‰ intra sample variations

reported by Marin et al. (2010) for the Gunflint cherts (1.88Ga), which are mostly
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Figure 5.6 – Models from the isotopic evolution of microquartz that precipitates after the dissolu-
tion of an amorphous silica precursor in a closed system. (left) Model for δ18O evolution from Marin
et al. (2010) assuming an initial δ18O of +27.05‰ for the silica precursor and −1‰ for seawater,
fractions of fluid and amorphous silica of 0.3 and 0.7 respectively, and temperatures of 41◦C for
seawater and 130◦C for diagenetic conditions. A difference of 11.9‰ is obtained for δ18O between
the first and last microquartz formed. (right) Model for δ30Si evolution from Marin-Carbonne et al.
(2011) assuming an initial and final δ30Si of 0‰ and +4‰ respectively and a fractionation of
−1‰between the dissolved and precipitated silica. Note that we could not find any explanation for
the respective convex and concave shapes of these models.

composed of diagenetic quartz and were preserved from secondary isotopic modi-

fications.

Contrarily to oxygen isotopic data, silicon isotopes display large variations in

Figure 5.8, where reference terrestrial reservoir compositions are plotted for com-

parison. Especially the Komati River and Fig Tree samples have large δ30Si ranges

of 2.11‰ (FTC17) up to 5.78‰ (KRC11). The range is narrower in the Buck Reef

cherts, being ∼ 1‰ and 1.7‰ for BRC22 and BRC20 respectively. Marin-Carbonne

et al. (2012) reported a similar range of 1.7‰ in the Gunflint cherts and concluded

that this range is directly inherited from the amorphous silica precursor.

Both the narrow δ18O and large δ30Si ranges in all the studied samples can be

compared to some extent to those observed in cherts from the Mendon Forma-

tion (Uppermost Onverwacht Group), which are dated at 3.29Ga and composed

essentially of silicified microquartz. Marin-Carbonne et al. (2011) reported a nar-

row δ18O range of 3.4‰ and a large range of 3.5‰ for δ30Si. These variations were
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Figure 5.7 – Variations of δ18O in Barberton chert samples and of a vein from the Komati River site.
All samples have very narrow δ18O ranges, which could result from circulating fluid-induced reset-
ting of isotopic compositions as proposed by Marin-Carbonne et al. (2012). See text for a discussion
of such preservation criterion.

interpreted by the authors as evidence for a reset of the oxygen isotopic system

whereas silicon isotopic compositions were preserved during circulations of gold-

bearing fluids at temperature of 200-300◦C ca. 3230Ma. Other evidence for fluid

circulations and oxygen isotopic reset across the Onverwacht Group of the Bar-

berton Belt are the abundance of quartz veins and the very low δ18O of +16‰ to

+19‰ observed in a variety of cherts according to Knauth et Lowe (1978).

Thus, according to the criteria proposed by Marin-Carbonne et al. (2012), the

lack of large δ18O range in each of our individual sample would indicate that the

primary heterogeneity of individual microquartz has not been preserved and that

the oxygen isotopic system was reset by secondary hydrothermal or metamorphic

fluid circulations. On the other hand, the silicon isotopes, from the same range-

size criterion, would be unaffected, even if fluids circulated at temperature below

300◦C.
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Figure 5.8 – Variations of δ30Si in Barberton chert samples and ranges of composition of selected
terrestrial reservoirs, including terrestrial rocks, waters and siliceous deposits. Reference data are
from Douthitt (1982), Ding et al. (1996; 2004), De La Rocha et al. (2000), Alleman et al. (2005),
Cardinal et al. (2005), Basile-Doelsch et al. (2005), Ziegler et al. (2005), Reynolds et al. (2006),
Robert et Chaussidon (2006), André et al. (2006) and Van den Boorn et al. (2007). Black arrows
represent the mean δ30Si of each sample.
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However, we doubt of the approach and of the reliability of the preservation

criterion (i.e. the largeness of isotopic ranges). The distillation models developed by

Marin et al. (2010) (δ18O) and Marin-Carbonne et al. (2011) (δ30Si) are defined for

a closed system where the composition of ambient fluids evolves as a response to

microquartz precipitation. Such assumption is questionable for seafloor-deposited

cherts because the transformation of colloidal silica to microquartz occurred at,

or just below, the seafloor. Evidence for rapid induration of C-cherts at surface

conditions were observed in Chapter 2, especially from the slab conglomerates in

the Buck Reef site. In these units, the white chert slabs were interpreted as the

disrupted equivalent of massive layers, showing that these were already brittle

when present at the top of the sedimentary pile.

Thus, we argue that C-cherts precipitated from large, uniform oceanic reser-

voirs (with or without hydrothermal influxes) and that ambient fluids were able

to circulate through the siliceous material, at least until the porosity is sufficiently

reduced to prevent such circulation. Until the pores in the silica network discon-

nected, no closed-system fractionation took place and the fluids would have preci-

pitated microquartz with similar isotopic composition. Rayleigh distillation would

be limited to the very final stages of diagenesis, thus limiting the number of micro-

quartz grains with different isotopic compositions. This hypothesis is also relevant

for F-cherts, because they precipitated in fractures or veins where long- to short-

term circulations of fluids maintain open the system, at least until the precipitated

quartz crystals sealed the structure (Chapter 3).

We do not deny that some Rayleigh-type distillation may have occurred in chert

during the very last stages of their formation, i.e. when it loosed its interconnected

porosity. However, we strongly believe that the narrowness of isotopic variations is

not a self-sufficient preservation criterion and needs to be reinforced by combining

with other local evidence, as will be discussed for each site in the following section.

5.5.2 Recognition of silica sources.

In this section, we will use the terminology of Marin-Carbonne et al. (2012) to

described the various types of microquartz that can be encountered in our samples,
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Figure 5.9 – δ18O vs. δ30Si diagram for the Barberton chert samples and for the vein in sample
KRC8 from the Komati River site. δ30Si composition of each microquartz grain is plotted as a
function of the δ18O obtain at a very short distance ( (within <50-100µm). Given the heterogeneity
of δ30Si at the microquartz grain scale, we admit that such correlation diagram is biased as each
point samples a different quartz crystal. The aim of this figure is to highlight the distribution of
Barberton chert compositions and we consider the beam-sampling bias negligible. The vein is plotted
at δ30Si = 0‰ but it is arbitrary as no data for its silicon isotopic composition was obtained. The
observed variations from sample to sample are attributed to variable fluid contributions at the time
the chert formed or during subsequent diagenesis as discussed in the text.

each type being linked to the nomenclature we defined in Chapter 2 for Archean

cherts.

According to Marin-Carbonne et al. (2012), and following the previous idea

proposed by Van den Boorn et al. (2010), three types of microquartz are defined and

can be distinguished in cherts based on trace element-silicon isotope systematics :

(1) "Diagenetic" microquartz (C-chert) formed from an amorphous precursor at

the seafloor or under shallow burial conditions. It is characterized by low Al2O3,

TiO2 and K2O contents, and have positive δ30Si compositions.



5.5. Discussion. 233

Figure 5.10 – Titanium concentrations vs. δ30Si of Barberton cherts. Dots are mean δ30Si whereas
vertical lines cover the range of δ30Si values of each sample. Komati River is in red, Barite Valley in
green and Buck Reef in blue. Fields for the three microquartz types are from Marin-Carbonne et al.
(2012). Horizontal grey lines represent the range of Ti concentrations measured by microprobe in
samples KRC8 and FTC4. The hatched value for KRC8 are those excluded from the data set because
they displayed Al/Ti ratio typical of surrounding clay, meaning the beam sampled a mixture of both
quartz and phyllosilicate and that the Ti content is no more representative of that in the microquartz.
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(2) Hydrothermal quartz (F-chert) precipitated from percolating hydrothermal

fluids and has similarly low Al2O3, TiO2 and K2O contents, but negative δ30Si

values.

(3) Silicified microquartz (S-chert) results from the replacement of a sedimentary

or volcanic precursor. It has the highest trace element content and has either a

negative δ30Si if silicified from hydrothermal fluids (Van den Boorn et al. 2010) or

positive values if the silicification was triggered by seawater percolation (Marin-

Carbonne et al. 2012).

In the Figure 5.10, we plot δ30Si as a function of titanium to allow for micro-

quartz type recognition and the end members are those of Marin-Carbonne et al.

(2012). Titanium was chosen because we lack reliable Al2O3 and K2O measure-

ments in the Buck Reef cherts (below the detection limits using ICP-AES analyses).

Single-point microprobe analyses were not performed in these samples because

the bulk trace element content was demonstrated to be representative of the micro-

quartz composition (see previous Chapter 4). Thus, we use the Ti concentrations

of 2.1ppm and 1.4ppm obtained by ICP-MS for BRC20 and BRC22 respectively. Si-

milarly, we use a Ti concentration of 0.54ppm for microquartz in sample FTC17

because the total REE and HFSE contents in this sample are 0.53 and 0.64ppm res-

pectively, which fit the criterion of purity defined in Chapter 4.

For the Komati River and Barite Valley cherts, trace element compositions are

controlled by the detrital fraction they host (see Chapter 3) and the Ti content is

thus estimated using high-resolution microprobe analyses on single microquartz

grains. Microquartz in both sample types have a bimodal titanium composition

represented on Figure 5.10 by the thick horizontal, grey lines : one fraction of mi-

croquartz shows Ti contents below 90ppm for Komati River and 40ppm for Barite

Valley, and another fraction is enriched, being 180-260ppm and 110-210ppm respec-

tively for these cherts. No intermediate data were observed.

For Komati River cherts, Al/Ti ratios of some microquartz are within the range

of Al/Ti in surrounding phyllosilicates (56-69), especially for grains with the hi-

ghest Ti contents (>90ppm ; Al/Ti = 54-65). These microquartz are excluded from

the data set as the beam probably sampled a mixture of quartz and clay. A mean
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Figure 5.11 – Aluminum concentrations vs. δ30Si for samples KRC8, KRC11 and FTC4. Dots
are the mean δ30Si and horizontal lines represent the range of aluminum content measured by
microprobe in these samples. Microquartz end members are from Marin-Carbonne et al. (2012). Al
extent to 9650ppm for KRC8 and KRC11, and to 4400ppm for FTC4. The range of Al is consistent
here with the presence of silicified microquartz in these samples, whereas is is not observed using
titanium concentrations in Figure 5.10.

value of 23.3ppm is thus obtain for the Ti content in Komati River microquartz

grains. In Barite Valley samples, clay and carbonates are present in the chert, but

the Al/Ti and Ca/Ti ratios in microquartz are strongly different from these non-

siliceous phases and all data are conserved, leading to a mean Ti content of 58ppm

in these samples.

According to the Figure 5.10, and following the criteria of Marin-Carbonne et al.

(2012), all our samples seem to lack significant silicified component because of the

very low titanium contents hosted by the microquartz. Instead, they all plot close to

the diagenetic-hydrothermal field and have δ30Si compositions ranging between the

two end members. However, a completely different scheme is observed in Figure

5.11 where aluminum is used for the same approach. Here, both the Komati River
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Figure 5.12 – Probability density functions of microquartz δ30Si compositions in Barberton cherts.
Graphs are similar to Figures 5.2, 5.4 and 5.5 and are shown here together for comparison. The
vertical, grey dotted line indicates the average δ30Si expected for silicified microquartz (S-chert),
higher, positive values represent the diagenetic end member (C-chert) and lower, negative values the
hydrothermal endmember (F-chert).
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(KRC8, KRC11) and Barite Valley (FTC4) cherts, for which microprobe data are

available, have high amount of aluminum in their microquartz, which would in-

dicate a silicified component in these samples. Thus, we doubt of the reliability of

the trace element-silicon isotope recognition criterion, and we argue that neither

Ti nor Al can be used to monitor a silicified component. Instead, we believe that

the amount of these elements depends on their availability in the fluid from which

the microquartz precipitated (e.g. Dennen 1966, Götze et al. 2004, Rusk et al. 2008),

resulting in variable amount of substitutions in the quartz lattice and producing

the enormous aluminum range for example.

The distributions and mean δ30Si values in each samples could be more ac-

curate to identified the various contributions in our samples, as shown in Figure

5.12, if we agree that the δ30Si solely can be used for the identification. According

to Marin-Carbonne et al. (2012), positive δ30Si are best representative of diagene-

tic microquartz (C-chert) whereas peaks at more negative values are attributed to

hydrothermal microquartz (F-chert) contribution. When close to zero, δ30Si best

represents silicified microquartz (S-chert).

Komati River. Both KRC8 and KRC11 have heterogeneous δ30Si distributions va-

rying around mean values of +0.13‰ and +0.76‰ respectively. Sample KRC11

is the most heterogeneous and could be a mixture of all the three types of mi-

croquartz as it shows distinctive δ30Si peaks at −1.9‰, +0.2-+0.8‰ and +2.2‰.

Sample KRC8 seems to lack the hydrothermal component and is more consistent

with a mixture of diagenetic and silicified microquartz as shown by individual

δ30Si peaks at +0.1‰ and +1.5‰.

Barite Valley. Both samples from the Barite Valley dykes have strong negative

silicon isotopic compositions, with a mean δ30Si of −1.37‰ for FTC4 and −0.91‰

for FTC17, which indicates that these cherts are essentially, if not exclusively, com-

posed of hydrothermal microquartz. The main difference between these samples

is that FTC4 has a range of δ30Si (4.31‰) about twice larger than that of FTC17

(2.11‰), display several peaks representative of different sources of silica and have
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negative δ30Si as low as −4.5‰. The possible origin of such extreme values is dis-

cussed hereafter.

Buck Reef. The unexpected feature in the Buck Reef white cherts is the opposite

δ30Si signatures recognized in these samples which were thought to be similar

from the petrological and geochemical investigations in Chapter 2 and 4. Here,

the unimodal distribution in Figure 5.12 shows that both BRC20 and BRC22 are

composed of a unique type of quartz, being of hydrothermal origin for BRC20 and

of oceanic (diagenetic) origin for BRC22.

5.5.3 On the origin of Barberton cherts and resetting tempera-

tures.

Komati River C-cherts.

The Komati River cherts have puzzling features that are not easily interpretable

with respect to the heterogeneous mineralogy of these samples. Here, we propose

an interpretation which we believe fits at best the observed isotopic composition.

Together, KRC8 and KRC11 have δ30Si varying from −1.89‰ to +3.89‰, a

range that is similar to those observed by Marin-Carbonne et al. (2012) in Archean

cherts from the Mendon (South Africa) and Dresser (Australia) Formation (−2.7‰

to +2.5‰) and from the Tumbiana formation (Australia) (−3.6‰ to +1.2‰). The

mean δ30Si values for all these samples is negative or close to zero, and Marin-

Carbonne et al. (2012) interpreted these samples as a mixture essentially of hy-

drothermal and silicified microquartz, with minor contributions of the diagenetic

endmember.

However, the positive mean δ30Si of +0.13‰ and +0.76‰ in Komati River

cherts are taken here as evidence that significant diagenetic microquartz is present

in these samples, meaning oceanic microquartz in our sense. From the younger

Gunflit chert samples (1.88Ga), Marin-Carbonne et al. (2012) proposed that the "dia-

genetic" end member would have a range of δ30Si between +0.82‰ and +2.52‰,

which is consistent with what we see in KRC8 and KRC11.

The negative δ30Si peak observed at −1.9‰ in Sample KRC11 could be attribu-

ted to the presence of a small fraction of hydrothermal microquartz in this sample.
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Figure 5.13 – Microscopy photos of samples KRC8 and KRC11 from the Komati River site. Sample
KRC11 is enriched in clastic components, comprising >20% of K-feldpar and clay, compared to
KRC8, which consists essentially of pure microquartz with <10% of clay minerals. µQz = micro-
quartz ; K-Fsp = potassium feldspar.

An alternative explanation, which we believe is more consistent with the positive-

dominated δ30Si distribution, is the abundance of detrital particles in this sample.

As shown in Figure 5.13, KRC11 is much more enriched in clastic components (clay

and K-feldspar >20%) than KRC8 (<10% of clay). Clay minerals have δ30Si ran-

ging from −2.3‰ to +1.5‰ (e.g. Georg et al. 2006), but generally restricted below

−0.3‰. Thus, both the heterogeneous distribution of δ30Si and the negative peak

could be inherited from analytical bias, meaning that the ion probe beam, even if

<5µm in diameter, could have sample detrital phases in addition to microquartz.

The presence of clay in Komati River samples is important to notice because if

these minerals are authigenic, i.e. if they formed from the fluid at the origin of the

chert, they could be responsible for the positive δ30Si compositions in our samples.

Indeed, 28Si is preferentially incorporated in phyllosilicates during weathering pro-

cesses (e.g. Georg et al. 2006), leading to an enrichment of the fluid in 30Si and an

increases of its average δ30Si to much more positive values. However, from the pe-

trographic study conducted in Chapter 2, we are quite confident that the present

clays are of detrital origin. Their physical and chemical preservation is evidence for

us that they did not exchange sufficiently with surrounding fluids to produce the

observed δ30Si distribution in our samples.
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Taking a value of ∼ −1‰ for ∆Dissolved silica−Precipitated silica (i.e. fractionation bet-

ween dissolved and precipitated silica ; De La Rocha et al. 1997, Ding et al. 2004,

Marin-Carbonne et al. 2011), the mean δ30Si composition of KRC8 and KRC11

would indicate that the majority of the silica precipitated from fluids with δ30SiFluid

of about +1.63‰ and +2.26‰, which is within the range of modern seawater isoto-

pic composition, ranging from +0.6‰ and +3.1‰ (De La Rocha et al. 2000, Varela

et al. 2004, Cardinal et al. 2005). Another ∆Dissolved silica−Precipitated silica of −1.5‰

has been proposed for the fractionation of silica during inorganic processes such as

silcretization, clay formation or silica sorption onto Fe-oxides (Basile-Doelsch et al.

2005, Georg et al. 2007, Delstanche et al. 2009). Because the present silica precipi-

tated together with fine grained clay, such value could be relevant for the Komati

River cherts, which gives higher values of δ30SiFluid of about +2.13‰ and +2.76‰,

still consistent with the contribution of oceanic fluids.

The oxygen isotopic composition is much ore homogeneous and the range of

δ18O is similarly narrow in both samples. However, it is evident from Figure 5.9

that they preserved very different mean compositions, with an average δ18O in

sample KRC11 that is 2.22‰ higher than in KRC8. Such contrasting values are

hard to reconcile with cherts re-equilibrated with a circulating fluid, because these

two samples were taken within a few tens of meter away from each other (i.e.

stratigraphy distance).

Only one vein was observed here and is located in sample KRC8. One way to

investigate the resetting effect and possible degree of hydrothermal alteration is

to compare the composition of microquartz in the massive chert to that of the mi-

croquartz in the cross-cutting vein. The vein has a δ18O of +16.83 ± 0.17‰, which,

considering uncertainties, is significantly lower than surrounding microquartz with

a mean δ18O of +17.13± 0.17‰ (Fig.5.3, 5.7 and 5.9). This suggests that both phases

did not significantly exchanged during the vein emplacement. Thus, if homogeni-

zation of δ18O values occurred in this sample, it happened before the formation of

the vein.

Two mutual excluding hypotheses emerge : (1) if we admit that the narrow

δ18O ranges are inherited from a secondary resetting, thus fluids with very dif-

ferent temperatures and/or isotopic compositions were involved ; (2) if we refute
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the criterion for resetting, thus the contrasting δ18O are directly inherited from dif-

ferent conditions of formation and/or different sources for the silica in KRC8 and

KRC11 cherts.

We can test the second hypothesis by calculating the temperature of the fluid

involved in the chert formation, using the temperature-dependant fractionation

equation given between chert and water in Table 5.1. The δ18OSW of Archean sea-

water is thought to have been relatively similar to present day values, at ±2‰ (e.g.

Muehlenbachs et Clayton 1976, Karhu et Epstein 1986, Holmden et Muehlenbachs

1993, Muehlenbachs 2008), and we thus use a δ18OSW of −1‰ in the calculation

(Marin et al. 2010). The corresponding temperatures, which represent the fluid

involved in chert formation, are estimated at 103-107◦ for KRC8 and 82-94◦. We

believe that these values are too high to be consistent with the depositional setting

and with the temperature estimations broadly accepted for Archean seawater (i.e.

<70◦C ; Knauth et Lowe 1978, De Ronde et de Wit 1994, Knauth 2005, Robert et

Chaussidon 2006, Van den Boorn et al. 2010). Thus, the second hypothesis is not

relevant here and the oxygen isotopic system is most probably reset in the Komati

River cherts.

To explain the different mean δ18O in our samples, we can advocate either the

circulation of fluids of different composition/temperature, or the re-equilibration

of quartz with the surrounding low δ18O clastic particles.

If KRC8 is essentially contaminated by muscovite grains, KRC11 is much more

heterogeneous as previously noticed from the δ30Si range and the petrography of

Figure 5.13. Thus, re-equilibration of similar oceanic quartz with different mineral

phases could be responsible for the different δ18O of 17.13‰ and 19.45‰ in KRC8

and KRC11 respectively. Because we miss the δ18O of the muscovite fraction, we

can barely calculate a re-equilibration temperature from temperature-dependant

fractionation equation between muscovite and quartz (Equation 5.6 from Chacko

et al. 1996).

Temperature-dependant fractionation equation between muscovite and quartz from Cha-

cko et al. (1996)

1000lnα = 1.350x + 0.042x2 − 0, 0086x3 with x = (106.T−2) (5.6)
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However, assuming a δ18OMusc. of 8.04‰, which is the mean obtain by Gottardi

et al. (2011) in muscovite-bearing quartzite, we obtain a re-equilibration tempera-

ture of 415◦C and 371◦C for KRC8 and KRC11 respectively. These values far exceed

the low metamorphic gradient recorded in the area by Grosch et al. (2012), being

estimated at 140-209◦C in the lowermost Kromberg Formation.

Rest the hypothesis of secondary fluid circulations. Given the metamorphism

recorded by Grosch et al. (2012), we can postulate a circulating fluid of metamor-

phic origin with a δ18OFluid of 6‰, which correspond to metamorphic fluids re-

equilibrated at depth with mafic-ultramafic rocks as proposed by Lécuyer et al.

(1994). From the fractionation equation of Table 5.1 between chert and water, the

temperature of reset is estimated at 184-192◦C and 148-168◦C, which is much more

consistent with the metamorphic and geological context of the area.

The above discussion helps to better constrain the model of chert formation we

proposed in in Chapter 2. In this chapter, we argued that the silica precipitated to-

gether with suspended clay particles from Si-rich ambient marine fluids, a process

favored by the sorption capacity of phyllosilicates. From the silicon isotopic com-

position of the cherts, we confirm that the resulting silica (now chert) is a mixture

of diagenetic and silicified microquartz, meaning that a large fraction of the silica

is indeed of oceanic origin but that a significant fraction may record the presence

of the phyllosilicates. From the oxygen isotopic composition, we show that the

chert probably underwent low grade metamorphic conditions, which transformed

the primary detrital clay to muscovite at temperatures below 200◦C. The meta-

morphism reset the oxygen isotopic system, leading to the observed narrow range

of δ18O, and was heterogeneous, leading to the distinct mean δ18O in both chert

samples. Our model contrast with that of Rouchon et al. (2009) who advocated Si-

and K-metasomatism to account for the abundance of K-micas in the Komati River

turbiditic units.

Barite Valley F-cherts.

The Barite Valley cherts display the best comprehensive isotopic compositions

and are in very good agreement with their formation as chemical precipitates in

fractures within the shallow crust (i.e. <100m depth) (Chapter 3).
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Figure 5.14 – Photo of the dyke where was sampled FTC17. The dyke is filled with botryoidal silica
and lack suspended host rock fragments.

The total δ30Si range of −4.5‰ to +0.22‰ covered by these samples gives a

mean δ30Si at −1.25± 0.24‰ that is consistent with the silicon isotopic composition

of modern hydrothermal deposits (Fig.5.8), such as opal precipitated in siliceous

sinters which have a mean δ30Si of about −1.4‰according to Douthitt (1982). The

fact that our fracture-filling cherts lack positive δ30Si values, with the exception of

one +0.22‰ measured in a single microquartz grain, is a good evidence that they

are exclusively composed of hydrothermal microquartz.

Analogous, modern samples that best fit with our data are submarine sediments

produced by black smoker fluids near mid-oceanic ridges. Ding et al. (1996) repor-

ted δ30Si ranging from −3.1‰ to −0.4‰, with a mean value at −1.6‰. In average,

black smoker fluids produce siliceous sediments with δ30Si down to −3.5‰ (Jiang

et al. 1997) with a mean value of −1.56‰ in average (n=25 ; André et al. 2006).
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To explain the extreme low δ30Si composition of hydrothermal deposits, Li et al.

(1995) proposed that "the lower the exhalative temperature and the slower the pre-

cipitation rate of SiO2, the lower the δ30Si values will be". The high average δ18O

reported in our samples, being ∼ 21‰ for FTC4 and 23.7‰ for FTC17, is in perfect

agreement with such postulate. The mineralogy itself point to a slow precipitation

of the silica, at least considering the internal structure of the dyke from which was

sampled FTC17. As shown in Figure 5.14, the dyke is entirely filled with botryoidal

silica that precipitated as columnar crystals whose remarkable large sizes (∼ 5cm-

long in average) are consistent with slow growth rate.

Using a ∆Dissolved silica−Precipitated silica of ∼ −1‰ (De La Rocha et al. 1997, Ding

et al. 2004, Marin-Carbonne et al. 2011), the primary precipitating fluid would have

had a δ30SiFluid of −0.37‰ for FTC4 and 0.09‰ for FTC17. The −0.37‰ value for

FTC4 in particular is close to that of oceanic black smoker fluids which display

δ30SiFluid of −0.3‰ in average (De La Rocha et al. 2000). Moreover, De La Rocha

et al. (2000) and André et al. (2006) proposed that hydrothermal fluids that are in

equilibrium at depth with mafic to ultramafic rocks, such as komatiites, will show

a mean δ30SiFluid around 0‰, a value very consistent with the putative δ30SiFluid of

0.09‰ inferred for the fluid that precipitated sample FTC17.

Such considerations are in perfect agreement with the model we proposed in

Chapter 3 where we argued on the basis of dyke geometry that part of the fluids

came from below to produce the intense fracturation of country sedimentary rocks.

The dykes extent down to the komatiitic units of the Mendon Formation which

could represent the reaction zone where the fluid acquired their negative to near-

zero δ30Si.

From the silicon and oxygen isotopic compositions, it is clear that the FTC4

and FTC17 dykes did not formed from a single type of fluid, but rather represent a

plumbing system where fluids of various origin and/or temperature circulated. We

can barely conclude on the origin of the narrow δ18O ranges in our samples, which

could be of two origin : it could represent the precipitation of highly homogeneous

silica in an open system where fluids were free to circulate until the fracture is

sealed ; or it correspond to a reset of the oxygen isotopic system by secondary fluid

circulations.
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From the chert-water fractionation equation given in Table 5.1, we can calculate

the temperature of the fluid that produced the very high δ18O in the cherts, and

we consider here that the calculated temperature represents the youngest fluid

circulations saw by the fracture-filling cherts.

We constrain a putative δ18O for the fluid using the δ30Si data : a δ18OFluid of

+6‰ is used for FTC17, which corresponds to the mean oxygen isotopic compo-

sition of metamorphic fluids that interacted with komatiites (Lécuyer et al. 1994) ;

a minimum and a maximum δ18OFluid of +0.4‰ and +2.1‰ respectively are used

for FTC4, which corresponds to the range covered by Precambrian hydrothermal

fluids derived from seawater (De Ronde et de Wit 1994, Channer et al. 1997).

Using these parameters, we obtain temperatures of 106 to 114◦C for FTC4 and

of 84 to 103◦C for FTC17. If we use the same δ18OFluid for FTC17 as that taken

for FTC4, the calculated temperature drops to much lower values of 64-82◦. In

both cases, the dykes seem to have record low temperature fluid circulations, and

the different isotopic composition in both dykes show the heterogeneity of the

plumbing system. Such low temperatures are consistent (1) with the stability field

of chalcedony and thus the presence of the botryoidal silica in dyke FTC17, and (2)

with the maximum depth reached by the fractures, which is ∼ 100m according to

Lowe (in press.).

However, it is less consistent with the presence of an active hydrothermal sys-

tem at the base of the dyke complex, as proposed by Hofmann et Bolhar (2007), but

do not contradict the model for dyke formation we proposed in Chapter 3. Instead,

we reinforced our model by proposing that the impact of a large meteor advocated

by Lowe (in press.) can account for most of the observe data : it could have been

the triggered mechanism of the intense fracturation of the area : it increased the

pressure at depth and favored the ascension of overpressured Si-rich fluids by hy-

draulic fracturation process, and, in the same time, it produced large fractures on

the seafloor that allowed the sinking of both seawater and unconsolidated sediment

down into the dykes. The low temperature we found, below 120◦C, are consistent

with both these types of fluids. However, we cannot exclude that the last fluid that

produced the oxygen isotopic reseting circulated long after the impact.
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Buck Reef C-cherts.

Among all the studied sites, Buck Reef is once again the most intriguing. The

two white cherts have similar and uniform δ18O, within uncertainties, with a mean

value of +20.3‰, but display very contrasting δ30Si, which is well seen in Figures

5.9 and 5.12. BRC20 is strongly negative, with a mean δ30Si of −2.23‰, and exclusi-

vely composed of hydrothermal microquartz. On the other hand, BRC22 is strongly

positive, with a mean δ30Si of +1.13‰, and exclusively consists of diagenetic mi-

croquartz, meaning oceanic silica.

From the previously used ∆Dissolved silica−Precipitated silica of ∼ −1‰ (De La Rocha

et al. 1997, Ding et al. 2004, Marin-Carbonne et al. 2011), and providing that the

silicon isotopic system was not preserved, these two cherts precipitated from dif-

ferent fluids having δ30SiFluid of −1.23‰and δ30SiFluid of +2.13‰ for BRC22 and

BRC20 respectively. If the latter is within the range of modern seawater composi-

tion (+0.6‰ to +3.1‰ ; De La Rocha et al. 2000, Varela et al. 2004, Cardinal et al.

2005), the value obtained for BRC22 is far from the mean −0.3‰ expected for ty-

pical of hydrothermal fluids. One explanation, proposed by Marin-Carbonne et al.

(2012) to account for a similar depleted δ30Si in the Mendon chert, would be that the

chert acquired its depleted signature from a succession of precipitation-dissolution

processes, involving a primary fluid having a δ30SiFluid at about −0.3‰.

These contrasting compositions are astonishing as both these samples were

identified in previous chapters as massive silica precipitates deposited in a similar

manner and in the same environment. Moreover, these samples were taken at no

more than 5m from each other and have trace elements and REE contents very simi-

lar, both showing the same Sm/Sm* positive anomaly described in Chapter 4. Their

trace element and REE compositions are shown in Figure 5.15 : each sample was

analysed three times, and the only slight difference is the highest REE concentra-

tions of sample BRC20, whereas other trace elements display similar concentrations

in both samples.

If the silica originated from a hydrothermal-oceanic fluid mixture, which is one

of the hypotheses proposed in Chapter 2, one would have expect a bimodal distri-

bution between a hydrothermal negative δ30Si endmember and an oceanic positive

δ30Si endmember, which, from Figure 5.12, is not the case. The only explanation we
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Figure 5.15 – PAAS-normalized (Taylor et McLennan 1985) trace element and REE+Y patterns
of Buck Reef chert samples BRC20 and BRC22. Both samples have very similar composition that
contrast with their opposite average δ30Si of −2.23‰ and +1.13‰ for BRC20 and BRC22 respec-
tively. BRC20 has higher total REE concentrations, but both samples have similar characteristics,
especially the positive Sm anomaly is meaningful as it is a unique feature of Buck Reef cherts, and
it is exclusively found in the white chert facies.

have for now would be that the fluid composition of the basin was heterogeneous

through time, being once dominated by hydrothermal inputs, then evolving to a

strictly oceanic reservoir. Such a change in environmental conditions is consistent

with either (1) the upwelling of Si-enriched bottom seawater or (2) the contribution

from oceanic hydrothermal vents and the occasional formation of Si-rich plumes

that migrated laterally to reach the Buck Reef shallow basin (Chapter 2).

However, the mixing of oceanic and hydrothermal water masses cannot be the

trigger mechanism for the precipitation of silica because, as previously mentioned,

both isotopic signatures would be observed in the resulting precipitate, unless both

masses were highly immiscible. As proposed in Chapter 2, a drop of temperature

or a rise in concentration by evaporative process may be envisage to account for

the precipitation.
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Figure 5.16 – δ18O and δD of black and white cherts from the Buck Reef Chert unit from Hren
et al. (2009). Stratigraphic is from Tice et Lowe (2006). "ev" represents black cherts deposited in
shallow coastal lagoons, "bw" black-and-white banded cherts deposited on a storm-active platform,
"ms" mafic sills, "sfbc" slightly ferruginous banded chert deposited on a low-energy platform/basin,
"bfc" banded ferruginous chert deposited in a low-energy basin.

We will not go further in this discussion as it is evident that further isotope ana-

lyses are needed to unravel the origin of these paradoxical δ30Si values, especially

the comparison between black an white chert layer compositions and an isotopic

transect across a black and white sequence would be useful. We note that, given

the very contrasting isotopic composition find here, the comparison between both

chert facies could be additionally used to test the hypothesis proposed by Lowe et

Fisher Worrell (1999) and Tice et Lowe (2006) for a diagenetic origin of the banding.

We can still calculate a temperature from the oxygen isotopic composition,

which will represent the temperature of secondary circulating fluids : because δ18O

values are very consistent between the two samples while they strongly differ in

silicon isotopic composition, it is obvious from this site that the oxygen isotopic
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system was reset while silicon isotopic compositions were preserved, a conclusion

which contradict that of Hren et al. (2009).

These authors provided an isotopic profile across the Buck Reef cherts, shown

in Figure 5.16, and reported δ18O ranging from +13.7‰ up to 20‰ for both the

black and white facies. Based on the large variations they saw across the stratigra-

phic and on the consistency between silicon and oxygen isotopes, they argued for

a primary origin of the δ18O and calculated a paleo-temperature between 32 and

65◦C. However, in fact, they did not analysed the δ30Si in the Buck Reef cherts, but

instead, based their argument on those previously advocated by Robert et Chaus-

sidon (2006) for a compilation of cherts from the Barberton belt. Moreover, using

the δD analyses, they estimated a δ18O between −18‰ and −8‰ for the seawater

that would have produced the cherts, a value far from the assumption that Archean

seawater was closed to modern values (e.g. Muehlenbachs et Clayton 1976, Karhu

et Epstein 1986, Holmden et Muehlenbachs 1993, Muehlenbachs 2008).

Both these limitations make us doubt of the reliability of their conclusions, al-

though we do not contest the reliability of their data. Thus, we still argue that the

cherts from Buck Reef were reset with respect to their oxygen isotopic composi-

tions. Given the variations seen by Hren et al. (2009) across the sequence, the reset

must have been heterogenous thorough, which could indicate that it is not a regio-

nal reset, but instead a reset produced by local fluid circulations within the upper

part of the siliceous sedimentary pile.

The problem for us now is to postulate the nature of the fluid that pervaded

through the cherts, because its composition could well have been very different

from both the pure seawater or hydrothermal fluids advocated as the primary

source of the silica.

We will thus consider here two hypotheses, one involving permeation of sea-

water at shallow diagenetic conditions, the other involving hydrothermal fluids as

the negative δ30Si proves they were present to some extent in the area. Two δ18O

of +19.44‰ and +21.09‰ represents respectively the lowermost and uppermost

values recorded in BRC20 and BRC22. Using these values allow us to obtain the

extremum temperatures recorded in our samples.

When using a δ18OSW for Archean seawater of −10‰, as proposed by Hren
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et al. (2009), the calculated temperature for the circulating fluid is between 26 and

33◦C. Such low temperatures are unlikely given the reset of the oxygen isotopic

system. As previously mentioned for the Komati River calculations, the δ18OSW of

Archean seawater is more likely within ±2‰ of present day values, and we thus

use a δ18OSW of −1‰ in the calculation (Marin et al. 2010). For the hydrothermal

fluid hypothesis, we use a δ18OHydro range of +0.4‰ and +2.1‰, as previously

described for Barite Valley samples, which represent Precambrian hydrothermal

fluids derived from seawater (De Ronde et de Wit 1994, Channer et al. 1997).

If seawater was responsible for the reset, it would have circulated at tempera-

tures of 76-88◦C through the massive white chert layers. These temperatures are si-

gnificantly lower than those calculated for the contribution of hydrothermal fluid,

which give temperatures of 86-99◦C using the minimum δ18OHydro and of 100-

114◦C using the maximum δ18OHydro. Both hypothesis are likely, but we prefer the

involvement of seawater heated at shallow depth because of the lack of major hy-

drothermal structures in the area. Whatever the fluid was, we can conclude that

the Buck Reef samples saw the circulation of fluid with temperatures <100◦C after

their emplacement, which is significantly lower than the 150◦C reported by Hof-

mann et Harris (2008) in the silicified dacitic volcanic rocks which underly the Buck

Reef cherts.

Mean δ18O similar to our samples have already been reported for other cherts

from the Onverwacht Group (e.g. Knauth et Lowe 1978), and the reset was then at-

tributed to fluid circulations at temperatures below 300◦C, a conclusion consistent

with the present data. Our temperatures are also consistent with the low meta-

morphic conditions reported in the area, which are known to have not exceed the

greenshist facies (Button 1973, Miyano et Beukes 1984, Ward 1995, Toulkeridis et al.

1998, Tice et al. 2004, Rouchon et Orberger 2008, Grosch et al. 2012).



5.6. Conclusions 251

5.6 Conclusions

Silicon and oxygen isotopic compositions of various Archean cherts from the

Barberton Greenstone Belt were presented and discussed (1) to assess the possible

reseting of isotopic systems, (2) to recognize the origin of the silica and (3) to pro-

pose temperature estimations for the various fluids involved in the chert isotopic

composition.

We attempted to use the preservation and recognition criteria available in the

literature and found that two of these are doubtful. (1) The narrowness of isotopic

variations at a microscopic scale, which is thought to represent a reseting of iso-

topic compositions, is certainly relevant for closed systems but may be irrelevant

for natural systems, especially for cherts that formed and indurated at or close to

the surface. However, combining with the silicon isotopic compositions and with

the local geological and environmental settings of chert emplacement, this criterion

can be more confidently used and appeared applicable in all the three sites studied

here. (2) The trace element content in microquartz, used to recognize silicified ma-

terial, showed contradictory results in our samples using Ti and Al as tracers. Thus

either Al or Ti (or both) are not efficient to distinguish silicified microquartz from

diagenetic and hydrothermal origins.

The sole use of silicon isotopic compositions gave very good results that allowed

us to recognize the origin of the studied cherts and to test the model proposed for

their formation in Chapter 2 and 4. The figure 5.17 summarizes the inferred origin

of the various encountered cherts.

The Komati River black cherts formed by the precipitation of silica at the sur-

face (C-chert) together with suspended clay minerals during the waning stage of

turbidite emplacement. Such a formation process is consistent with both the pos-

itive δ30Si and and the near-zero values in these samples, representing an oceanic

origin for the primary silica and minor porosity fluid contributions respectively.

The large range of δ30Si may be inherited, at least in part, from the abundance of

detrital particles, which acts in two ways : minor depleted δ30Si values may result

from clay analyses together with microquartz grains, and some of the positive δ30Si
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Figure 5.17 – δ18O vs. δ30Si diagram summarizing principal conclusions reached for the Barberton
chert origin. The legend is the same as Figure 5.9.

may come from minor authigenic clay formation. Oxygen isotopic compositions

were rest during the low grade metamorphism recorded in the area that produced

the transformation of detrital clay to muscovite at temperatures below 200◦C.

The fracture-filling cherts (F-chert) from the Barite Valley site display strongly

negative δ30Si that highlight their formation by the precipitation of "hydrothermal"

fluids. The different compositions in individual dykes shows the heterogeneity of

the plumbing system. The circulating fluids probably equilibrated at depth with

the komatiitic units of the Mendon Formation. We take the low temperature es-

timated in these samples, below 120◦C, as evidence that the area was not a real

hydrothermally active zone with strong heat gradient, and propose instead that

the fluid migrated upward as a result of the overpressure induced by a large me-

teorite impact. The heated fluids were confined below the silicified sedimentary

cap formed by upper Mendon units, and the impact induced their migration by

hydraulic fracturation, a model that is in perfect agreement with tht proposed in

Chapter 3.
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The Buck Reef cherts remain obscure for now as the two white cherts were de-

posited in a similar setting and show similar chemical compositions but strongly

differ with respect to their δ30Si : one layer is depleted and of hydrothermal origin

while the other is enriched and of oceanic origin. These puzzling characteristics im-

ply the involvement of different water masses at the time these cherts formed, but

we can barely explain the lack of hydrothermal-oceanic mixing evidence expected

in such an environment. Oxygen isotopic compositions were reset in the area as a

result of secondary fluids circulations at temperatures below 100◦C.
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6.1 Conclusion.

L’étude de cherts archéens de la ceinture de roches vertes de Barberton, m’a

permise de poser de nouvelles contraintes quand à l’origine de ces roches emblé-

matiques. Un premier effort a été de rassembler l’ensemble des faciès rencontrés

sous une nomenclature commune, axée sur trois processus de formation distincts

qui ont servi de base à l’ensemble de ces travaux.

Les C-cherts, ou cherts primaires, se forment par la précipitation chimique de

la silice dissoute dans l’eau de mer, soit sous la forme d’une boue siliceuse (ou gel)

sur le plancher océanique, soit en ciment dans les sédiments meubles. Les F-cherts,

ou cherts de fracture, précipitent depuis les fluides circulant dans la croûte, au sein

de veines concordantes ou recoupant les unités en place. Les S-cherts, ou cherts se-

condaires, sont le produit du métasomatisme (silicification) de roches préexistantes

lié à la percolation de fluides enrichis en silice.

Les sites de Komati River, Buck Reef et Barite Valley ont été sélectionnés afin

de réaliser une étude détaillée de ces différents types de chert, avec une attention

plus particulière donnée aux cherts océaniques, les plus prometteurs pour les re-

constructions paléo-environnementales. Pour chacun de ces sites, j’ai collecté un

ensemble d’observations de terrain, de descriptions pétrologiques et d’analyses

géochimiques et isotopiques qui m’ont permis de contraindre (1) le contexte envi-

ronnemental et géologique de mise en place, (2) l’origine de la silice et la nature

des fluides impliqués, (3) le processus de formation et (4) les caractéristiques de la

phase précipitante.

Des processus de mise en place contrôlés par l’environnement.

Les cherts océaniques en milieu clastique, le cas de Komati River.

Les cherts de Komati River se sont mis en place il y a 3432Ma au sein de sé-

diments volcanoclastiques dérivés de sources magmatiques felsiques. Proches du

continent, ces sédiments se sont déposés par écoulement gravitaire dans un delta à

faible profondeur. Le sommet de plusieurs lits dans la série turbiditique correspond

à un horizon de chert noir de type C-chert.
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Ces niveaux siliceux constituent le faciès terminal des séquences de Bouma.

Les structures sédimentaires et de déformation préservées dans ces cherts sont

la preuve de leur présence à la surface, tandis que la préservation physique et

chimique des particules détritiques qu’ils contiennent (feldspaths, argiles) est un

argument fort contre une origine de type S-chert.

La composition chimique du chert représente un mélange entre ses compo-

santes détritiques et siliceuses. Les caractéristiques géochimiques et les fortes

concentrations dans ces niveaux indiquent que la composition est essentiellement

contrôlée par la fraction clastique, me permettant de reconnaître une source daci-

tique pour les particules détritiques, à laquelle s’ajoute une certaine composante

granitique.

Le signal géochimique contenu dans la silice est masqué par la présence des

argiles et feldspaths dans le chert et la fraction siliceuse ne joue qu’un rôle de

dilution sur les concentrations totales. La composition isotopique en silicium du

microquartz (δ30Si > 0) renforce cependant l’idée d’une origine essentiellement

océanique pour la silice.

Les isotopes de l’oxygène sont plus ambigus et semblent avoir enregistré la cir-

culation de fluides métamorphiques à basse température (< 200◦C), probablement

associés à une phase d’obduction tardive à 3227-3230Ma.

Je propose un modèle de formation pour ces cherts où la précipitation de silice,

d’abord en tant que ciment, puis en tant que boue siliceuse, est déclenchée par

l’arrivée massive des particules argileuses maintenues en suspension dans le nuage

turbiditique. L’adsorption de la silice sur ces nuclei permettrait alors la formation

de flocules hétérogènes qui sédimentent sur le plancher océanique pour produire

un mélange de silice colloïdale et phyllosilicates à comportement visqueux. Un tel

processus ne nécessite pas un état de saturation élevé de la silice dans le paléo-

bassin, et la formation du chert est contrôlée ici par les flux clastiques.

Ce site est particulièrement intéressant car il illustre l’importance des approches

pétrologiques et géochimiques et des données de terrain dans la différenciation des

cherts primaires et secondaires.
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Les séries litées de cherts océaniques, le cas de Buck Reef.

Les cherts de Buck Reef se sont déposés ∼ 16 millions d’années plus tard, mais

dans un environnement préservé de contributions continentales. Cette unité épaisse

de cherts lités noirs et blancs marque l’accumulation de plusieurs centaines de

mètres de sédiments chimiques, d’abord en conditions lagunaires, puis en condi-

tions plus profondes (> 200m) lors de la subsidence d’une plateforme continentale.

Les concentrations extrêmement faibles en éléments majeurs et traces montrent

l’absence totale de contribution clastique dans les cherts blancs et se traduit par

une composition chimique exclusivement contrôlée par la silice. A ce signal siliceux

s’ajoute une légère composante clastique dans les cherts noirs (<< 1%), attribuée

à la présence de matière carbonée et reliquats de grains détritiques.

Si les structures sédimentaires, la pétrologie, et la géochimie convergent vers

une origine océanique pour ces niveaux de chert pur, les données isotopiques et

certains éléments traces (Ba, Pb, Cr, Ni) montrent que la chimie du bassin était en

partie contrôlée par l’apport de fluides hydrothermaux. Une caractéristique chi-

mique des niveaux blancs reste inexpliquée : la présence d’une anomalie positive

en samarium a été découverte dans ces roches et ne trouve aucune comparaison

dans les roches et environnements modernes ou anciens. Le principe même d’un

fractionnement du samarium des autres terres rares en milieu naturel est un mys-

tère.

La faible profondeur, les conditions d’évaporation favorables et l’absence de flux

clastiques majeurs ont permis la colonisation de ce milieu par des organismes pri-

mitifs. Une alternance saisonnière semble être préservée dans les tapis microbiens :

les conditions estivales sont favorables à l’activité biologique et à la croissance des

tapis sur un substrat siliceux plus ou moins riche en particules détritiques ; les

refroidissements hivernaux marquent une phase de quiescence microbienne et fa-

vorisent la précipitation de silice pure. L’accumulation de ces paleo-varves forme

les niveaux de cherts noirs.

Les niveaux de chert blancs représentent les précipités chimiques les plus purs

rencontrés dans cette étude et alternent avec les faciès noirs avec une régularité

remarquable. Ils se retrouvent fréquemment sous la forme de fragments au coeur

de niveaux conglomératiques éparpillés dans la séquence, un argument fort qui
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soutient la mise en place de ces cherts à la surface du plancher archéen. Lors d’épi-

sodes occasionnels à plus haute énergie, l’action de vagues puissantes générées

par des tempêtes provoque la rupture de ces niveaux et leur remaniement au sein

d’une matrice de chert noir pour former des "slab conglomerates" (conglomérats

à tablettes de chert). Le contraste rhéologique entre ces deux faciès est la preuve

d’une induration extrêmement rapide des cherts blancs en conditions de surface

ou sub-surface. Leur minéralogie, exclusivement formée de microquartz, est consi-

dérée comme une caractéristique typique des C-cherts formés à partir d’un gel

colloidal précipité sur le plancher d’un bassin saturé en silice.

L’origine du litage reste également ouvert à la discussion. Je montre qu’une ori-

gine diagénétique est peu probable, surtout aux vues des contacts francs entre les

différents niveaux et de la préservation des tapis microbiens et reliquats de grains

détritiques non déformés dans les cherts noirs. Je propose une alternative où les ni-

veaux blancs sont considérés comme des phases de précipitation intense, produites

par la déstabilisation de masses d’eaux enrichies en silice dans un océan archéen

stratifié. Ces précipitations catastrophiques se répètent avec une périodicité com-

patible avec des alternances glaciaires/inter-glaciaires (type cycle de Milankovitch)

et la température pourrait alors être le facteur principal ayant contrôlé la mise en

place du litage de Buck Reef.

Les cherts de fracture et leur encaissant silicifié, le cas de Barite Valley.

Les dykes de chert de Barite Valley, mis en place il y a 3260Ma, offrent une

vision relativement claire des processus de circulation de fluides enrichis en silice

dans la croûte archéenne.

A l’image des C-cherts de Komati River, la composition chimique des cherts de

fracture est essentiellement contrôlée par la présence en abondance de fragments

d’encaissant sédimentaire érodés et embarqués par le fluide siliceux initial lors de

sa mise en place. A nouveau, la silice n’a qu’un rôle de diluant sur les concentra-

tions totales.

Une approche essentiellement axée sur les structures de fracturation et sur la

pétrologie des cherts remplissant les dykes me permet de proposer un modèle de
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mise en place réconciliant les modèles envisagés par Hofmann et Bolhar (2007) et

Lowe (in press.).

Sous l’effet d’un impact météorique, de larges fractures s’ouvrent dans le plan-

cher océanique et se remplissent d’eau de mer et de sédiments meubles présents à

la surface. L’onde de pression générée par l’impact produit une surpression dans

les fluides stockés sous les unités silicifiées et imperméables qui constituent la cou-

verture sédimentaire du plancher. Le confinement, couplé à la surpression, pro-

voque la remontée des fluides par un processus de fracturation hydraulique in-

tense, qui se traduit aujourd’hui par l’abondance de fragments d’encaissant sé-

dimentaire anguleux et peu déplacés au coeur des dykes. D’après ce modèle, le

complexe de Barite Valley se serait formé à des températures plus faibles que dans

le cas d’un paléo-système hydrothermal actif. Ce postulat est étayé par les données

isotopiques de l’oxygène qui indiquent que les dernières phases de circulations im-

pliquaient des fluides chauffés à moins de 120◦C. Les compositions isotopiques en

silicium sont quant à elles en accord avec des fluides ré-équilibrés en profondeur,

probablement au sein des unités komatitiques de la formation Mendon.

Un des résultats majeurs pour ce site est la reconnaissance d’un comportement

thixotrope pour les fluides à l’origine des cherts. Lors de la fracturation, le maté-

riel siliceux présente une viscosité faible et se comporte comme un fluide tandis

que l’arrêt du fluage provoque une augmentation des interactions internes et une

augmentation drastique de la viscosité. Un tel comportement est imputé à une or-

ganisation interne du chert de type "suspension colloidale", où des particules fines

de silice et matière carbonée flottent dans une matrice siliceuse. Cette caractéris-

tique thixotropique pourrait s’appliquer aux C-cherts précipités sur le plancher

océanique aux vues des nombreuses déformations ductiles préservées dans ces

roches.

Les séries sédimentaires volcanoclastiques formant l’encaissant des dykes

semblent peu affectées par la mise en place des cherts de fracture. Les données

géochimiques et pétrologiques indiquent une silicification précoce de ces unités,

probablement dans un environnement profond sous influence hydrothermale. Ce

processus pourrait les avoir préservées d’un métasomatisme tardif lors de la cir-

culation des fluides. Certains niveaux concordants et massifs de chert noir océa-
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nique ont été identifiés dans ces unités. Malgré une minéralogie dominée par le

microquartz (> 95%), leur composition chimique semble contrôlée par les 5% de

carbonates qu’ils contiennent.

La chimie des cherts et les reconstructions paléo-environnementales.

A mon sens, le message le plus important à retenir de ces travaux concerne

l’utilisation de la chimie des cherts archéens pour les reconstructions paléo-

environnementales.

La composition chimique des cherts reflète essentiellement leur environnement

de formation et n’apporte pas de réel critère pour différencier leur mode de for-

mation. Cette limitation tient au fait que leur composition représente un mélange

entre une phase siliceuse et une phase contaminante, indépendamment des proces-

sus qui ont précipité la silice.

Les contaminants identifiés dans ces travaux sont d’origine clastique (argiles,

feldspaths, minéraux lourds) ou chimique (carbonates), et chacun d’eux exerce un

contrôle majeur sur la composition moyenne du chert, une caractéristique impu-

table aux concentrations extrêmement faibles portées par la phase siliceuse. J’estime

qu’une contribution d’à peine 2% de carbonates et 3-4% de matériel continental est

suffisante pour masquer le signal chimique porté par la silice.

Dans ces conditions, seuls les cherts les plus purs sont susceptibles d’avoir en-

registré la composition chimique du fluide initial, encore faut-il que la silice soit

effectivement capable de retenir cette composition.

Les critères à utiliser pour s’affranchir d’une potentielle contamination sont :

(1) une minéralogie exclusivement siliceuse, en sachant qu’un assemblage do-

miné par le microquartz favorise une origine océanique tandis qu’un assemblage

de calcédoine, quartz et microquartz reflètera plutôt une précipitation au sein de

veines et cavités depuis des fluides circulants.

(2) une composition en éléments majeurs où SiO2 représente plus de 99wt% du

chert.

(3) des concentrations extrêmement faibles en éléments traces, plus particulière-

ment en terres rares, et ne dépassant pas quelques ppm pour les éléments dérivés

des produits continentaux (e.g. REE, Th, Zr, Hf).
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Ces conditions ont été rencontrées dans les cherts blancs de Buck Reef tandis

que les autres cherts se sont tous avérés plus ou moins contaminés. Grâce à ces

échantillons, j’ai pu tester les proxys océaniques couramment utilisés pour iden-

tifier un signal océanique dans les précipités chimiques anciens. Certains critères

sont effectivement remplis par les cherts blancs, notamment un appauvrissement

fort en terres rares légères et un enrichissement en La and Y. Cependant, ces carac-

téristiques se retrouvent également dans des quartz hydrothermaux, magmatiques

et pegmatitiques, me faisant sérieusement douter de la fiabilité de ces proxys.

Dans ces conditions, les isotopes de la silice offrent une solution efficace au

problème. Ils m’ont permis de distinguer les C-cherts des F-cherts par leur com-

position respectivement positive et négative en δ30Si. La contribution de particules

clastiques rend plus délicate l’interprétation des isotopes en raison (1) d’un biais

analytique qui résulte de l’analyse à la fois du quartz et des particules connexes

sous un même faisceau, (2) des échanges isotopiques durant la diagenèse, et (3) de

la précipitation éventuelle de minéraux autogéniques qui modifient la composition

du fluide initial.

L’homogénéisation des compositions isotopiques de l’oxygène est une sérieuse

contrainte pour retrouver la température des océans archéens, mais s’avère au-

trement utile pour estimer les températures enregistrées dans les cherts lors de

circulations fluides secondaires.
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The "take home message".

1. Je montre qu’il est possible de retrouver des indices d’une sédimentation chi-

mique sur le plancher des océans archéens, malgré l’abondance de circula-

tions fluides et malgré les processus de recristallisations diagénétiques et/ou

métamorphiques.

2. Une approche de terrain, couplée à une caractérisation pétrologique et géo-

chimique détaillée des cherts, est indispensable pour reconnaitre leur envi-

ronnement et mode de formation.

3. La composition chimique des cherts est largement contrôlée par les phases

contaminantes qu’ils contiennent et ne semble pas adaptée pour étudier la

chimie des océans archéens, sauf en présence de carbonates et dans le cas des

cherts les plus purs. Elle n’en reste pas moins un outil efficace pour toute

autre investigation, notamment sur les processus de surface, d’altération, de

sédimentation, etc.

4. Même appliquée aux échantillons les plus purs, l’utilisation des proxys océa-

niques modernes dans les cherts Archéens n’est pas une approche fiable pour

identifier un signal d’eau de mer, et seuls les isotopes du silicium semblent

efficaces.

5. Les compositions isotopiques du silicium du microquartz sont un outil puis-

sant pour caractériser l’origine de la silice, et la nature des fluides impliqués

dans la formation des cherts.

6. Les compositions isotopiques de l’oxygène sont rarement préservées et leur

utilisation est restreinte à la caractérisation des températures de reset du sys-

tème isotopique lors de circulations fluides précoces à tardives.

7. L’étude des structures sédimentaires et de déformation dans les cherts montre

qu’il est possible de contraindre la nature et le comportement rhéologique

précoce du précurseur siliceux dont ils sont issus. Les traces d’un compor-

tement de type gel colloidal sur le plancher et d’un comportement thixotro-

pique dans les fractures de la croûte ont été identifiés.



6.2. Perspectives 265

6.2 Perspectives

Nombres de questions restent ouvertes malgré le degré de détail et l’étendue

des méthodes utilisées dans mes travaux, et il reste encore beaucoup à faire pour

comprendre l’origine des cherts et les conditions qui ont vu leur formation.

• Bien que conséquente, la base de donnée collectée ne représente qu’une

gamme restreinte de cherts mis en place dans un même environnement. Utiliser

l’approche développée ici sur une collection d’échantillons plus étendue permet-

trait de renforcer les modèles proposés dans chacun des sites étudiés, et offrirait

une vision plus complète des processus de formation des cherts à l’Archéen. Les

échantillons promis par le forage du groupe d’AEON de l’Université du Cap à Ko-

mati River et d’ICPD dans les sites de Buck Reef et Barite Valley (débuté en été 2011

), constituent une matériel prometteur, préservé des altérations de surface, et pro-

mettant une continuité d’échantillonnage que ne permettent pas les affleurements

de surface. Une partie des carottes de Buck Reef est déjà en cours d’analyse.

• Si l’approche géochimique adoptée dans le Chapitre 4 a sérieusement remis

en question la validité des proxys océaniques modernes, elle a surtout mis à jour

le potentiel des cherts à préserver la chimie de son environnement. J’ai montré que

la compositions des cherts est essentiellement contrôlée par les différentes phases

contaminantes qu’ils contiennent, sauf pour les rares exceptions où le chert est pur

et entièrement formé de silice. En isolant le signal chimique porté par le contami-

nant, il devient alors possible d’obtenir un certain nombre d’informations sur sa

provenance, sur les processus qui ont vu sa formation et sur le lien qui l’uni à la

fraction siliceuse.

• Dans le cas de Komati River, en montrant que la composition des cherts re-

présente celle des particules détritiques, j’ai pu mettre à jour la contribution d’une

source granitique en plus de la source dacitique généralement proposée pour les

turbidites. Sachant que la fraction argileuse est souvent considérée comme la plus

représentative de la source, la reconnaissance d’un tel signal dans les cherts, exclu-

sivement contaminés par cette fraction, devient un outil puissant dans l’étude des

contextes géologiques archéennes.
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Une des particularités de Komati River est la composition remarquablement

homogène de la fraction détritique d’un niveau turbiditique à l’autre. En utilisant

cette approche géochimique aux cherts de chacun des niveaux clastiques que com-

prend la séquence de Komati River, il sera possible de tracer l’évolution des sources,

le cas échéant. A l’image des études tectono-sédimentaires appliquées aux roches

plus récentes, il serait alors possible de corréler l’apparition des différentes sources

à une évolution des processus tectoniques qui les ont mises à l’érosion.

• Certains problèmes persistent quant à la nature des sources identifiées à Ko-

mati River. Si la minéralogie des dacites est compatible avec l’absence notable de

quartz détritique dans les cherts, la reconnaissance d’une source granitique est net-

tement plus problématique compte-tenu de la richesse en quartz de ces roches. Une

des hypothèses serait une concentration préférentielle des quartz détritiques dans

les niveaux plus grossiers de la séquence de Bouma, mais les études pétrologiques

de Rouchon et al. (2009) ne montrent qu’une faible proportion de tels grains dans

ces niveaux. Une autre possibilité serait la recristallisation totale du quartz sous

une forme microquartzitique désormais partie intégrante de la matrice siliceuse,

hypothèse peu probable aux vues de la préservation physique des autres particules

clastiques. Pour résoudre ce paradoxe, un début de solution serait de comparer les

sources identifiées par la composition chimique dans les niveaux de Komati River

à des sources potentielles n’étant plus présentes à l’affleurement aujourd’hui. Les

syénites en particuliers, seraient de bon candidats, malgré leur absence notable des

enregistrement archéens vers 3Ga.

• Un dernier résultat majeur révélé grâce aux cherts de Komati River est le

lien étroit existant entre la présence des argiles en suspension et la floculation de

la silice en solution. S’il semble évident que la sédimentation clastique a joué un

rôle essentiel dans la formation de ces cherts, une question reste importante à po-

ser concernant la nature et la quantité des argiles effectivement impliquées dans

la précipitation de la silice. En utilisant la composition chimique des cherts pour

déterminer les rapports argiles/quartz dans l’ensemble des cherts de la séquence

(par un rapport simple du type Al2O3/SiO2) il sera possible de poser certaines

contraintes sur le processus même de floculation : existe-t-il, par exemple, une
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limite de concentration en argiles à partir de laquelle le processus n’est plus effi-

cace ? Ou encore, quelle quantité de silice sont capables d’absorber ces argiles dans

cet environnement précis ? Résoudre ces questions est largement abordable par

l’approche géochimique développée ici. A plus grande échelle, une telle approche

pourrait aboutir à une vision toute nouvelle de la mise en place des cherts en lien

étroit avec la sédimentation clastique archéenne. L’analyse isotopique du silicium et

de l’oxygène des argiles sera nécessaire pour ces travaux, afin de bien différencier

les argiles effectivement détritiques des argiles potentiellement néoformées lors des

processus diagénétiques précoces.

• Le contrôle exercé par les fragments d’encaissant sédimentaire sur la compo-

sition des cherts de fracture de Barite Valley offre également de nouvelles perspec-

tives. En utilisant la composition chimique des cherts, il serait possible de tracer

la source de ces fragments, de retrouver à quelles unités lithologiques ils appar-

tiennent et ainsi de contraindre l’origine des fluides qui les ont embarqués. Pour

aller encore plus loin, il est également possible de contraindre le degré d’altéra-

tion subit pas les fragments lors de leur transport au sein des fluides circulants.

Dans ce cas, cette approche serait un excellent moyen de comparer des processus

de silicification dynamiques, aux sein des réseaux de fracture, à des processus de

silicification passifs, par simple percolation de fluides sur le plancher océanique.

• Une étude comparée entre les cherts de fractures et leur encaissant mafique en

profondeur formerait également une approche solide pour étayer ou non une ori-

gine profonde pour les fluides à l’origine des cherts. Les interactions chimiques, les

transformations minéralogiques et le ré-équilibrage isotopique dans cette zone de

réaction sont autant d’indices qui peuvent être révélés par l’approche géochimique

et isotopique proposée dans cette thèse.

• Une méthode particulièrement intéressante pour distinguer les contributions

océaniques des contributions hydrothermales dans les dykes serait la réalisation

de profils isotopiques au sein des fractures, depuis ces zones profondes de ré-

équilibrage jusqu’à leur terminaison sommitale au niveau du paleo-plancher océa-

nique. En couplant ces données à l’évolution des structures de fracturation le long

du profil, on peut s’attendre à voir ressortir un schéma de mise en place des dykes,
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soit par des remontées actives de fluides hydrothermaux chauds, soit par la des-

cente passive de fluides océaniques froids, soit les deux.

• Lors des campagnes de terrain de 2010 et 2011, je n’ai pu m’octroyer que 2

journées à décrire les structures de fracturation et à chercher les traces du com-

portement rhéologique des fluides siliceux lors de leur mise en place. Il parait

évident qu’une campagne plus longue et dédiée à cette approche fournirait de pré-

cieux indices pour contraindre au mieux le (ou les) mécanisme(s) ayant produit la

fracturation hydraulique et l’ouverture des dykes. Les indices d’un comportement

initialement thixotrope dans les cherts de fracture sont quand à eux relativement

clairs, bien que les raisons physiques et chimiques d’un tel comportement restent

obscures. La mise en place de modèles analogiques et/ou numériques impliquant

des solutions colloidales siliceuses et dopées en particules détritiques fines pourrait

aider à comprendre le phénomène.

• L’étude systématique des structures de déformation et des structures sédi-

mentaires dans les cherts océaniques, comme je l’ai fait dans le Chapitre 2, devrait

aider à mieux contraindre la rhéologie de ces sédiments chimiques en condition

de surface. Cette volonté de comprendre le comportement initial des cherts n’est

pas anodine puisque cette approche offre de précieuses informations sur la forme

même de précipitation de la silice (gel de silice, boue siliceuse, croissance cristal-

line), autrement masquée par les processus de recristallisation et circulation fluides

tardifs. In fine, une telle approche renseignera sur les processus de précipitation

et sur les conditions environnementales au moment de la formation, notamment

grâce aux analogies possibles avec les structures sédimentaires modernes et grâce

à notre compréhension du comportement de la silice en solution.

• Dans le site de Buck Reef, l’approche géochimique a confirmé la pureté des

niveaux de cherts blancs déjà observée en pétrologie, et m’a permise de proposer

des critères fiables pour identifier de tels précipités. Les cherts noirs en revanche

semblent contaminés par une phase difficilement identifiable, attribuée soit à la pré-

sence de matière carbonée, soit aux rares reliquats détritiques qu’ils contiennent.

Isoler la composante contaminante dans ces niveaux est un vrai challenge compte-

tenu des concentrations globalement très faibles dans ces roches, à peine plus éle-
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vées que dans dans les niveaux blancs. Peut-être faut-il envisager ici une approche

plus localisée que les analyses sur roche totale et plus précise que les analyses mi-

crosondes. Je suspecte que seules des analyses par spectromètre de masse à abla-

tion laser sur le microquartz et sur les contaminants potentiels pourraient offrir la

précision nécessaire pour résoudre ce problème.

• L’origine du litage reste globalement obscure malgré les preuves tangibles

que j’ai développé en faveur d’une origine sédimentaire, et non diagénétique. Le

site de Buck Reef a souffert d’une lacune dans l’échantillonnage, et la réalisation

de profils à petite échelle (quelques mètres) à différentes niveaux stratigraphiques

de la séquence (environnement peu profond à profond) semble indispensable pour

mieux comprendre la mise en place de ces unités de chert lité. Compte tenu des

résultats obtenus ici, les relations pétrologiques, géochimiques et isotopiques entre

les cherts noirs et blancs à travers de tels profils devraient fournir une base solide

pour comprendre les mécanismes à l’origine du litage. Cette approche devrait in-

tervenir à l’échelle micrométrique dans les cherts noirs, pour étayer l’hypothèse des

alternances saisonnières, et à l’échelle de l’affleurement, pour distinguer des varia-

tions glaciaire/inter-glaciaire ou l’implication de masses d’eaux différentes dans la

formation des cherts blancs.

• Dans cette optique, les analyses isotopiques constituent un outil potentielle-

ment puissant pour tracer l’origine de la silice et les variations possibles des sources

au cours du temps. Les analyses présentées ici ont été faites à très haute résolution

et sur un nombre d’échantillons très restreint, et il est clair qu’appliquer la méthode

à un plus grand nombre d’échantillons serait un cas idéal aux vues des résultats

prometteurs mis en avant dans le Chapitre 5. Cependant, compte tenu de la réalité

des coûts analytiques, une approche par analyse isotopique sur roche totale serait

un bon début pour étoffer le set de données et contraindre au mieux les différences

entre les niveaux de cherts et blancs.

• Les cherts blancs en particulier sont devenus une cible majeurs pour de fu-

tures recherches, notamment en raison de cette anomalie positive en samarium qui

nous laisse perplexe quand aux processus physico-chimiques en place à l’Archéen.

En ce moment, je suis en train de développer une méthode analytique avec Cathe-
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rine Chauvel dans le but d’analyser les rapports isotopiques du samarium et du

néodyme dans ces roches, une approche nécessaire pour identifier lequel des iso-

topes du samarium est responsable de l’anomalie. Les concentrations extrêmement

faibles rendent difficiles, mais pas impossible, de telles analyses par ICP-MS. Les

résultats sont attendus dans les mois qui viennent et espérés avant la soutenance.

Les méthodes et approches décrites ici ne se limitent pas aux sites choisis pour

cette étude et offrent une base solide pour l’étude des cherts archéens en général.

Nombre de questions à plus grande échelle restent à élucider, notamment en ce qui

concerne l’implication des cherts dans le cycle global de la silice à l’Archéen.

(1) Comment expliquer la quantité phénoménale de silice précipitant à Barber-

ton ? Est-ce réellement la preuve d’un environnement océanique particulièrement

chaud et sans biota médiateur du cycle de la silice à cette époque ? Ou n’est-ce pas

un effet de site, limité aux ceintures préservées de Pilbara et Barberton, et qui ne re-

flète pas la Terre primitive dans son ensemble ? De telles questions sont légitimées

par la décroissance significative des dépôts siliceux dès 2.7Ga, et par les quanti-

tés différentes de silice accumulées dans les ceintures de roches vertes de par le

monde. Seule une approche comparative par bilans de masse entre les différentes

ceintures archéennes et la Terre moderne pourraient apporter un début de réponse

à ces questions.

(2) Est-ce que l’accumulation massive de silice au coeur des croûtes océaniques

primitives peut jouer un rôle dans l’évolution de la croûte continentale vers une

composition felsique ? La quantité de sédiments siliceux (primaires ou secondaires)

et le métasomatisme (silicification) systématique des roches magmatiques du plan-

cher archéen montrent que des quantités considérables de silice sont stockées dans

le croûte océanique. Il est alors raisonnable de penser que la fusion de ces matériaux

dans les zones de subduction a contribué à l’extraction d’une croûte continentale

felsique, et là encore une approche par bilans de masse serait un premier outil à

envisager pour traiter la question.
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A.1 Microfluorescence X et Diffraction X

A.1.1 Equipement et paramètres analytiques

Les cartographies élémentaires in situ par microfluorescence X ont pour but de

caractériser les différentes phases minérales contenues dans les cherts de Barber-

ton, et d’évaluer le degré de préservation de ces phases de part leur composition

chimique. Cette approche a le grand avantage de permettre une acquisition de

données relativement rapide et peu coûteuse. Les cartographies élémentaires sont

complétées par les analyses ponctuelles par microsonde décrites en Annexe A.2.

Les analyses par diffraction X sont présentées ici car elles ont permis de résoudre

certains biais analytiques observés dans les spectres de microfluorescence X.

Les analyses par microfluorescence X sont réalisées sur un EDAX Eagle III et

avec le support technique Vision 32 XRF. Les paramètres techniques de la machine

sont optimisés pour chaque échantillon et répertoriés dans la Table A.1.

L’utilisation de lames polies plutôt que de fragments de roches permet de limi-

ter les phénomènes de diffraction liés à la rugosité de surface. Les lames ont été

réalisées soit à Montpellier par Christophe Nevado (Université Montpellier 2), soit

à Chambéry par Fayçal Soufi (Université de Savoie).

Les éléments analysés sont choisis en fonction des concentrations obtenues lors

des analyses chimiques sur roche totale, à savoir Si, Al, K, Fe, Ti, Cr, Ni, Ca, Mg. Le

magnésium se situant dans les énergies basses, les résultats sont peu représentatifs

et ne sont pas traités lors de l’analyse des résultats. La précision du détecteur et les

temps d’acquisition choisis offrent une limite de détection supérieure à quelques

centaines de ppm (typiquement > 500ppm).

Les données ne sont pas corrigées à l’aide de standards de référence (Mode

d’acquisition Standardless) et les cartes de répartition élémentaires sont exprimées

en données brutes (i.e. nombre de coups sur le détecteur). La précision absolue de

ce mode d’acquisition est estimée entre 2 et 3% sur les éléments majeurs. L’avantage

d’une telle approche non quantitative est qu’elle ne nécessite pas une connaissance

parfaite de chaque phase minérale présente et permet une exploration plus libre

des échantillons les plus hétérogènes, en particulier pour ce qui est des phases

mineures et accessoires parfois difficiles à identifier en microscopie optique.
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Table A.1 – Paramètres analytiques des analyses par microfluorescence X pour les différents échan-
tillons
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A.1.2 Traitement des données : PyMCA

Le logiciel libre d’accès PyMCA (version 4.5.0) a été développé par le "Soft-

ware Group" de l’ESRF (European Synchrotron Radiation Facility) et a pour but

de visualiser et analyser les données de microfluorescence X en termes de spectres

énergétiques. Ce logiciel offre des outils performants de calibration, comparaison et

compilation des spectres bruts permettant d’obtenir des cartographies élémentaires

complémentaires entre les différents éléments. Nous avons utilisé cette interface

dans le but d’observer les caractéristiques des spectres énergétiques, tandis que la

section A.1.3 décrit les approches quantitatives basées sur un logiciel différent.

Grâce au logiciel PyMCA, la plupart des pics observés peuvent être associés

aux Kα des principaux éléments majeurs (e.g. Al, Si, Fe, K). Cependant, indépen-

damment de la nature des cherts et du site d’échantillonnage, les spectres montrent

systématiquement plusieurs pics à des énergies spécifiques ne correspondant à au-

cune Kα des éléments majeurs. Ces pics se retrouvent pour des énergies de 4.26,

4.76, 5.18 et 5.50 keV (Fig.A.1), ce qui pourrait correspondre aux raies L de cer-

tains éléments traces et terres rares (notamment Cs, Ba, La, Ce, Pr, Nd). Cependant,

les analyses géochimiques sur roche totale montrent que les concentrations de ces

éléments sont inférieures à 60ppm et ne peuvent donc être responsables des pics

observés. Seul le baryum peut atteindre plusieurs centaines de ppm, mais unique-

ment dans les échantillons de la Barite Valley.

L’hypothèse la plus probable est un phénomène de diffraction systématique lié

à la microcristallinité du quartz, présent dans l’ensemble des échantillons. Pour

tester cette hypothèse, nous calculons les distances interréticulaires d (équation

A.3), correspondant à chacune des énergies des pics observés, en combinant la loi

de Bragg (équation A.1) et l’équation des longueurs d’onde (équation A.2).

2dsinθ = n.λ (A.1)

λ = hcE (A.2)

d = 2Ehcsinθ (A.3)

avec θ l’angle de Bragg (27.5◦), h la constante de Planck (4.14.10−15eV.s) et c la

vitesse de la lumière (2.99.108m/s).
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Echantillon FTC9
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Pic  (eV) d (Å) dThéorique (Å) % diff Plan 

4261 2.0843 2.12771 2.04 2-0-0

4808 1.8471 1.81796 -1.61 1-1-2

5180 1.7145 1.6717 -2.56 2-0-2

5502 1.6142 1.6083 -0.37 2-1-0

Pic  (eV) d (Å) dThéorique (Å) % diff Plan 

4259 2.0852 2.12771 2.00 2-0-0

4769 1.8623 1.81796 -2.44 1-1-2

5183 1.7135 1.6717 -2.50 2-0-2

5520 1.6089 1.6083 -0.04 2-1-0

Pic  (eV) d (Å) dThéorique (Å) % diff Plan 

3497 2.5396 2.45687 -3.37 1-1-0

3963 2.2410 2.23613 -0.22 1-1-1
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Figure A.1 – Etude des spectres de microfluoresence X pour trois échantillons de Komati River
(haut), Fig Tree (centre) et Buck Reef (bas). Les courbes noires représentent les spectres moyennés
sur l’ensemble des cartographies acquises. Les courbes rouges représentent le meilleur fit obtenu
grâce au logiciel PyMCA et en imposant pour chaque pic l’élément majeur associé. Les pics non
identifiés représentent des éléments improbables (concentrations trop faibles) et sont donc utilisés
dans les calculs de plan réticulaires associés. Les tableaux associés à chaque échantillon montrent :
l’énergie de chaque pic, le calcul de la distance d associée, la valeur théorique de la distance réticulaire
du standard de quartz 00− 046− 1045 de Kern et Eysel (1993), la déviation entre ces deux dernières
valeurs, et enfin le nom du plan réticulaire associé à chaque pic. Malgré une déviation systématique
des trois premiers plans, les pics non-fittés semblent correspondre à un phénomène de diffraction lié
au quartz présent dans les échantillons.
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La Figure A.1 montre trois exemples de spectres traités grâce au logiciel

PyMCA. La courbe noire représente le spectre moyenné sur l’ensemble de l’échan-

tillon et la courbe rouge représente le meilleur fit obtenu en identifiant les éléments

majeurs responsables des pics principaux. Les distances réticulaires d sont calcu-

lées pour les pics non identifiés et données dans les tableaux associés à chaque

échantillon. Les valeurs obtenues sont comparées aux valeurs de référence issues

des bases de données de la diffraction X de plusieurs minéraux. La meilleure cor-

respondance pour l’ensemble des plans est observée pour le quartz de référence

00 − 046 − 1045 décrit par Kern et Eysel (1993). Un décalage en énergie est tout

de même visible : il est minime pour les pics associés au plan réticulaire 2 − 1 − 0

(< 0.06%) mais varie systématiquement de 1.61 à 3.37% pour les autres pics et

plans associés. D’après ces observations, les pics non-identifiés sont effectivement

liés à la diffraction systématique du faisceau par le microquartz constitutif de nos

échantillons.

Pour plus de fiabilité, nous avons réalisé des analyses par diffraction X sur les

trois échantillons présentés en Figure A.1. Les échantillons sont réduits en poudre

(∅=63µm) et tamisés pour favoriser une orientation aléatoire des minéraux. Les

analyses sont réalisées à ISTerre (Grenoble) sur le diffractomètre Bruker D5000/D8

équipé d’un détecteur SolX Si(Li) et utilisant les radiations Kα 1 du cuivre. Les

intensités sont enregistrées sur des intervalles de 0.04◦ entre 19.5 à 58.06◦ avec un

temps de comptage de 3s. par pas.

Les résultats comparés des trois échantillons sont présentés en Figure A.2. Les

spectres sont tous quasiment identiques et parfaitement alignés avec le spectre de

référence du quartz 00 − 046 − 1045 (lignes verticales rouges), confirmant que les

pics non identifiés dans les données de fluorescence X sont dus à un phénomène de

diffraction porté par la phase microquartzitique. De plus, aucun pic de diffraction

ne manque par rapport au spectre de référence et les intensité sont comparables,

traduisant un comportement de type "poudre homogène" pour nos échantillons.

Un tel comportement montre que la taille des grains de quartz ne dépasse pas 5µm

(voir par exemple Connolly 2009) et qu’il n’y a pas d’orientation préférentielle du

quartz (i.e. tamisage efficace). Si le faisceau de rayon X rencontrait une fraction cris-
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Figure A.2 – Spectres de diffraction des échantillons de Komati River (jaune), Buck Reef (rouge)
et Barite Valley (vert). Pour chaque échantillon, tous les pics observés sont alignés sur les pics du
quartz de référence 00 − 046 − 1045 (barres verticales) de Kern et Eysel (1993)
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talline de plus forte taille, ou si le tamisage avait créé une orientation préférentielle

des grains, certains plans réticulaires seraient mieux représentés et les intensités

des pics de diffraction correspondants seraient nettement supérieures au spectre

de référence du quartz.

La largeur des pics de diffraction des trois échantillons montre tout de même de

légères différences : les pics de BRC6 (Buck Reef) sont systématiquement les plus

larges, avec une position intermédiaire pour KRC8 (Komati River) et des pics plus

étroits pour FTC9 (Barite Valley). La largeur est corrélée de manière indirecte à la

taille des grains qui diffractent, ce qui traduit une cristallinité légèrement plus forte

pour les échantillons de Buck Reef.

Dans le cas de la fluorescence X, le faisceau est calibré pour un diamètre de

30µm, ce qui représente un diamètre effectif d’environ 50µm en raison des incer-

titudes paramétriques. La profondeur de pénétration du faisceau étant de 20µm

aux basses énergies, et 100µm aux hautes énergies (∼ 1.2keV dans notre cas), le

volume échantillonné lors de l’analyse varie entre 39000µm3 et 1960000µm3. Un

calcul simple montre alors que pour une taille maximale de 5µm, le faisceau ba-

laye jusqu’à 39000 grains, ce qui est largement suffisant pour expliquer le nombre

important de pics de Bragg reconnus dans les spectres et supporte l’idée d’une

orientation aléatoire du microquartz dans nos échantillons.

D’après ces tests, nous pouvons conclure que (1) tous les échantillons de cherts,

qu’ils soient formés de quartz pur ou de protolithe silicifié contiennent une pro-

portion majoritaire de microquartz de granulométrie inférieure ou égale à 5µm, (2)

que cette phase ne présente pas d’orientation préférentielle quelque soit le degré

de diagenèse, compaction, circulations fluides ou métamorphisme rencontrés, (3) et

que les échantillons de Buck Reef semblent mieux cristallisés que ceux de Komati

River et Barite Valley.

Les analyses par diffraction X ont également permis d’identifier les phases mi-

nérales présentes en plus de la silice dans les différents échantillons. La Figure A.3

met en avant la composition de chaque échantillon : le chert de Komati River est

le plus hétérogène et représente un mélange entre le microquartz, l’orthoclase et la

muscovite. A l’inverse, le chert de Buck Reef est le plus homogène et est exclusive-

ment formé de microquartz. Le chert de Barite Valley est également majoritaire-
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Figure A.3 – Spectres de diffraction des échantillons de Komati River, Buck Reef et Barite Val-
ley mettant en avant la nature des phases minérales. L’échantillon de Buck Reef est exclusivement
constitué de microquartz tandis que le chert de Komati River est un mélange de microquartz, or-
thoclase et muscovite. Le chert de Barite Valley est relativement pur, essentiellement composé de
microquartz, mais pourrait contenir des traces de muscovite aux vues de certains pics, ce qui est
confirmé par les observations microscopiques (Chap.3 et 4).
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ment constitué de microquartz, mais la présence de muscovite est soupçonnée aux

vues de certains pics, certes de petite taille, mais significatifs. Toutes ces obser-

vations concordent avec les descriptions microscopiques des présentées dans les

chapitres 2 à 4.

A.1.3 Traitement des données : SuperMaps

Les cartographies élémentaires brutes (i.e. données en nombre de coups) obte-

nues par microfluorescence X sont traitées en deux étapes : le première permet une

quantification des éléments en pourcentage de poids d’oxyde, et la seconde permet

d’exprimer les cartographies en pourcentage de phases minérales.

Quantification : wt%

Le logiciel de contrôle Vision 32 de l’EAGLE III permet de réaliser un calcul ité-

ratif des cartes ROI prenant en compte les paramètres fondamentaux de la matrice

minérale (van Sprang 2000, Thomsen 2007, Mantler et Kawahara 21). Le passage

des données brutes en pourcentage de poids d’oxydes se basent sur des valeurs

imposées de standards préalablement mis en place. Dans cette étude, nous utili-

sons les standards développés par Emmanuel Muñoz (comm.pers.). Les calculs ne

sont pas forcés pour boucler les concentrations à 100wt% de telle sorte que les

phases non mesurées (e.g. H2O) correspondent à 1-Σquanti f ications.

Les cartes quantifiées fournissent une première estimation de la composition

chimique de certaines phases minérales (précision de quelques wt%). En fonction

des résultats, certains échantillons sont sélectionnés pour des analyses ponctuelles

in situ plus précises par microsonde (cf. Annexe A.2).

Par ailleurs, les cartes sont couplées aux observations par microscopie optique

afin de repérer les phases les plus pures présentes dans nos échantillons. Cette

étape est essentielle pour le traitement des données en termes de pourcentage de

phase comme décrit ci-après.



320 Annexe A. Annexes

Figure A.4 – Schéma simplifié inspiré de Ulrich (2010) et rprésentant la conversion des cartogra-
phies élémentaires en cartographies de phases. Méthode basée sur le script Matlab "Supermaps" dé-
veloppé par Emmanuel Muñoz et Marc Ulrich à ISTerre, Grenoble (voir la description de la méthode
dans Ulrich et al. submitted). Les données brutes sont préalablement converties en concentrations
de poids d’oxydes grâce au logiciel Vision 32.
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Quantification : %phase

Le but de cette étape est d’obtenir des cartographies en pourcentages de phases

minérales plutôt qu’en concentrations élémentaires. La Figure A.4 est une repré-

sentation schématique de la méthode employée.

Cette méthode repose sur les travaux de Muñoz (2008). Elle était préalablement

appliquée aux cartographies XANEX (analyses synchrotron), et a été développée

récemment par Emmanuel Muñoz et Marc Ulrich pour une application en micro-

fluorescence X. Ils sont les auteurs d’un script Matlab qui compile les cartogra-

phies élémentaires quantifiées sous la forme d’une matrice 3D (X, Y, Z), où X et

Y correspondent aux coordonnées de chaque pixel sur la carte et Z correspond à

la concentration chimique en wt% de chaque élément analysé. Chaque pixel est

ensuite interprété par le script comme résultant d’un mélange entre n phases mi-

nérales dont les caractéristiques sont définies manuellement.

Une bonne connaissance de la minéralogie des échantillons est essentielle pour

cette étape : sur les cartographies en wt%, l’utilisateur définit quelles zones de

la carte correspondent aux phases minérales pures identifiées préalablement en

microscopie optique. Par exemple, une zone à 100wt% de SiO2 sera utilisée comme

"pôle pur" du quartz. Le logiciel interprète ensuite chaque pixel de la carte comme

étant un mélange de ces pôles purs et fournit une nouvelle carte en pourcentage

pour chaque phase identifiée par l’utilisateur.

Cette approche offre une grande liberté dans le choix des phases puisqu’elles

sont définies manuellement. Par exemple, nous utilisons les pixels les plus riches en

aluminium comme représentatifs d’un pôle pur "phyllosilicate". Ce choix ne prend

pas en compte une éventuelle silicification des minéraux, mais ce biais est considéré

comme acceptable puisque c’est la répartition des minéraux qui nous intéresse ici

et non leur composition élémentaire vraie. Celle-ci sera déterminée par la suite de

manière précise par les analyses ponctuelles par microsonde (cf. Annexe A.2).

Afin de vérifier que toutes les phases présentes dans les échantillons ont bien

été identifiées, une carte de la somme des phases est compilée et utilisée comme

critère de qualité des résultats.
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A.2 Microsonde

Les analyses par microsonde ont été réalisées à ISTerre sous la supervision de

Valentina Sobolev.

Cet outil de pointe a été choisi pour réaliser des analyses in situ ponctuelles et

surfaciques sur les échantillons de Komati River et Barite Valley, dans le but de

déterminer la composition chimique des différentes phases minérales autres que la

silice dans ces échantillons (analyses ponctuelles), et pour observer la répartition

des compositions chimiques en lien avec la matrice siliceuse (cartographies). Les

images BSE et SEI sont utilisées pour déterminer de manière précise les cibles pour

les analyses ponctuelles, et pour réaliser en parallèle une étude approfondie des

structures sédimentaires, diagénétiques et morphologiques dans les échantillons

choisis pour ces deux sites.

La microsonde électronique JEOL JXA-8230 est équipée de cinq spectromètres

WDS (Wavelength Dispersive Spectrometer) permettant l’acquisition de données

quantitatives pour les éléments de B5 à U92, d’un spectromètre EDS (Energy Disper-

sive Spectrometer) généralement utilisé pour une quantification rapide, et de deux

détecteurs à électrons rétrodiffusés et secondaires pour l’acquisition des images

TOPO, BSE et SEI.

Les échantillons se présentent sous la forme de lames minces polies et métalli-

sées. Une zone de l’échantillon est bombardée par le faisceau d’électron généré par

la microsonde (voir Figure A.5), et les spectromètres analysent le spectre de rayons

X ré-émis par cette surface. Chaque spectre est constitué d’un mélange d’éléments

chimiques reconnaissables à différentes raies caractéristiques.

Parmi les deux types de spectromètres à disposition (EDS et WDS), le spectro-

mètre WDS est plus performant pour la quantification, mais demande une acquisi-

tion plus longue et se limite à un nombre restreint d’éléments. En effet, le spectro-

mètre WDS est calibré sur une longueur d’onde particulière ce qui ne permet pas

une acquisition continue du spectre et implique la quantification d’un seul élément

à la fois. La microsonde étant équipée de 5 spectromètres WDS, il n’est donc pas

possible de quantifier plus de 5 éléments à la fois et plusieurs passages sont alors

nécessaires. A l’inverse, le spectromètre EDS permet une acquisition continue des
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Figure A.5 – Schéma simplifié d’une microsonde, d’après la thèse de Pierre Lanari (2013).
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spectres et la reconnaissance de tous les éléments présents au cours de la même

analyse, mais la précision des quantifications est moins bonne.

Pour ces raisons, les éléments Si, K, Al, Fe et Ti sont quantifiés par WDS et les

éléments Mg, Na, Ca, Mn, Ba sont quantifiés par EDS. Les concentrations en silice

sont corrigées en utilisant un standard d’orthose cohérent avec la nature potassique

des feldspaths. Cette correction est nécessaire car, à la date des analyses, une erreur

systématique de 2% biaisait les données sur l’un des spectromètres. Les résultats

ainsi corrigés sont précis à ±2-3wt% en moyenne, généralement < 1wt%. Le stan-

dard d’orthose est également utilisé pour calibrer les quantifications et les valeurs

obtenues lors des différentes sessions sont présentées dans la Table A.2.

Plusieurs cartographies sont couplées aux analyses ponctuelles. Ayant été réa-

lisées de manière tardive dans ces travaux de thèse, aucun traitement des données

n’est appliqué et les données sont brutes : les cartographies sont donc regardées en

termes de concentrations relatives, et exprimées en variations de nombre de coups

d’une phase minérale à l’autre. La quantification des cartographies sera effectuée

dans les mois suivant le rendu de ces travaux en vue d’une publication ultérieure.

Les tableaux suivants regroupent l’ensemble des données acquises par analyses

ponctuelles pour les standards d’orthose (Table A.2) et pour les échantillons :

- de Komati River, KRC8, Table A.3

- de Barite Valley, FTC4, Table A.4 et FTC9, Table A.5
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Table A.2 – Composition chimique du standard d’orthose acquises au cours des différentes sessions
d’analyse. La composition théorique est en accord avec la moyenne des valeurs mesurées. Le carbone
est lié à la métallisation de la lame et n’a pas été systématiquement analysé.
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Table A.3 – Composition chimique des phases minérales dans l’échantillon KRC8 (Komati River).
Les analyses sont réalisées à la fois dans le siltstone riche en particules détritiques et dans le chert
noir sus-jacent, exclusivement constitué de microquartz et séricite.
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Table A.4 – Composition chimique des phases minérales dans l’échantillon FTC4 (Barite Valley).
Quartz Dyke correspond au microquartz dans les cherts de fracture tandis que les autres phases sont
toutes situées dans les argiles encaissantes.
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Table A.5 – Composition chimique des phases minérales dans l’échantillon FTC9 (Barite Valley).
Quartz Dyke correspond au microquartz dans les cherts de fracture, les carbonates sont également
dans le dyke tandis que les autres phases sont toutes situées dans les argiles encaissantes.
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A.3 Géochimie : éléments majeurs et traces

Le protocole de préparation des échantillons pour les analyses en éléments ma-

jeurs et traces a été détaillé dans le Chapitre 4. Ils sont représentés ici de manière

schématique dans les Figures A.6 et A.7. La méthode est adaptée de Chauvel et al.

(2011). La Table A.6 présente les résultats obtenus sur les standards BHVO-2, AGV-

1 et RGM1 au cours des différentes sessions d’analyse. La Figure A.8 montre que

le choix de la normalisation n’influence pas les valeurs des différents proxys océa-

niques (voir Chapitre 4).
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Figure A.6 – Protocole expérimental : préparation des échantillons pour les analyses en éléments
majeurs sur roche totale par ICP-AES.
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Figure A.7 – Protocole expérimental : préparation des échantillons pour les analyses en éléments
traces et terres rares sur roche totale par ICP-MS.
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Table A.6 – Récapitulatif des analyses géochimiques en éléments majeurs et traces sur les stan-
dards BHVO-2, AGV-1 et RGM-1. Les valeurs théoriques sont comparées à la moyenne des valeurs
mesurées au cours de différentes sessions d’analyses. La différence est exprimée en écart-type (1σ).
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Figure A.8 – Diagrammes comparant les valeurs des différents proxys océaniques utilisés dans le
Chapitre 4 en fonction des différentes normalisations : Post-Archean Australian Shales (PAAS) de
Taylor et McLennan (1985), Mud Of Queensland (MUQ) de Kamber et al. (2005) et Archean Upper
Continental Crust (AUC) de Condie (1993). Seule l’anomalie en lanthane semble légèrement affectée
par la normalisation, mais les R2

> 0.90 montrent que l’effet de la normalisation est limitée. Dans
le Chapitre 4, j’ai choisi d’utiliser les PAAS qui représentent la normalisation la plus couramment
utilisée et permettent une comparaison plus aisée des données avec la littérature.
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A.4 Géochimie : isotopes de Si et O

Après avoir identifié les différents types de chert à notre disposition, nous avons

sélectionné 6 échantillons pour effectuer des analyses in situ des isotopes de l’oxy-

gène et du silicium au CRPG de Nancy, sous la direction de Marc Chaussidon et

Claire Rollion-Bard. Deux échantillons correspondent aux cherts noirs des niveaux

turbiditiques de Komati River, deux échantillons correspondent à des niveaux mas-

sifs de chert blanc dans la séquence litée de Buck Reef, et deux échantillons sont

issus des veines de chert noir de Barite Valley. La totalité des résultats est présentée

dans le seconde partie de cette annexe.

Les roches brutes sont fracturées en morceaux de 1 à 2cm et placés dans des

bagues d’aluminium. L’ensemble est enrobé et maintenu par une résine de type

araldite couplée à un durciceur, et placé à l’étuve (min 2h) pour favoriser la po-

lymérisation. Un polissage en plusieurs étapes permet de terminer le montage et

d’obtenir une surface parfaitement lisse essentielle aux analyses : quatre polissages

manuels successifs sont réalisés à l’aide de papier abrasif en carbure de silicium et

à granulométrie décroissante (successivement 400, 600, 1200 puis 2400grains/cm2).

Cette première étape permet d’atteindre une qualité de surface suffisante pour les

deux polissages mécaniques suivant, sur disques de feutres et à l’aide de pâtes dia-

mantées de granulométrie 3 puis 1µm. Après contrôle du polissage au microscope,

les bagues sont métallisées à l’or et prêtes pour les analyses (Fig.A.9).

Les analyses sont réalisées sur la sonde ionique Cameca ims 1270. Les éléments

à analyser étant l’oxygène et le silicium, qui s’ionisent préférentiellement en anions,

la source d’ions primaires doit être constituée de cations, d’où le choix de la source

à césium (produit uniquement des ions Cs+) (Fig.A.9). Le diamètre du faisceau est

calibré de manière à être inférieur à 5µm, ce qui permet de réaliser les analyses

ponctuelles sur un nombre restreint de microquartz puisque les analyses par dif-

fraction X (Annexe A.1) ont montré une taille de grain proche de celle du faisceau

(soit ∼ 5µm). Cette approche à haute résolution permet d’étudier la variabilité des

compositions isotopiques au coeur de la matrice cristalline. La gamme de δ30Si et

δ18O obtenue sur un même échantillon est un paramètre révélateur de la préserva-
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Figure A.9 – Schéma simplifié du dispositif expérimental (canon ionique à source césium) et photos
des supports des échantillons après métallisation à l’or. La largeur d’une bague est de 1.5cm.

tion des cherts d’après Marin-Carbonne et al. (2012), un argument discuté dans le

Chapitre 5.

Le vide analytique est établi et stabilisé à 10−8torr, valeur en deçà de laquelle

l’influence des hydrures peut biaiser de manière significative les résultats. Diffé-

rents standards ont été utilisés, à savoir deux références de quartz pour l’oxygène

(Quartz du Brésil = +9.6‰ ; Quartz NL615 = +18.4‰) et un chert Miocène pour

le silicium (Chert Miocène = −0.69‰). Les données obtenues pour ces standards

sont données dans le tableau A.7.

Entre 15 et 62 analyses ponctuelles sont réalisées sur chaque échantillon et pour

chaque isotope. La précision obtenue pour les données en oxygène est comprise

entre ±0.28‰ et ±0.32‰. Pour le silicium, la première série d’analyse a donné

d’excellents résultats à ±0.11 et ±0.17‰ en fonction des échantillons, tandis que la

deuxième série est estimée à ±0.34‰.
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Cette différence est interprétée comme liée aux instabilités de la machine du-

rant la nuit séparant les deux sets d’analyses (N.B. cette nuit là, les orages les plus

violents que la région ait connu depuis des décennies ont inondé et perturbé l’ensemble

de l’agglomération de Nancy, mettant à mal les onduleurs du système de sécurité de la

sonde...).

Les données obtenues sont présentées dans les Tables A.8 pour le silicium et

A.9 pour l’oxygène.

Table A.7 – Analyses des isotopes de l’oxygène et du silicium pour les deux standards utilisés dans
cette étude : Chert Miocène δ30Si = −0.69‰ ; Quartz NL615 δ18O = +18.4‰
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Table A.8 – Analyses des isotopes du silicium pour les échantillons de Komati River, Buck Reef et
Barite Valley.
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Table A.9 – Analyses des isotopes de l’oxygène pour les échantillons de Komati River, Buck Reef
et Barite Valley. Les données en gras dans l’échantillon KRC8 correspondent à une veine de micro-
quartz.
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"J’ai rien compris, mais j’ai jamais autant rêvé..."

Lucas
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