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Highlights

X In situ calcification(aragoniteof a 3.3 Ga microbial biofilm

x Calcification probably due to the activities of a photosynthetic consortium o
microorganisms within the biofilm including heterotrophic sulphur reducing bacteria

x Preservation of the metastable carbonate phase by the organic matrix and secondary
silicification

X Oldest known occurrence of aragonite.



ABSTRACT

Timing the appearancd photosynthetic microorganisms is crucial to understanding the
evolution of life on EarthThe abilityof the biospheréo use sunlight as a source of energy
(photaautdrophy) would have beerssential for increasing biomass and for increasiag
biogeotiemical capacity of all prokaryotes across the range of redox reactions that support
life. Typical proxies for photosynthesis in the rock record include features, such atikemat
laminated morphology (stratiform, domical, conical) often associatedowikhgeochemical
signatures, such as calcification, and a fractionated carbon isotope sigratueser, to

date,in sity, calcification related to photosynthesis has not been demonstrated in the oldest
known microbial matsWe hereuse in situnanometesscale technique® investigatehe
structural and compositional architectimea 3.3 billionyear(Ga)old microbialbiofilm from

the Barberton greenstone hettus documentingn situ calcification that was most likely

related to anoxygenic photosyatis The Josefsdal Cheklicrobial Biofilm (JCMB) formed

in a littoral (photic) environment. i characterised by a distinct vertistductural and
compositionabrganisation The lower part is calcifieth situby aragonite, progressing
upwards into ncalcified kerogen characterised by up to 1% sulphur, followed by an upper
layer that contains intact filaments at the surface. Crystallites of pseudomorphed pyrite are
also associated with the biofilm suggesting calcification related to the activityenbtiephic
sulphur reducing bacteria. In this anoxygenic, nutrienited environment, the carbon

required by the sulphur reducing bacteria could only have been produced by photoautotrophy.
We conclude that the Josfsdal Chert Microbial Biofilm was foritmed consortium of

anoxygenic microorganisms, including photosynthesisers and sulphur reducing bacteria.
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Barberton, microbial mat, photosynthesis, calcification, aragonite



1.INTRODUCTION

The earliest traces of photosynthesis occur in-makerved sedimentary rocks of
Early-Mid Archaean age (4-8.3 Ga) in the Barberton (South Africa) and Pilbara (Australia)
greenstone belts (see review in Westall, 2010). In the commonly accepted understanding of
the evolution of life, anoxygenic photosyntleetnicroorganisms appeared first in the Early
Mid Archaean (Tice and Lowe, 2004; Westall et al., 2006) while the more sophisticated and
more efficient oxygenic photosynthesisers appeared in the Late Archaean (Buick, 1992;
Altermann and Schopf, 1995; Brocgsal., 1999; Summons et al., 1999).The most common
expression of photosynthesis in the rock record is fossilised photosynthetic microbial mats.
These are finely laminated structures that are formed by photosynthetic microorganisms in
generally oligotroplt environments where the primary producing microorganisms have
access to sunlight that they can use as an energy source. These mats are highly complex
consortia of different kinds of microorganisms living off the organic biomass produced
initially by the photosynthetic microorganisms (Dupraz et al., 2009). The preservation of
photosynthetic microbial mats is serendipitous because they often form in ephemeral, littoral
environments that are active and subject to physical destrublaffk¢, 2009). Moreover
early diagenetic processes may also lead to complete degradation of the mats or blurring of
their signatures. A concatenation of events is therefore required to preserve them, such as
burial by fine detritus to produce recognisable, microbigfijuenceal sedimentary structures
(MISS, Noffke, 2009), or impregnation of the layered photosynthetic structure by minerals,
such as carbonate or silica (Walter, 1976; Cady and Farmer, 1996; Konhauser et al., 2001;
Jones et al., 2001). The latter process will camtantly dilute any organic or geochemical
proxy signature.

Given the vagaries of the taphonomic process, identification eéthains of

photosynthetic microbial mats in ancient rockeeds to be based arrange of



complementarydata that suppoits formation within the photic zonas well asdentifying
proxiesthat indicate that the mat was formed by photosynthetic microorganisms. Proxy
features that are commonly used to identify fossil photosynthetic microbial mats i(jude
matlike, laminat&l morphology (planar or three dimensional, as in domical or columnar
stromatolites)(2) thepresence of fossihicroorganisms of known photosynthetic affinity

(e.g, the laterevolved oxygenic photosynthesisiaganobadatria, many species of which

have radily identifiable morphologies), Y& carbon isotopic signature consistent with
photosynthesig4) evidence oin situ calcification as a byroduct of photosynthetic activity
(Supplementary figure 1). It should also be demonstratedhibse tombinedharacteristics

do not occur in microbiahats formed by nophotosynthesising microorganisniailey et al
(2009) note that almost all of the physical and chemical characteristics used for identifying
fossil photosynthetic mats can also be produced byphotosynthetic mats, such as those
formed by sulphur/sulphate or methane oxidisers in cold seep, hydrothermal or other types of
environments. Table 1 compares the characteristics of modern photosynthetic and non
photosynthetic microbial mats, underlinitige similarities between them in terms of
environment of formation, structure, composition and metabolic signatures.

Both types of mats can be formed in the photic zone buphotosynthetic mats can
also form in caves or deep water. Both can form dimsent surfaces but ngrhotosynthetic
mats also form within the sediment. Both mat types can be laminated (chemical mineral
precipitates, such as calcareous travertines can also be laminated, Pentecod/I2@5s
nonphotosynthetic microbial mats healso been described as being sediment stabilising and
having crenulated, contorted and wrinkled surface (Bailey et al., 2009). However,
interlayering with chemicalbprecipitated evaporite deposits in littoral/sabkha environments
seems to be restricted photosynthetic mats. Certain biomarkers distinguish the microbial

composition of photosynthetic and nphotosynthetic microbial mats. For example,



Summons et al., (1999) describen2thylhopanes from 2.7 Gdd oil shales from the Pilbara
of Australia & being the degradation products of phototrophic bacterial lipids. Lipid
biomarkers of sulphate reducing bacteria include oradkyl glycerol ethers (Arning et al.,
2008). However, biomarkers have a limited life time (albeit very long) and even at thé Ga
syngenicity of the aZnethylhopanes is questioned (Rasmussen et al., 2008). Elemental sulphur
deposits are associated with mats formed by sulpkidiising bacteria (Nelson and
Castenholz, 1981) but not with photosynthetic microbial mats. Phosphepibsits are also
characteristic of nophotosynthetic microbial mats, such as those formed by the sulphur
oxidisersBeggiatoaReimers et al., 1990) afthiomargarita(Schultz et al., 1999).
Calcification, on the other hand, occurs in fpfotosynthetic norobialites, such asarbonate
mud mounds formed around cold seeps (Barbieri and Cavalazzi, 2005), as well as in
photosynthetic microbial mats (Dupraz et al., 2009).

Although many species afyanobacteria are readily recognisahbl¢he fossil record
when well preservede.g, Hofmann, 1976Knoll, 1985) not all photosynthetic
microorganisms possedsstinctmorphologicakttributes and not all microorganisms can
be/are fossilised (Westall, 1997; Orange et al., 200@h @) isotope signatures are not
suficiently distinctive of photosynthesisince photosynthetic microorganisms are
FKDUDFWHULVHG EXChalfdsGe-t)-8tD-QIHIRU/R[\JHQLF SKRWRV\QW
and-9to- A IRU DQR[\JHQLF S KtRatReWAfik kbse bi\btHey Non
photosynthetic microorganism&chdlowski, 1988,2001) as well as those of carbon formed
by nonbiogenic processes (van Zuilen et al., 206®)wever, bulk carbon isotope signatures
from photosynthetic microbial mats will be heavier than those for mats produced by
sulphur/sulphate oxidess or methane oxidisers. Moreoyvearbon isotopieneasurements are

generallymade on bulkock sampleshatcontaintraces of the hypotheticahotosynthetic



microbial matsas well agraces ofany othemicroorganismsn that particular habitat. The

resultingisotopic signature will, thus, baixed.

Purported photosynthetically metabolising microorganisms and their macrostructures
(microbial mats, stromatolites) have been identified in the oldestpnedkerved sedimentary
rocks knownDunlop et al. (278), Schopf and Walter (1983), and Lowe (1980, 1983) first
described stromatolites and/or the possible remains of cyanobactegl-pregerved
sediments (cherts) dating from the Early Archaean33355a) in the Pilbara region of NW
Australia Similarinterpretations were made in Early Archaean cherts from the Barberton
greenstone belt in South Africa (Byerly et al., 1986). Further studies have been undertaken
since the 1990s in both Early Archaean terrains (e.g. Walsh, 1992; Schopf, 1993; Hofmann et
al., 1999; Tice and Lowe, 2004, 2006; Allwood et al., 2006, 2009; Tice, 2009; Westall et al.,
2001, 2006; see reviews by Westall, 2004, 2010) using structure (laminated and/or domical),
and fractionated carbon isotopic signatuasgproxies for photosynthesThe remains of the
photosynthetic primary producing organisms are rarely preserved (cf. AlteamdrSchopf,
1995), Indeed, the carbon isotope signatures of highly metamorphosed sediments from the
Isua Greenstone belt in Greenland (3.8 Ga) were alsgpreted as indications of
photosynthesis (Schidlowski, 1988, 2001; Mojzsis et al., 1996; Rosing, 1999). Critiques of
some of the studies have concentrated on the biogenicity of the laminated structures (Lowe,
1994; Brasier et al., 2002) and the hypattatphotosynthetic isotopic signatures (e.g. van
Zuilen et al., 2002). Moreecent investigations have addressed the importance of
environmental habitat and the effects of local variationtherdistribution othe ancient
photosynthetistructuresForinstance Allwood et al. (2006,2009) demonstrated by detailed
field mapping and macrm microscopic analyses that several varieties of domical structures
in a 3.5 Gaold formation in the Pilbara in Australia formedarvariety of localised habitats
onashallow watercarbonatelatform They argued that their environment of formation and
their physical and chemical characteristics of the domical structures could only have been
produced by photosynthetic microorganisms. Similarigeand Lowe (2004, 200@nd Tice

(2009)made a detailed microscopic and isotopic studgminatedstructures in the 3.4 Ga



old Kromberg Formation in the Barberton Greenstone Belt, interpreted in terms of a diversity

of mats related to specific local environments in a litteralironment

Among all proxiesin situ calcification, which isa commorsignatureof modern
lithifying photosynthetic microbial ma{Supplementary figure Défarge etl., 1994, 1996;
Dupraz et al., 2009)s onefeaturethat remains waocumentedn theseancient putative
microbialecosystemslhe objectiveof our study isthereforeto present evidence of situ
calcification inamicrobial biofilm andmicrobialmats presernh a3.3 Gaold sediment from
theJosefsdal Chert Formation in the Barberi@meenstone Belt, South Africand toexamine
the relationship between calcification and the possible photosynthetic afrithie biofilm
and matsWith this in view, ve present am situ structural and compositional analysis of the
biofilm and matona micrometric microbial scal®ur approach mimics, as closely as
possible, that used in the study of modern photosynthetic microbial mats in which a range of
observational, geochemical, metabolic, and genetic methods are used at the microbial mat

scale.

2. GEOLOGICAL BACKGR OUND, MATERIALS AND ANALYTICAL M ETHODS

2.1. Geological Context

The Early to Mid Archaean Barberton greenstone belt of South Africa costaires
of the world$ oldest and begtreserved supracrustal sequences that provide a wealth of
information on Eartl$ history and early life (e.g., Byerly et al., 1986alsh, 1992Banerjee
et al., 2006; Westall et al., 2006; Tice, 2009). The belt consists of@WEtriking
succession of supracrustal rocks, termed the Barberton Supergroup tdasavaupergroup
in the older literature), which ranges in age from ~3550 to 3220 Ma. The belt has a strike
length of ~130 km, width of 235 km, and an approximate depth e &m, and is

surrounded by granitoid domes and intrusive sheets, ranging froage 3.5 to 3.1 Ma. The
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volcanasedimentary sequence of the Barberton greenstone belt has been subdivided into
three stratigraphic units, the Onverwacht, Fig Tree and Moodies Groups (SACS, 1980). The
study locality consists of two chert horizons croppangin the topmost of the Kromberg
Formation of the Onverwacht Group in the upper part of the Josefsdal \@#BSS(/Y -

E31°049 ~ Figurel). Based on its occurrence at the top of Onverwacht Group between the
top of the Kromberg Formation and the Men Formation (Fjure 1b), the age of the

Josefsdal Chert is estimated at ~3.3 G Josfsdal Chert underwent regional greenschist
metamorphism dated at 3.32 Ga (Dziggel et al., 2002).

The study outcrop consists of banded black and white/greenish silidtfied
volcaniclastic sediments deposited on top of pillow basalt (Supplementary Figure 2).
Sedimentary structures in the chert indicate deposition in water depths ranging from sub wave
base to shallow water. The black horizonstaororganic matteand pseudomorphed pyrite
crystals (now iron oxide), the organic matter consisting of organic detritus as well as
occasional laminated microbial mats (Supplementary Figure 3). The samples used in this
study come from a horizon stratigraphically locatethatbase of the silicified sediments.

We have based our study on microbial 4tile¢ structures observed in thin section and
in cut rock surfacesf Josefsdal Chert, and, in particular, on an exceptionallypvefierved
microbial biofilm exposed in thre#imensions directly on top of a bedding plane surface. A
preliminary description of the exposed microbial biofilm, henceforth termedbgefsdal
Chert Microbial Biofilm(JCMB) in this work, wasnadeby Westall et al. (2001, 2006).

The JCMB occurs on adsh fracture surface that partially follows a bedding plane
between the top of an underlying black (carpigh) layer and an overlying greenish white
layer.The rock surface on which the biofilm is exposed is uneven and, in a small area, other
biofilm fragments alternate with sediment layers deposited above the JCMB (Supplementary

figure 4).1t consists of portions of a thin carbonaceous film, <10 pum thick, that collectively
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cover an area of aboutném? (Figure 2a; Supplementary Figure 2b). The biofilnoisly one

of a packet of malike structuresvhose combined thickness<44¢ mm(the upper portions
were almost entirely removed by fracturinfi)is similar to the mat shown in a thin section of
the Josefsdal Chert in Supplementary Figuréh® surfacefathe film consists of fine
filaments, 0.28).3 um in diameter, that are thickly coated with a smooth material interpreted
as EPSKigures6, 8 in Westall et al., 2006). Parallel orientation of the filaments and
overturning of portions of the mat in thersadirection (Figres 5 and 6a in Westall et al.,
2006) suggest formation under flowing watersgibly close t@ hydrothermaspringsince

the biofilm was silicifiedn vivo by hydrothermal fluidsA subaerial beacbettingis

suggested by the presendentercalated layers of pseudomorphed (silicified) evaporite
crystals in the upper layers of the film and by cracks in its surface that indicate periodic
exposure to the atmosphekedure6d in Westall et al., 2006). Detrital particles including
volcanicshards and quartz grains from § & pm up to ~300 um in size are trapped in the
mat Figure7b in Westall et al., 2006).

Carbon isotope signatures for the bulk sedimentwere A :HVWDOO HW DO
and a value of A ZDV REWDL Q &htpld & Sefdarafed Gahboith black layers
(Westall et al., 2006). The turgid filameimsthe surface of the biofilmrather than degraded
remnants(Figures 6f, 8b in Westall et al., 2006) suggest rapid silicification probably by
silica-rich hydrothermBfluids as the biofilm was livingcf. Hofmann and Bohlar, 200.7)his
is supported by the fact that the anions of the evaporite crystals have been replaced by
fluorine, most likely present in the same hydrothermal fluids that induced silicificatioa of th

mat.

2.2. Analytical techniques

FIB preparations
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Most of the analyses madethis study were conducted on a series of focussed ion
beam (FIB) sections verticallyut using a Ga beam into thelb um thick mat Figure2b)
(Lekstrom et al., 2008)(N.B. the mat had previously been coated with Au for SEM
observation, Westall et al., 2008he FIB sections were prepared at the Centre
Pluridisciplinaire de Microscopie Electronique et de Microanalyse at the University Aix
Marseille using a Philips FIB 20and at thenstitute dflectronique, Microélectronique et de
Nanotechnologie (IEMN)L.lle, usingan FEI Strata DB 23%n somesectionsa protective
1-2 m thick platinum strip was deposited on the sample before milling in order to protect the
FIB slice. The primary ion currents used iiositu milling and polishing of the FIB sections
were in the range of 0.17 to 7 nA and beam energies ranged fron® Xé& 3Sections 90 nm
thick weremounted on CTEM grids coated wittmoley carbon filmwere prepared for
transmission electron microscopkE(M) analyses, whereas thicker FIB sections ah3uere
prepared foscanning electron microscope (SEM), scanningsirassion electron microscopy
(STEM), NanoSIMS (4igh spatial resolution secondary ion mass spectrometry) and

synchrotron radiation analysis.

SEM and TEM

Three TEM instruments used wer®@lailips CM20 TEMfitted with EDX detector
availableat Centre délicroscopie Electronique, Universitéfgriéans, France; a TEM JEOL
2011 microscope at the University of Paris VI, France; and a FEI TECNAI G2 @dhee
Pluridisciplinaire de Microscopie électronique et de Microanalg$¥2\M), Marseille, France.
In all cases, the beam energy used was 200 kV and the microscopes were equipped with
energydispersive Xray spectroscope (EDX) capable of measuring light elements (except for
theJEOL 2011 TEM)The SEM instruments used included an Hitachi S4500-BE®,

equpped with a Polaron LT7400 cryopreparation system that can function as a cryoSEM, at
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the Centre de Microscopie Electronique, Orléans and a Philips XL30 SFEG &TtE#&1
Centre Pluridisciplinaire de Microscopie Electronique et de Microanalyse at the litgivers

Aix-Marseille SEM imaging and elemental mapping were maetsveerb-10kV.

Synchrotron analysis: The beamline ID21 SXM sep for fluorescence imaging and 41
XANES of S at the Kedge

FIB sections prepared foyschrotron irradiation were mounted orcGated TEM Cu
grids. With its 27 keV energy range, the ID21 scanning @y microscope (SXM) of the
European Synchrotron Radiation Facility (ESRF) in Grendbissifi et al., 2002 a unique
tool for microspectroscopy at the sulfurddge, attaining higkpatial (0.3um) and spectral
(0.25 eV) resolution. The SXM was operated at energies around 2472 eV, close to the sulfur
K-edge. Micro fluorescence maps were also performed at thedéigé&around 7112 eV with
a comparable set up. The FIB cuts mountedl&M grids were held between Bn thick
Ultralene* foils. The sample is positioned at an angle of 60° (90° between beam and
fluorescence detector axis) with respect to the incoming beam. Further details of the

instrument setup are provided in the Supplermgniviethods.

STXM and NearEdge Xxray Absorption Fine Structure (NEXAFS) spectroscopy at the C
K-edge

Scanning transmission-Ky microscopy (STXM) and Ned&dge Xray Absorption
Fine Structure (NEXAFS) spectroscopy at the e@dge analyses were made te X1A
beamline at the National Synchrotron Light Source (NSLS, Brookhaven). Data for the
Josefsdal Chert were collected using a STACK data collection technique where an image is
taken, the monochromator energy is changed by a small increment; anothersroaliected

and so on until a series of images over the energy range of interest is collected. The images
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are aligned in X and Y using a cross correlation algorithm. Spectra can be obtained from
individual pixels in the image. Carbon maps are acquiyethking the difference of the sum

of images acquired below 283 eV and the sum of images acquired betwe2d3280. The
STACK energy spacing for this data set was-288.6 eV, with 0.3 eV step size, 28282.0

eV with 0.1 eV step size, 29805 eV with0.3 eV step size (Jacobsen, et al, 2000). The image
size was 320 pixels in both X and Y with a pixel size of 30Rurther details of the

instrument setup are provided in the Supplementary Methods.

NanoSIMS

Chemical maps of a 18 3 x 15 um FIB section we produced with the Cameca
1DQR6,06 DW WKH OXVpXP 1DWLRQDO G +B/iMRsaided 1D W X
FIB section was analysed by-XANES at the ESRF, Grenoble). The instrument is
characterized by high spatial resolution (down to 50 nm), Heghsitivity, and the
simultaneous detection of up to five isotopes. In this study, negative secondary 16@s of
180, 2C*N, ?8si and®?S were mapped simultaneously (multicollectioode) using electren
multiplier detectors. Using primary current caimohis (about 0.5 pA on the sample surface),
the primary ion beam of Csvas focused onto the sample in spots <100 nm in size. Analyses
were performed at a masssolving power > 5000, sufficient to resolve significant isobaric
interferences. A normal inoihce electron gun was tuned during analysis in order to
compensate for positive primary beam charge deposition on the sample surface. Two ion
images consisting of 256 x 256 pixels were acquired by scanning areas of 1R dnd
with counting times of Kpixel. Within the imaged regions, two oxygenh features were
observed and subsequently imaged in frames of & &56 x 256 pixels) and with a spatial
resolution of about 50 nm. Note that, because nitrogen can only be detected as CN

NanoSIMS, itcanonly be measured in the presence of carlddso, the sample was attached
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to a metallic mount using carbon tape, which greatly reduces the risk of surface contamination

compared to the use of epoxy.

ToF-SIMS

The Timeof-Flight Secondary lon Mass Speascopy (ToFSIMS) analysesvere
made on a cleaned cut rock surfaseng anON-TOF IV GmbH instrumentMUnster,
Germany)equipped with &8ismuth liquid metal primary cluster ion source (see details
below)atthe Technical Research Institute of SwedeoréB). Spectra from the sections were
recorded using 25 keV Biprimary ions, with the instrument optimized for maximum mass
resolution (bunched mode, tth ~30006000). The cleaning protocol for the samples is as
follows. The rock surface was sawn witlwshlades that had been thoroughly cleaned and
rinsed with acetone. MilliQ water was used during sawing. The outer portions of the rock
sample were sawn off and discarded to eliminate contamination. A slice of rock from the
inside of the hand specimen wagn sawn, wrapped in acetedeaned aluminium foil and
stored in a cooled Afilled, Schott glass container until analysed. The sample was removed
from the container in a laminar flow hood, placed on the-$tW#S sample holder, and then

placed directly irthe instrument for analysis.

Raman spectrometry

Raman spot analyses and mineralogical maps of a polished thin section of the
Josefsdal Chert were carried out using a WITec Alpha500 RA system. The light source used
was a frequencygoubled Nd:YAG green &er (wavelengthd532 nm). Low energy power of

~6 mW was used in order to prevent deterioration of the samples.
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3.RESULTS
Microbial mats in thin section

Microbial matlike structures were observed in a number of thin sections from the
Josefsdal Cherdutcrop. They occur as packets of fine anastomosing laminae tens of
micrometers in thicknegSupplementary Figure 3Jhe laminae are conformable with the
underlying surface but have a wispy, undulating structure. They trap detrital particles such as
guatz and volcanic grains. The laminae form packets that can be up to several hundred
micrometers in thickness suggesting some periodicity to groRéman spectral mapping
documented their kerogenous composi{iBapplementary Figure %D:G peak ratio of hout
2.5). Analysis and mappingsinganion probedemonstrated thaheyare enriched itCa a
result which triggered further investigation of the-€@etaining phasesmall crystals of
pseudomorphed pyrite {4 um) are frequently associated with the kliyers
(Supplementary Figure 5b). Although now oxidised, EDX an{{NES analyses document
remnant sulphur in the crystals (data not shown).

ToFSIMS analysis on the carbonaceous lay8tgpplementary Figure) én the hand
specimen identified moleculéscluding GH;" (tropylium) at 91.05m/z; ¢H;" at 115.05 m/z;
Ci0Hs™ (naphthalene) at 128.06 m/z; and the largest molecwel;§

(anthracene/phenanthrene) at 178.06 m/z.

The Josefsdal Chert fossil Microbial Biofilm

There are two distinct types of carate phases associated with the JCHEified
pseudomorphs after calcite are part of the evaporite mineral suite interbedded and coating the
topmost layers of the filamentous biofilfRigure 3; Figure$c,din Westall et al., 2006)The
silicified psewlomorphs of calcite in the top part of the biofilm are blocky crystal€) fm

in size,possessingo other associated elemerfesglure 4. There is also aanocrystalline
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phase containinttaces oMg, Fe, Cr and sulphate precipitaiadassociation witlthe
kerogen in thdodyof the biofilm (Figures 46).

Numerous FIBsections cut vertically through the JCMB show that the 10 um thick
structure is divided into a lower part having a nanometer scale granular txduaeupper
part consishg of alveola-textural kerogen Figures 3, 5a The tickness of the kerogen
layers vaieslaterally within the biofilmfrom < 1 um to a few micrometers, whereas the
granular layers typicallythicker and can be up to about 5 png(gigure 3. High
resolution mages of the FIB sections show that thEHO5hm nanocrystals in the lower part of
the biofilm havenucleatedvithin an alveolatextured organic matrithat is structurally
similar tothat inthe overlying kerogen layeFigures 5, 6; Supplementary Figufe Micro-
XRF, EDX and RXANES mapping of the FIB sections document the association of Ca, Mg,
Fe, Cr and sulphate with the nanocrystalline phase, with Ca the predominant élequest
4). HRTEM images of the carbonate crystallitEgy(re § show interpanar distances of
0.335 nm, corresponding to thg gdnterplane of the carbonate phase aragonite. Fast Fourier
Transform imaging of the nanocrystals (ingejure6b) shows a cloudgpotty ring
(corresponding to d = 0.335 nm), typical of the diffracpattern generated by multiple
crystallites with variable rotational orientation.

Elemental mapping by EDX and NanoSIMS show that carbon is ubiquitous
throughout the biofilmand that it occurespecially in the pure kerogennein the upper
layerof thebiofilm, as well as in certain nanocrystege pockets within the granular lower
part Figure 3. Traces of N and S are associated with the kerogen. UsKYARNES wewere
able to qualitatively estimatg to 1% S in the upper, nagmanular portion of theiofilm
where both pXANES and NEXAFS documented the presence of teer&aining
heterocyclic molecule thiopheiiEigure 8; Supplementary Figure 8)ote that although the

kerogen has an amorphous appearanceTHR shows that, in terms of its nanostuuet, it
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corresponds to a disordered palpmatic carbon containing small stacks of fringes ~1 nm
long (Figure5b), indicating that the kerogen is relatively matlree molecular moieties
identified by ToOFSIMS analyses (Supplementary Figure 8) caddespond tdhese

polyaromatic structures.

4.DISCUSSION
4.1. Timing of the formation of the JCMB

The nanostructure and composition of the organic carbommisistent with degraded
ancient organic carbon that has undergone lower greenschist facies mpeiamadhus
indicating that the carbon predates the 3.2of8ametamorphic event that affected the region
(Dziggel et al., 2002)hile Wacy (2010) suggested that the JCMB might be a later
endolithic biofilm supported by a hydrothermal intrusion intoEkaey Archaean chert,
morphological and environmental evidence (Westall et al., 2006) suggest syngenetic
formation of the biofilm on a sediment surface in an evaporitic littoral environment.
Moreover, the JCMB is part of a packet of biofiims (Supplemeriimyre 4) and shares
many of the same characteristics as other delicate sediment stabilising microbial mats
observed in thin sections of other samples of the Josefsdal Chert (Supplementary Figure 3, see
Westall et al., 2006). The syngenicity of its depeh@nt and calcification is further
corroborated by thgeochemical dataresented henehich indicate that thealcification of
the JCMBiIs related to the activities of a photosynthetic consortium that includes sulphur

reducing bacterial he rationale fothis interpretation is explained below.

4.2. Calcification of the JCMB
Two, clealty distinctcarbonate phases are associated with the JCMBa(igphase

aragonite crystals that nucleated onto the alveolar kerogen within the body of the biofilm and
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(2) blocky calcite crystals (now pseudomorphed by silica) in the uppermost layer of the
JCMB. In terms of crystallography, elemental composition and occurrence, the two phases
exhibit different characteristiggresumably reflecting different originshe blockycalcite
crystals are large and selihedral relative to the nanophase aragomheycontain no
associated elements apart from Ca and are strictly associated with the suite of pseudomorphed
evaporite minerals in the uppermost layers of the JCMRontrast, he aragonite crystals
are small(5-10 nm),anhedral (spherical to oval in shapgntain traces of Mg, Fe and Cr
and sulphate, anaccur only in association with the alveolar kerogen within the body of the
mat. This phase is always separated froenbilofilm surface (and the exterior environment)
by a layer of more or less pure kerog€nlcification of thedegradedrganic matter in the
body of the mat must have occurred as the mat was living betteub®film was silicified
while it was active(the silicified filaments on top of the mate norcalcifiedhave a turgid
morphology, cf. Westall et al., 200®&ucleation and preservation ofil® nmsized aragonite
FU\WWDOOLWHY ZLWKLQ WK belpvzthgesBrediatoh iy O&@BRO DU NHUR
matrixin WKH FDOFLILFDWLRQ SURFHVYV sanskafarge &t al3@96)DQRPLQ
and Défarge (2011Y.hese bservations corroborate tegngenicity of the development of the
mat and its calcification.

The preservation of aragonite @alargues in favour ofymgenicity of calcification and
JCMB formation Aragonite is an unstable phase that rapidly converts to calcitis and
thereforerare in the geological record (Lepot et al., 2008; Chafetz et al., 2698).
preservation in the JCMB iprobably due to @@mbination of nucleation within a kerogen
matrix (cf. Lepot et al., 2008nd rapidpermeation of the biofilm byilica (Figure 9) ¢f.
Westall et al.2006,2010).The formation of aragonite in the EPS of the JCMB rather than
anothercarbonate phase was probably related to its phdiemical environment of

formation. A number of carbonate species may be precipitated during calcification in
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microbial mats, including calcite, aragonigmddolomite although aragonite appears to be
themost common form (Bernd and Seyfried, 1999). The presence of primary aragonite in the
JCMB is thermodynamically more plausible than calcite because aragonite precipitates
instead of calcite at temperatures > 70°C (Kawano et al., 2009). This is congigtehe
low temperature hydrothermal setting that gave rise to silicification of the Josefsdal Chert (<
150°C, Hofmann and Harris, 2008). Aragonite is also the favourezhf®@nate phase when
calcite nucleation and growth are inhibited by the presenckeshical species such as fg
Fe?*, SQ (Berner, 1971; Bischoff and Fyfe, 1968), species which, together with Cr, have
been detected ithe carbonate of the JCMMhe direct source of these metal ions is probably
from early diagenetic alteration of thframaficderived volcaniclastic sediments on top of
which the mat formed.

The sequence of events that ocedrduring the lifetime of the JCMB is summarised
in Supplementary Figure 8: (1) biofilm formation on a sediment surface, $&
calcification in the lower, degraded part of the film, (3) exposure, desiccation and
precipitation of a suite of evaporite minerals on its surface, and (4) final impregnation and

coating by hydothermal silica.

Many nonrphotosynthetidiologicalmechanisms can lead talcification, e.g.,
chemosynthetisystemsaround cold seeg8arbieri and Cavalazzi, 2005; Power et al., 2009).
Sulphur'sulphatereducing microbiahctivity and methane oxidation can also lead to
carbonate precipitation, as cahotosynthesi¢the later onlyunder particular environmental
conditionsof low dissolved carbon but high Ca; Arp et al., 2001). Carbonate precipitation can
also occur throughbiological CQ degassing and evaporatjdar example in travertind-or
the JCMB,calcification of he lower layer of the biofilm, below the evaporative surface,

suggests the importance of the biosphere in cetedformation where autotropiggnerated
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hydroxyls and subsequent, heterotrogieyerated alkalinity (bicarbonate) contribute to
carbonate prepitation

There are a number of indications that calcification of the JCMB could be related to
sulphur reducing bacteri&ulphurcontaining molecules, such as thiophene, occur in the
kerogen Naturalbacteriologicabrganic moleculesontain sulphur inraounts ranging from
0.4 %(Heldal et al., 2003)o 1% (Fagrbakke et a].1996. The 1% S in the JCMB kerogen
could represent an original composition but may also indicate diageratiporation of
sulphurinto the organic matrigluringanaerobic microlal breakdown of organic matter, such
as by sulphur/sulphateducing bacterigsulphurisationSummons, 1993 emelle et al.,
2008. Moreover um-scale pseudomorpheggrite crystalliteq1-2 um), a diagnostidy-
productof sulphur reducing bacteria actiyjtare associated with the JCMB and the carbon
rich black layers in the Josefsdal Chert (microbial mats and layers of detrital ca®am).
modern microbial mats (Dupraz et al., 2009), calcification in the JCMB could have occurred
in the following mannerThe metaboli@activity of sulphur reducing bacter@ould have
caused an increasedissolved CQwithin the biofilm, thus increasing thkadkalinity. This in
turn would have led to desorption & ionsinitially adsorbedo the ERS, which combined
with the bicarbonate ions in the waterh organic matrix. @lcium carbonateould have
precipitated from the saturated solutions within the EPS framework and would have fixed to

thefunctional group®nthe available organic surfaces (EPS).

4.3 Implications for photosynthesis

The JCMB formed in an anaerobic beach environment. Kasting (1993), modelled
0.2% of present atmospheric levels off@r the Early Archaean period, corroborated by
Canfield et al. (2000) who concluded that the early Archaean seawadss characterised by

low sulphate and oxygen concentrations on the basis of the S isotope record. This would
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preclude mat formation by aerobic sulphur oxidising microorganisms inhabiting the

oxic/anoxic interface (cf. Bailey et al., 2009). The modeydight carbon isotope

composition { A LQGLFDWHV WKDW WKH ELRILOP ZDV QRW IRUF
Furthermore, exposure and interlayering with encrusting evaporite minerals in an evaporitic

setting is characteristic of photosynthesising matbdatjh norphotosynthetic mats can-co

exist in shallow waters (< 10 cm depth) with photosynthetic mats; GRrchel et al., 1994).

The JCMB is therefore a photosynthetic microbial mat. In the nudiraiied beach setting in

which the Josfsdal sedimemtrined, the only way to produce the carbon and sulfoxyanions

needed by the heterotrophic sulphur reducing bacteria would have been by photoautotrophy.

As in modern photosynthetic microbial mats, it is the layered distribution of the carbonate that
suggestshat this paleeecord of ciification LV QRW WKH UHVXOW RI D puSXUHY
represents a minimum of two complementary metabolic procgsse®trophy and

heterotrophy.

Table 1 compares the characteristics of the JCMB with those of modern
photosynhesising microbial biofilms. The JCMB formed in the photic zone on an
intertidal/supratidal beach surface (cf. Westall et al., 2006) under anaerobic conditions;
exhibits direct interaction with it environment in the form of sediment stabilization, formatio
under flowing water, overturned filaments/mat portions, desiccation (cf. Noffke, 2009;

Westall et al., 2006)Jespite thenodest 10 um thicknesis finely laminated structure with a
vertical architecture (degraded lower calcified part, upperaadeified active layer) is an
indication of a steeply changing physichemical gradient that can provided micro
environments for a variety of microorganisms having different nutritional requirements and
metabolic strategies (Dupraz et al., 20PR@was formedoy EPSsecreting microbial

filaments; associated pyrite crystallites and possible sulphurisation most likely indicate

sulphur reduction of the primary biomass by heterotrophic bacteséy calcification of the
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lower part of the mat was probably ajpyoduct of the microbial sulphueduction; the
moderately light carbon isotope signature2.7 A VXJIJHVWYVY D GRPLQDQWO\ SKR
metabolism.

Thus, espite the ephemeral nature of many ofdharacteristics of photosynthetic
microbial matsthe JCMB still retains fossil signatures that allow it to be interpreted as a
photosynthesising microbial mitrmed by a consortium of microorganisms with anaerobic

photosynthesisers as the primary producers and sulphur reducing bacteria as the heterotrophs.

5. Conclusions

The excellent state of preservation of 818 Gaold Josefsdal Chert Microbial Biofilm
by contemporaneous silicification has permitted titeeensional, nanometscale profiling
and imaging that documentddr the first timein situ caldfication within a microbial
biofilm of this age Sulphur reducing bacteriattivity most likely contributed to the
formation and nucleation of nanocrystallites of aragonite onto the degraded organic matter
within the body of the biofilm. Preservationtbe aragonite (the oldest known occurrence)
was probably due to the combined influencerobeganic(kerogenousmatrix and
contemporaneous impregnation by hydothermal silidee JCMB presents all the
preservable characteristicsmabdern photosynthesig microbial mats It was constructed in
the photic zone; it has a laminated, vertically structured architecture including trapped detrital
particles; it stabilised the underlying sediment surface; and it was calaifséd by primary
aragonite, proldaly in association witlsulphur reducing bacteragegradation of organic
material produced by an anoxygenic photosynthesising primary prodinee£6.7A FDUER Q
isotope signatures consistent witha photosynthetienetabolism and subsequent heterotrophic

degradation of photosynthetic carbon.
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FIGURE CAPTIONS

Figure 1. The Josefsal Chert.

(A) Detailed geological map of Josefsdal Chert study area showing the sample sishéd d
square)(B) Stratigraphical column of the Josefsdal Farm locadfte¢(Hofmann and Bohlar,
2007) showing the JC outcrofismatare mapped as a blackcawhite banded chert situated

near the top of the Kromberg Baofilmion.

Figure 2. Location of FIB sections in thiosefsdal Chert Microbial Biofilm (JCMB)

(A) Plan view of one of the portions of the JBMxposed on a bedding plane of the Josefsdal
Chert showing the location of some of the FIB sections (box) before the sections were made.
Solid arrows indicate flow orientation of the filamentous biofi{B). Detail showing the

section trenche®ashed aowsshowlocations of FIB sections for SEM andEWI

observation.

Figure 3. Backscatter SEM micrographsiB slices cut vertically through the Josefsdal

Chert showing its structural and compositional heterogeneity.

(A). The JSB sits on recrystallised silicified sedimer§Qtz) (boundary marked by ¢éh

dashed line) but has partially lifted off the sedimentary substrate to the right where the bright
phase lining the basal gap is gallium coming from the Ga millingbidfédm consists of a

thick layer of kerogenkg). Cal - a calcitegrain @rrow) relaed to theprecipitation of

evaporite mineralsntop of thebiofilm. Thebody of the biofikimbeneaththe kerogeris

partly calcified Cb). A 2 um thick coat of PtRt) was deposited on top of this part of the

biofilm in order to protect it during FIB miiig. (B) Thebiofilm in this FIB slice is

characterised by evaporite minerdts’ embedded in its surface (cf. carbonate grain in the
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top of thebiofilm in Figure 4a); a thin kerogeK €) layer at the top of thieiofilm (above the
dotted line); the maindaly of thebiofilm is calcifiedCb DQG FRQWDLQV 3IORDWLQJ
quartz Qtz); athick scalloped layer of siliceés() at the base of thegiofilm (which has lifted

off the substrate in this location).

Figure 4. Elemental composition of the carboagthases in the JCBA
Elemental mapping of the FIB section shown in Figure 4a (uUXRF for Ca, Cr, Fe; EDX for

Mg) showing that the calcified part of th&film containsCa, Mg, Cr and Fe.

Figure 5. Nanostructure of the JCB]

(A) Dark field STEM microgralp of a 90 nm thick FIB section showing a small portion of
alveolar kerogen at the top (left) of thiefilm, the main body of which has a granular

texture. Note that thieiofilm has slightly lifted from the underlying silicified sediment in this
section(bottom left) Boxed areas indicate locations of details shown in Supplementary
Figure 3.(B) HR-TEM micrograph of the kerogen showing small stacks of 1 nm long fringes
outlined by the dotted lines that correspond to locally piled up pdiyarionic structues.

Their presence indicates that the kerogen is relathiefyimure.

Figure 6 Nanostructure of the calcified part of the JBMA) TEM micrograph of a part of

the calcifiedbiofilm showing the contact (dotted line) between the calcified part and the
kerogen. The diffractogram (inset) shows the distribution of the crystal planes of aragonite.
The loxed areashows the area analysed by HEM in (B). (B) HR-TEM view of the

calcified area in which individual nanocrystald® nm in size can be seen. Theerlayer
spacing (0.335 nm) is that of the gdplane of aragonite. The inset is a FfFRst Fourrier

Transform)view of the distribution of the crystal planes showing different discrete spots,
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indicating that the area analysed consists nfimber oflifferenty orientatedaragonite

crystallites.

Figure 7. NanoSIMS mapping of carbon, nitrogen, and sulphur in the FIB slice shown in
Figure 4b.

(A) Backscatter SEM image of the FIB section analysed by NanoS{B)SCarbon (as’C),
(C) nitrogen (as*C/*2C *N), (D) sulphur #2S). The kerogenich layer at the top of the
biofilm and the small kerogemch area in the center of tiéofilm are clearly highlighted by

the N, and S maps.

Figure 8. uXANES mapping and analysis of sulphur in the FIB slice shawFigure 4b.

(A) LXANES map of sulphudistribution showing concentrations in the kerogen layer at the
top of the biofilm and within the evaporite minerals (pseudomorphed gypsum) embedded in
the top of the biofilm. bcations of spot spectral analystdhe SKedge red circle in the
kerogenrich layer at the top of thigiofilm and black circle in the calcified part of thfilm.

(B) uXANES spot spectral analysasthe SK-edgein the kerogen and carbonate layéiise
kerogen layer is characterised blgigh peak at 2474 eV representing a heterocyclic organic
compound, identified as thiophene (cf. Lemelle et al., 2008). It also contains a small amount
of inorganic sulphur in the form of sulphate at 2482.5 eV. The calcified part biatlen has

a highe sulphate peak but still contains a small amount of thiophene.

Figure 9. NanoSIMS mapping of silica (8) in the FIB slice shown in Figuséb and 7a(A)
Backscatter image of the FIB section analysBil Slica (S mapin the FIBsection.The

vertical dashedvhite line shovs the location of the profile of SC).

SUPPLEMENTARY FIGURE CAPTIONS
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Supplementary Figure 1.Modern microbiabiofilms

(A) Alveolar structure of EPS in a photosynthesizing micrdhiafiim, lake Oteaevd,

Rangiroa atoll. T morphological remains of a cyanobacterial sheath and filament can be
recognized in theentreof the image(B) In situ calcification in a photosynthesing microbial
biofilm. High Mg-calcite (1617 mol % MgCQ), brownish grey horizontal laminae alternate
with carbonaceous dark laminae. The slight birefringence noticeable in the organic layers is
due to the organised alveolar structure of the EPS (@&} Mertical thinsection of resin
indurated sediment in polarized light, lake R2, Rangiroa atoll. Tdet shows a cryoSEM
micrograph of highMg calcite crystals nucleating onto reorganised EPS (lake M3, atoll de

Moruroa, Défarge et al., 1996).

Supplementary Figure 2.The Josfsdal Chert and microbmbfilm. (A) Hand specimen
view of the banded black am¢hite chert in which the Josefsdal Chert Microliadfilm
(JCMB) occurs. Scale in mnB) JCMB in plan view on a sediment bedding surface. Note
the embedded ~ 200 pBized volcanic clasts trapped within thiefilm (small arrows). The

large arrows denotthe main orientation of the filamentobmfilm.

Supplementary Figure 3 Petrographic thin sectioniew of a mcrobial biofilm viewed in the
Josefsdal ChertA) Wispy wavy microbiabiofilm formed on a sediment surface in the
Josefsdal Chert. The lamiedtbiofilm consists of a packet of anastomosiiige

carbonaceous horizons that conformably coat and stabilise the underlying sediment surface.
The box shows the area detailed in () Detail showing the fine wavy carbonaceous

layers The box shows tharea detailed in (CJC) Detail showing trappedetrital particles.

Thin section micrographs in transmitted light.
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Supplementary Figure4. SEM view of theJosefsdal Cheftacture surfacehowing several
generations of biofilm structus€l, 2) stackean top of each other and separatechyin

layer of sediment.

Supplementary Figure 5:Raman mineral mapping of a kerogech layer in the Josefsdal
Chert, similar to that analysed by TT&HMS (Figure 8)(A) Micrograph of the kerogerich

layer (transmitted light). Box indicates zone mapped by Ra(@af.otal Raman map

showing quartz in orange, anatase in blue, kerogen in green, pyrite in pink, and rutile in red.
(C) Corresponding Raman spectrum of the kerom mapped in (Bnhdicating relative

maturity of the kerogen

Supplementary Figure6. TOFSIMS analysisn situon the carbosmich layers of the
Josefsdal Chert. A number of polyaraic molecules fragments were detected including
C;H;" (tropylium) at91.05m/z, GH;" at 115.05 m/z, GHs" (naphthalene) at 128.06 m/z, and

C1sH1o" (anthracene/phenanthrene) at 178.06 m/z.

Supplementary Figure 7.Nanostructuratietails of the JCI8. (A, B). Details of Figure 5a
showing an alveolar texture in the granulart pd the biofilm (A) that mimics that in the

kerogenous area (B).

Supplementary Figure8. (A) NEXAFS map showing concentrations of carbon in the
kerogen layer at the top of thefilm and(B) spectral peaks at 287.3 eV and 287.4 eV

identified as thiopéne.
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Supplementary Figure 9.Sketch showing sequence of events influencing the JGMB.
Fomaion of the biofilnms (the stack making up a mat) a sediment surface by anoxygenic
photosynthesiser$B) In situ calcification of thematbiofilms due to degadation by sulphur
reducing bacteria of the orgam@atrial produced by the photosynthetic primary producers.
(C) Exposure of thenatbiofiimsto dry, evaporitic conditions, encrustation by evaporite
minerals and desiccation. Phases (B) and (C) couldrngtaneous(D) Permeation and

encrustation of thenatbiofilms and the underlying sediment by silica.



Highlights

x In situ calcification(aragoniteof a 3.3 Ga microbial biofilm

x Calcification probably due to the activities of a photosynthetic consortium of
microorganisms within the biofilm including heterotrophic sulphur reducing bacteria

x Preservation ofite metastable carbonate phase by the organic matrix and secondary
silicification

Oldest known occurrence of aragonite.
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GENERAL MAT CHARACTERISTICS

CHARACTERISTICS OF MODERN
PHOTOSYNTHETIC MICROBIAL
MATS

CHARACTERISTICS OF
MODERN NON-
PHOTOSYNTHETIC MICROBIAL
MATS

MAJOR DIFFERENCES
BETWEEN
PHOTOSYNTHETIC (P)
AND NON-
PHOTOSYNTHETIC (NP)
MICROBIAL MATS

CORRESPONDING
CHARACTERISTICS IN
THE JOSEFSDAL CHERT
MICROBIAL FILM

ENVIRONMENT

Water depth

Photic zone

Non-photic/photic environment;
shallow to deep water; can also
form in association with
photosynthetic mats

NP mats can form in non-
photic zone

Formation in the photic
zone;

Environment type

Within photic zone, littoral marine,
lacustrine

anaerobic chemosynthetic mats
can form in cold seep, mud
volcano, or hydrothermal vent
area, also sulphide-rich caves

Littoral, tidal-supratidal
environment

Formation on a surface

Formation on a surface and within

NP mats can form within

Formation on a sediment

r : . .

Substrate (sediments/rocks/other) sediments sediments surface
Anaerobic but formation at

Oxygen Aerobic/anaerobic oxic/anoxic interface obligatory for Anaerobic environment
SOBs*

Temporal/spatial Diurnal changes in vertical microbial Temporal/.spatllal changes relateq

S o . to fluctuations in chemistry of fluid Not recorded
variability composition (and metabolisms)

outflow

Vertical stratigraphy

Vertical stratigraphy in individual mats

Not described but vertical
stratigraphy can be envisaged

Vertical stratigraphy; upper,
active, non-calcified layer
and lower, degraded
calcified layer

Lamination

Finely laminated structure of
superimposed mats; wavy; domical,

Finely laminated structure; wavy,
vertical columns

Finely laminated structure;
wavy

STRUCTURE columnar
. . : Sediment stabilisation, trapping; Formr?mon undgr flo_wmg
Microbially-induced ) . b . . ) No exposure and water; overturning filaments,
. MISS; sediment stabilisation; trapping; [wrinkle features; downward growth . . . L ; .
sedimentary structures . i ) . . . . desiccation described for  |mat portions; desiccation;
wrinkle structures; desiccation features |[into sediment following redox . .
(MISS) . NP mats embedded evaporite mineral
gradient . . L
suite; sediment stabilisation
Variable microbial composition related |S-oxidising bacteria (SOB); o
. . . i . . ) EPS-secreting filaments
. . to redox gradient with depth in mat; anaerobic CH, oxidisers; can also o
Microbial hototrophic and heterotrophic; gliding |form in association with (probably gliding), rods (cf.
Ph phi phic; giding . Westall et al., 2006)
microorganisms photosynthetic mats
EPS Large amounts of EPS (E:Ia;; produce large amounts of Large amounts of EPS
Specific molecular composition of e.g. mono-O-alkyl glycerol ethers
Distinctive lipid photosynthesisers; e.g. chlorophyll (many biomarkers overlap with Some biomarker None preserved (organics
biomarkers (cyanobacteria), bacteriochlorophyl those of photosynthesisers, e.g.  |differences are too old)
(anoxygenic photosynthesisers) hopanes)
COMPOSITION - el S d . CH . —
Sulphur S present (dissimilatory sulphate ement S deposits from CH, Elemental S only in NP S-containing molecule
reduction) oxidation mats thiophene, pyrite
Roughly vertical distribution oxygenic  |anaerobic for CH, oxidisers; redox
redox conditions above, anoxygenic below with dirunal  ]gradient obligatory for SO, anaerobic (pyrite)
variations oxidisers
Some vertical distribution
. . Vertical distribution in solutes, nutrients, |Vertical and spatial distribution in indicated .by_ the different
Inorganic chemistry . characteristics of the top,
Eh, pH etc. solutes, nutrients, Eh, pH etc. o
non-calcified layer and the
lower, calcified layer
. Vanal?le (?lep_endlng upon dominating Less variable (?): very light for Bulk C isotopes pf P mats
Carbon isotopes organism; mixed signature from bulk are slightly heavier than / & a A
methanogens
mat thos of NP mats
METABOLIC I L e .13 . e
SIGNATURES in situ_lithification Calcification (N.B. not all mats lithify), |Calcification (*°C-depleted in case |Phosphoritisation in NP in situ calcification

silicification in hot spring environments

of CH, oxidisers); phosphorites

mats

Other metabolisms

Other metabolisms, sulphate
reduction/oxidation, methanogenesis

sulphate-reduction,
methanogenesis

Possible sulphur reduction

* SOB: sulphate oxidising bacteria







