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Microbialites are organosedimentary rocks that have occurred throughout the Earth’s
history. The relationships between diverse microbial metabolic activities and isotopic
signatures in biominerals forming within these microbialites are key to understand-
ingmodern biogeochemical cycles, but also for accurate interpretation of the geologic
record. Here, we performed detailed mineralogical investigations coupled with
NanoSIMS (Nanoscale Secondary Ion Mass Spectrometry) analyses of pyrite S
isotopes in mineralising microbial mats from two different environments, a hypersa-
line lagoon (Cayo Coco, Cuba) and a volcanic alkaline crater lake (Atexcac, Mexico).
Both microbialite samples contain two distinct pyrite morphologies: framboids and
euhedral micropyrites, which display distinct ranges of δ34S values1. Considering

the sulfate-sulfur isotopic compositions associated with both environments, micropyrites display a remarkably narrow range
of Δpyr (i.e. Δpyr ≡ δ34SSO4

− δ34Spyr) between 56 and 62 ‰. These measured Δpyr values agree with sulfate-sulfide equilibrium
fractionation, as observed in natural settings characterised by low microbial sulfate reduction respiration rates. Moreover, the
distribution of S isotope compositions recorded in the studied micropyrites suggests that sulfide oxidation also occurred at
the microbialite scale. These results highlight the potential of micropyrites to capture signatures of microbial sulfur cycling
and show that S isotope composition in pyrites record primarily the local micro-environments induced by the microbialite.
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Introduction

Sulfate-reducing bacteria, i.e. microorganisms that use sulfate
as a terminal electron acceptor, are ubiquitous in Earth environ-
ments where they play amajor role both in S andC biogeochem-
ical cycles (e.g., Jørgensen et al., 2019).Microbial sulfate reduction
(MSR) reduces sulfate to dissolved S species, such as HS− and
H2S, and discriminates against heavy sulfur isotopes. The result-
ing sulfide δ34S values are relatively light and can be as much as
−70‰ relative to sulfate (Jørgensen et al., 2019). The fractiona-
tion induced by this metabolic activity (34εmic hereafter) depends
on the sulfate concentration, identity of the electron donor, bio-
available carbon (content and chemical form) and, perhaps most
importantly, the cell-specific sulfate reduction rates (csSRR;
Bradley et al., 2016). In modern environments, MSR can be iden-
tified by rate measurements with radiotracers or genomic and
proteomic approaches. However, since genetic markers are

not preserved in the geological record, the recognition of MSR
in palaeoenvironments mostly relies on the sulfur isotopic com-
positions of sedimentary sulfide and sulfate minerals (Visscher
et al., 2000; Fike et al., 2008).

MSR plays a key role in carbonate mineralisation, espe-
cially identified in microbialites and microbial mats (Visscher
et al., 2000). Microbial mats are stratified microbial communities
whose metabolic activities produce geochemical gradients and
drive elemental cycling (Canfield and Des Marais, 1993; Paerl
and Pinckney, 1996). In the geological record, such deposits
(often referred to as stromatolites) are considered among the
oldest trace of life on Earth (Allwood et al., 2009). Some
Archaean stromatolites contain carbonaceous laminae that have
been interpreted as fossil microbial mats or biofilms based on
textural evidence (Awramik, 1992; Lepot, 2020). Interestingly,
determining the precise nature of the fossil microbial community
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is challenging because these organosedimentary rocks resulted
from a complex balance between microbial activities, sedimen-
tation and intermittent lithification (Reid et al., 2000). In addition,
the biosignatures preserved in fossil biofilms are ambiguous,
especially after diagenesis and post-depositional history (Javaux,
2019; Alleon et al., 2021). The oldest evidence for MSR in the
Archaean geological record are sulfur isotopic signatures from
deep marine sediments (Kamber and Whitehouse, 2007; Shen
et al., 2009) and stromatolites (Shen and Buick, 2004). In modern
microbialites, numerous studies have reported dynamic MSR
activity based on H2S labelling (Visscher et al., 2000; Fike
et al., 2008; Pace et al., 2018; Gomes et al., 2021), but only a
few studies have investigated sulfur isotope signatures of indi-
vidual pyrite grains (Gomes et al., 2021).

The primary S isotopic signatures of pyrites (FeS2) are
often modified by fluid circulation during metasomatism or
metamorphism (Marin-Carbonne et al., 2020; Slotznick et al.,
2022), occurringmillions or billions of years after sediment dep-
osition. While late diagenesis can modify both pyrite crystallin-
ity and S isotope composition (Williford et al., 2011; Gomes
et al., 2018; Marin-Carbonne et al., 2020), early diagenesis in
microbial mats is thought to have a limited effect on the S
isotopic composition of pyrite, meaning that microbialitic
pyrites may preserve ‘pristine’ isotopic signatures. However,
the observation of large isotopic differences of about ∼30 ‰
(Raven et al., 2016) between pore water sulfur species
(SO4

2− and H2S) and pyrite shows that other S-bearing pools,
such as organic matter, should be considered in order to quan-
titatively and isotopically describe sulfur cycling in microbia-
lites. Pyrite often precipitates at the microbial mat surface

(Gomes et al., 2021) and its isotopic composition is more
representative of the local setting rather than global environ-
mental conditions, e.g., water column (Lang et al., 2020;
Pasquier et al., 2021). Decoding pyrite S isotopes at the micro-
scale in sedimentary rocks is required to better understand
how local conditions may affect the isotopic composition of
microbialite pyrites. Here, we focus our investigation on
two geographically independentmodernmicrobial mats, which
have not yet undergone (complete) lithification, and/or
metasomatism.

Syngenetic Microbialitic Pyrites

We studied two samples from 1) the Atexcac Lake, a monomic-
tic volcanic crater lake (Mexico; Zeyen et al., 2021) and 2)
Cayo Coco Lake, a shallow hypersaline lagoon in Cuba (Pace
et al., 2018; Bouton et al., 2020). These two depositional settings
exhibit contrasting water column sulfate concentrations of
2.1 and 62 mM for Lake Atexcac and Cayo Coco, respectively
(Figs. S-1 and S-2, SI). Both samples were produced by miner-
alising microbial mats and contained authigenic aragonite,
Mg-rich calcite, dolomite, authigenic hydrated Mg-silicates/
silica such as kerolite, and detrital phases such as feldspars
and illite (Figs S-1 and S-2, SI). In each locality, pyrite morphol-
ogies fall into two different categories (Fig. 1): framboidal pyri-
tes, ranging from 3 to 15 μm, and mono-crystal pyrites of a few
micrometres (>3 μm), hereafter called micropyrites (Figs. 1 and
2, SI). Transmission electron microscopy analyses revealed an
early origin of the micropyrite grains (SI). Considering both the

Figure 1 Secondary Electron microscopy pictures of (a, b) framboidal pyrites and (c, d) micropyrites from (a, c) Cayo Coco Lagoon and
(b, d)Atexcac. Framboidal pyrites are located at the surface of themineralisedmicrobialite (in dark) whilemicropyrites are entombedwithin
aragonite (in light grey) or Mg rich silicate (dark grey).
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alignment of the micropyrites within the organic lamination
and their crystallinity, micropyrites are likely formed during
an early lithification stage (SI).

NanoSIMS S Isotope Composition of
Pyrites

The S isotope compositions of 66 framboidal pyrites and 55 indi-
vidual micropyrites were measured by NanoSIMS with a repro-
ducibility better than 2‰ (2σ, see SI). Framboidal pyrites display
a∼20–30‰ range in δ34S values with an average of−26.1 ± 7‰
and−26.4 ± 9‰ (2 s.d.) for Atexcac and Cayo Coco, respectively
(Figs. 3 and 4). We have extracted S isotope composition of indi-
vidual crystallites from four framboids (Fig. 3, SI). All framboidal
pyrites (n = 4) show a large internal δ34S variability (∼40 ‰,
Fig. 3) characterised by a gradient from ∼+8.5 ± 1.5 ‰ to more
34S-depleted values ranging from −42 to −69 ‰. Micropyrites
also show large S isotope heterogeneities with δ 34S values rang-
ing from −86 to −17 ‰ with an average value of −61.4 ± 17 ‰

for Atexcac, and from −53 to −21 ‰ with an average value of
−34.5 ± 29 ‰ in Cayo Coco (Fig. 4).

Framboidal Pyrites Record a Mixing of
Reduction and Oxidation Processes

Framboidal pyrites display a large range of δ 34S values but also
an internal isotope variation across the length scale of individ-
ual framboidal grains (Fig. 3), best explained by a combination
ofMSR and partial sulfide oxidation (Fig. 3; Pellerin et al., 2019).
As framboidal pyrites are mostly observed at the surface of the
mat, S isotope variations reflect themixing of in situ production,
upward diffusion of sulfide in the mat and its subsequent reox-
idation at the mat surface. The fractionation required to pro-
duce such an isotopic gradient is well above abiotic sulfide
oxidation (i.e.∼+5‰; Fry et al., 1988), yet can also be consistent
with microbial sulfide oxidation in high pH environments
(Pellerin et al., 2019). Both sites are characterised by high pH
(pH > 8, see SI), which is known to promote large isotope frac-
tionation during sulfide oxidation (Pellerin et al., 2019).
Consequently, part of the observed range of δ 34S values may
be attributed to local variation of S speciation associated with
pH. As such, the internal gradient may be the result of micro-
bially mediated surface H2S oxidation. Alternatively, the inter-
nal isotope gradient across the framboidal pyrites (Fig. 2, SI) can
be due to Rayleigh isotope fractionation, as even under

Figure 2 (a) SEM picture ofmicropyrites. Locationwhere FIB sectionwas extracted is shown by the yellow line, (b) TEM picture of the pyrite
crystal and (e) its associated powder-like diffraction pattern, (c) false colour STEMEDXS image (Si in blue, Ca in green, Fe in red) and (d, f, g) Si,
C andO images of the submicrometric pyrites, respectively. (h) SEMpicture of framboidal pyritewith FIB section location (yellow line), (i) TEM
image and (l) associated single crystal diffraction pattern along the [112] zone axis of pyrite, (j) false colour STEM EDXS image of pyrite
crystallites (Fe in red, S in green, C in blue) and (k, m, n) Fe, C and O images, respectively.
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oxidising (abundant sulfate) conditions, consumption can occur
faster than diffusive replenishment (Goldhaber and Kaplan,
1980). Rather than reflecting water column conditions, the S

isotope composition of framboidal pyrites appears to be
strongly influenced by local redox conditions (i.e. at the micro-
bial mat scale).

Figure 3 (a) δ34S probability density function of all framboidal pyrites fromAtexcac and Cayo Coco uncertainties of analyses ranges from0.4
to 4 ‰, (b) δ34S probability density function of four individual framboidal pyrites containing up to 100 pyrite crystallites, (c) SEM and cor-
responding NanoSIMS 32S image of one framboidal pyrite; the arrow indicates the top of the mat, and (d) δ34S values reconstructed for
individual pyrite crystallites showing strong variations in S isotope composition across the framboidal pyrite.

Figure 4 (a) NanoSIMS 32S image of submicrometric pyrites, (b) δ34S probability density function, taking account of the range of uncertain-
ties from 1 ‰ to 8 ‰ of micropyrites from Cayo Coco and Atexcac, (c) Δpyr distribution calculated for both environments.
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Microbialitic Micropyrite Preserve
Primary Isotopic Microbial Fractionation
Signatures

The presence of Mg silicate rich rims (SI) suggests that micro-
pyrites were probably formed very early during lithification
(Fig. 2). Moreover, the small crystal size of micropyrites com-
posed of nanocrystals with different orientations has been high-
lighted as a possible biogenic signature (Picard et al., 2018). The
δ34S values of dissolved sulfate are +0.52 ‰ in Atexcac and are
assumed to be close to seawater composition (+21 ‰) for Cayo
Coco (SI). Considering these hugely contrasting isotopic compo-
sitions of sulfate, micropyrites display surprisingly similar Δpyr

values (i.e. Δpyr = δ34SSO4
− δ34Spyr) of 62 ± 17 ‰ and 56 ± 29

‰ for Atexcac and Cayo Coco, respectively (Fig. 4). These
Δpyr values are consistent with near thermodynamic equilibrium
fractionation as observed in i) MSR batch culture experiments
characterised by low growth rate and csSRR (Leavitt et al.,
2013; Bradley et al., 2016) and ii) natural environments (e.g.,
Cadagno Lake; Canfield et al., 2010). High 34εmic has been
observed in sulfate reducing strains only partially oxidising their
carbon substrate and is sometimes associated with the degrada-
tion of carbohydrate components, including exopolymeric
substances (EPS) (Sim et al., 2011), which are abundant inmicro-
bialite-forming mats. Atexcac waters have a high dissolved
organic carbon content (over 15 times that of the modern ocean)
which can sustain MSR activity, while Cayo Coco harbours con-
spicuous suspended EPS-rich organic slimes (Bouton et al.,
2016). Despite abundant sulfate (at Cayo Coco) and organic
matter, csSRR in these mats are intriguingly low and contrast
with previous occurrences of high SRR in surface microbial mats
(Canfield and Des Marais, 1993). Low csSRR and high S isotope
fractionations in both lakes could be explained by the refractory
nature of this organic matter (Bouton et al., 2020; Gomes et al.,
2021). At the microbial mat scale, strong gradients of sulfate
reduction within layered mats (Visscher et al., 2000; Fike et al.,
2009; Pace et al., 2018) have been attributed to small scale var-
iations in csSRR and/or localised MSR micro-niches (Fike et al.,
2009; Gomes et al., 2021). The observed laminations, which con-
tain micropyrites, likely reflect local high density microbe spots,
which can result from a more pronounced local distillation of
δ34S (Pasquier et al., 2021). Alternatively, the composition of
microbial consortia may affect the range of csSRR at the micro-
bial mat scale (Bradley et al., 2016), with guild diversity having
opposite effects on trophic group functions, thus modulating
csSRR (Bell et al., 2005; Peter et al., 2011).

Conclusions

Here, we have shown that the S isotope composition of fram-
boids and micropyrites reflects sulfur cycling at the scale of
the mat environment. While S isotope signatures in microbialite
micropyrites are primarily controlled by MSR, they can also be
influenced by oxidative sulfur cycling in high pH environments.
Notably, microbialites growing at different dissolved sulfate con-
centrations and in marine versus lacustrine environments dis-
play similar micropyrite morphologies and comparable Δpyr.
Such observations demonstrate that microbialites have the
potential to record the isotopic fractionation associated with
MSR irrespective of the depositional environment and sulfate
level. Consequently, we propose that microbialite micropyrites
can be used as a mineral signature for reconstructing past
Earth surface and microbial environments, as already suggested
for Archaean stromatolites (Marin-Carbonne et al., 2018). In
addition, this study clearly shows that caution should be used

in reconstructing past environmental parameters, such as water
body sulfate levels, from Δpyr. Finally, the respective influence
of different electron donors, sulfate concentration, and non-
actualistic microbial communities on the csSRR and associated
sedimentary pyrites δ34S remains to be explored in order to
deepen our understanding of the evolutionary trajectory of
biogeochemical sulfur cycling on Earth.
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Sample Descriptions 
 
Atexcac Microbialite 
 
The studied sample (ATX-2012-08) consists of a microbialite collected at about 0.1 m below the lake water level (Zeyen 
et al., 2015) in January 2012. Atexcac is a maar lake covering an area of 27 ha, located in the eastern part of the trans-
Mexican volcanic belt in the Cuenca de Oriental basin (Puebla State), in the Los Llanos de San Juan region. The salinity 
of Lake Atexcac varies between 7 and 8 g L−1, pH is around 8.5 and average temperature is 18.3 °C (Sigala et al., 2017; 
Zeyen et al., 2021).The studied sample (ATX-2012-08) was collected on the Southwestern shore of the lake (Fig. S-1). 
The mineralogy of the sample consists of aragonite and authigenic silicates, likely kerolite and/or stevensite. 
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Figure S-1 Geographic location of Lake Atexcac. (a) Geological map representing the location of the trans-
Mexican volcanic belt (TMVB, green area) from Ferrari et al. (2012) and the location of Lake Atexcac marked by a red 
square. (b) Google Earth image of the lake. The yellow circle corresponds to the microbialite sampling area in January 
2012. (c) Close view of the sample and (d) sample included in epoxy. 
 
 
Cayo Coco Microbialite 
 
Hypersaline Cayo Coco lagoonal network is located on the south side of the island of Cayo Coco on the Atlantic coast 
of Cuba and consists of partially connected shallow lagoons related to the Caribean sea through the Perros Bay. Eastern 
lagoon consists of wide variety of mineralising microbial mats and few microbialites (Bouton et al., 2016; Pace et al., 
2018). This lagoon is disconnected from the rest of the network by a 50 m wide bioclastic sands and is 1 km long and 
600 m wide with a maximum water depth of 75 cm. The salinity of the lagoon varying seasonably from 54 % to 75 %, 
pH varying from 8 to 9, average temperature is 25.8 °C (Cepero and Lawrence, 2006; Gonzalez-De Zayas and Merino-
Ibarra, 2010; Bouton et al., 2020;). This lagoon is characterised by an evaporation range between 2100 and 2200 mm 
and limited exchange with the ocean (Gonzalez-De Zayas and Merino-Ibarra, 2010). 

The sample (M2, 6.8–7.1 cm deep) studied there come from the microbial flat depositional environment from the 
west transect of the submersed lagoon (Fig. S-2; Bouton et al., 2020). The mineralised microbial mat has been selected 
from the core CC2 investigated in detail by Bouton et al. (2020). The sample consists of microbial mat fragment 
embedded in a micritic mud containing bioclastic fragments (i.e. foraminifera, bivalves and gastropods). The fragment 
is similar in composition to the mineralising microbial mat observed on the shore. The mat is still composed of several 
lamina (an upper green indicative of ancient filamentous cyanobacterial communities and below, a brown to black 
lamina depicting the presence of FeS and resulting from anaerobic heterotrophic metabolism, especially sulfate-reducing 
bacteria (SRB) with a mm-thick carbonate crust. The presence of relics of mineralising microbial mats preserved in 
micritic mud is related to fluctuations in the water level over time. The mineralogy of the sample consists of high 
magnesium calcite, Mg silicate, aragonite, detrital grains, foraminifera tests and sulfides. 
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Figure S-2 Sampling location at Cayo Coco Lagoon. (a) Cuba map with the location of Cayo Coco Lagoon (star). 
(b) Google image of Cayo Coco Lagoon. (c) View of the investigated lagoon with the various zones and the location of 
the sample, Core CC2. (d) Close view of the sample with the associated mineralogy, the two mineralising microbial 
mats are in red. The sample investigated here is sample M2. 
 
 

Despite of the presence of calcium/magnesium carbonate in the microbial mats, they do display a high organic 
matter content. Different sources of organic matter (microbial mats, mangrove, soils and suspended particulate matter) 
were found throughout all of the depositional environment in Cayo Coco lagoon and their composition is fully described 
in Bouton et al. (2020). Sample M2 includes microbial biomass, as well as extracellular organic matter (EOM) forming 
an organic matrix. It is characterised by TOC (wt. %) between 0.87 ± 0.01 and 2.21 ± 0.01 depending on the studied 
fractions (0–200 µm and 200–2000 µm, respectively). The main contributor to the organic matter preserved within the 
sediment of the lagoons seem to be the slime (mostly composed of EOM) recognised in the permanently submersed 
zone. Nevertheless, the studied sample records d13Corg = −16.44 to −15.53 ‰ (relative to VPDB), values comparable to 
the ones record in the mineralising microbial mats observed at surface all around the lagoonal networks (Bouton et al. 
2020). 

Molecular diversity studies of microbialites from Atexcac and Cayo Coco have highlighted the presence of diverse 
operational taxonomic units suggestive of sulfate reducing, sulfur oxidising, oxygenic and anoxygenic photosynthetising 
microorganisms (Pace et al., 2018; Iniesto et al., 2021). The floro-faunal content of these samples is both marine and 
continentally influenced, with foraminifera fragments, diatoms and few gastropods in Cayo Coco and predominantly 
diatoms in Atexcac. 
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Methods 
 
SEM and TEM Analyses 
 
Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray Spectrometry (EDS) were used to characterise the 
microstructure and chemistry of pyrite and its inside inclusions for subsequent in situ extraction using focused ion beam 
milling (FIB). SEM observations were performed on a TESCAN VEGAII LSU at IMPMC with 15 kV accelerating 
voltage and a working distance of 15.4 mm according to the geometrical conditions required for EDS analyses on this 
microscope. SEM images were collected with both secondary (SE) and backscattered electrons (BSE) detectors. FIB 
ultrathin sections were extracted from different pyrite grains using an FEI Strata DB 235 at IEMN (Lille) This extraction 
procedure maintains textural integrity, and prevents shrinkage and deformation of microscale to nanoscale pores, even 
in the case of highly sensitive materials (Bassim et al., 2014). 

Transmission Electron Microscopy (TEM) analyses were performed on FIB sections to characterise crystallographic 
orientation and textures of the pyrites (Fig. S-3). TEM observations were performed with a JEOL 2100F Field Emission 
Gun (FEG) microscope (IMPMC, Paris, France) operating at 200 kV. Scanning Transmission Electron Microscopy 
(STEM) Z-contrast imaging was performed using the high-angle annular dark field (HAADF) mode. Selected-area 
diffraction (SAED) patterns were obtained on areas of interest (Fig. S-4). 
 
 

 
Figure S-3 (a) Indexed diffraction pattern of framboid pyrite from Cayo Coco. The diffraction pattern was 
indexed as pyrite seen along the [112] zone axis. Based on the extinction rule of the space group of pyrite (Pa-3), (1-
10), (3-30), (20-1) are predicted to be extinct but can be detected because the grain was relatively thick and 
experienced double diffraction. (b) Selected area electron diffraction patterns of micropyrite from Atexcac. The 
diffraction pattern is typical of polycrystalline nature of the micropyrite. Different d spacings were measured and 
could be indexed as pyrite lattice planes as shown in Table S-1. The two rows of diffraction spots are at 90 °C with d 
spacings at ~3.12 and 3.82 Å, indexed as (11-1) and (1-10), respectively. 
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Table S-1 Pyrite d spacing (Å) and corresponding lattice planes. 
 

d spacing 
(Å) 

Interpreted 
pyrite 
lattice 
plane 

3.13 (111) 
2.71 (002) 
2.45 (021) 
2.24 (112) 
1.93 (022) 
1.65 (113) 
1.52 (023) 
1.47 (123) 
1.35 (004) 

 
 

  
Figure S-4 STEM EDX analyses of sample from Cayo Coco. (a) EDX spectra indicate the presence of pyrites and 
(b) EDX spectra show the presence of the surrounding carbonate. 
 
 
 
 
Raman Spectroscopy 
Raman spectroscopy was used to identify the carbonates (Fig. S-5). Raman data were collected using a Horiba Jobin 
Yvon LabRAM 800 HR spectrometer (UNIL, Lausanne, Switzerland) in a confocal configuration, equipped with an Ar+ 
laser (532 nm) excitation source and an electron multiplying charge-coupled device (EMCCD). Measurements were 
performed at constant room temperature, directly on the sample surface, by focusing the laser beam with a 200 µm 
confocal hole using a long working distance 50× objective (NA = 0.70). This configuration provided a ~2 µm spot size 
for a laser power delivered at the sample surface below 1 mW. Light was dispersed using a 1800 gr/mm diffraction 
grating. 
 

a b 
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Figure S-5 Representative Raman spectrum of carbonates in sample ATX07 (Atexcac) compared with two 
reference spectra of aragonite with different crystal orientations and calcite. Reference data are from the RRUFF 
database. 
 
 
 
Sulfur Isotope Analyses of Sulfate and Sulfide 
 
Sulfates 
 
Lake Atexcac sulfate sulfur isotope composition has been measured using water samples collected at various depths 
across the chemocline of the lake in May 2019 (Table S-2). Water samples were filtered at 0.2 μm. Dissolved sulfates 
were extracted after addition of a concentrated and acidic (1 M and pH ≈ 2) barium chloride salt solution to the samples 
and precipitation as barium sulfate (barite). Samples were acidified to a pH between 2 and 3 and reacted with the BaCl2 
· H2O solution for an hour at about 75 °C while being regularly agitated. Barite extracts were rinsed several times with 
deionised water, centrifuged and dried overnight at 50 °C in an oven. Sulfate recovery rates for all the samples were 
around 90 %, mostly due to loss of matter during scraping of BaSO4 from the glass tubes. Purity of the precipitates was 
also assessed through their concentration in S that were very close to that of pure international barite standard (NBS 
127). 
 
 
Table S-2 Sulfate concentrations and isotope compositions of Lake Atexcac at 10 and 16 m depth. 
 

Sample δ34S δ34Savg (‰) 1σ [SO42−] mM 
ATX-10 m 0.50 0.52 0.51 0.02 2.53 
ATX-16 m 0.66 0.53 0.59 0.02 2.48 

 
 

Sulfate from Cayo Coco lagoon waters was not directly analysed but its isotopic composition is considered to be 
similar to the canonical oceanic sulfate δ34S, i.e. around +21 ‰, since the lagoon is open and connected to the ocean at 
the locality of sampling (Babel and Schreiber, 2004). Average water composition is given in Table S-3. Water samples 
were analysed in the field for conductivity, pH, temperature and alkalinity. Conductivity was determined with a WTW 
Cond 3110 and a TetraCon 325 probe. pH was measured using a WTW pH 3110 with a Sentix 41 electrode or a Consort 
C561 pH-meter with a BioBlock Scientific electrode. The total alkalinity was assessed in the field using the Gran 
method. The alkalinity samples were filtered using 0.22-μm polyethersulfone syringe filter. Water samples were stored 
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in glass vials (4-ml vials either under in situ pH conditions or acidified for analysis of major ions and 10-mL vials to 
determine the organic composition), kept refrigerated and transported to the laboratory. Major cation (NH4

+, Na+, K+, 
Mg2+, Ca2+) and anion (Cl−, SO4

2−, NO3
− and PO4

3−) concentrations were determined by ion chromatography (Dionex 
DX-100 or ICS-1500, with an analytical precision of 0.2 mg/L) and dissolved organic carbon (DOC) content using a 
Shimadzu TOC-5000A analyser. Salinity values were calculated from conductivity and temperature values, according 
to the Aminot and Kerouel method (Aminot and Kérouel, 2004). 
 
 
Table S-3 Average water composition of Cayo Coco Lagoon. 
  

Conductivity 
(mS/cm) 

pH T 
(°C) 

Alkalinity 
(mg/L) 
in situ 

Na+ 
(mg/L) 

Mg2+ 
(mg/L) 

K+ 
(mg/L) 

Ca2+ 
(mg/L) 

Cl− 

(mg/L) 
SO4

2− 
(mg/L) 

July 2014 
(Average) 95.25 8.9 33 132.9 23 2,341 934 801.00 41,657 6,039 

 
 
Sulfides 
 
A two-step extraction scheme was applied to retrieve both acid-volatile sulfide (AVS, mostly FeS) and chromium-
reducible sulfide (CRS, mostly FeS2) from microbialites samples following Gröger et al. (2009). In short, agitated 
powdered samples diluted in ethanol reacted with cold 12M HCl for 2 h in order to liberate AVS. If any, resulting 
hydrogen sulfide was precipitated as Ag2S in a 0.3 M AgNO3 solution. Then, a 1 M CrCl2 solution (Canfield et al., 
1986; Gröger et al., 2009) was added and reacted for another 2 h to liberate CRS, which in turn resulted in the 
precipitation of hydrogen sulfide as Ag2S. After centrifugation, silver sulfide precipitates were rinsed several times with 
deionised water and dried at 50 °C for 48 h in an oven. 
 
 
Isotopic measurements 
 
Both sulfides and sulfates δ34S measurements were performed at the Biogéosciences Laboratory of the Université de 
Bourgogne in Dijon, France. They were analysed on SO2 molecules via combustion of 250–500 μg of Ag2S and BaSO4, 
mixed with tungsten trioxide powder in equal amount to optimise sulfur oxidation during combustion, using a Vario 
PYRO cube (Elementar GmbH) connected online via an open split device to an IsoPrime IRMS system. International 
standards (IAEA-S1/-S2/-S3 and -NBS 127 for Ag2S and BaSO4, respectively) were used for calibration. Results are 
reported in delta notation against the Vienna Canyon Diablo Troilite standard (VCDT). All measurements were 
duplicated. Standard and BaSO4 samples reproducibility is better than ±0.1 ‰ (1σ). 

Waters from the surface to the chemocline in Atexcac (~20–25 m depth) show relatively homogeneous d34S, around 
0.6 ± 0.1 ‰ (n = 2). Bulk solid sulfide δ34S of the Atexcac microbialite has a mean value of −28.73 ± 0.3 ‰ (n = 2), 
consisting almost exclusively of CRS. 
 
 
 
Sulfur Isotope Analyses by NanoSIMS 
 
Samples embedded in epoxy were polished down to 0.25 mm and gold coated. The data we report in this study were 
collected during three different analytical sessions, in May 2017 at IMPMC, November 2018 and October 2019 at EPFL, 
using the same methodology. Secondary ions of 12C14N−, 32S− and 34S− were simultaneously measured in multicollection 
mode using electron multipliers (EM) with a dead time of 44 ns. The mass resolving power was set to 18,000 (Cameca 
definition) to resolve potential interferences on masses 32 and 34. To avoid the build-up of positive charges over the 
sample’s surface, an electron flood gun was used. Each analysis was preceded by a 15 min pre-sputtering phase using a 
0.5 nA primary Cs+ beam scanned over an area slightly larger than the area of interest (25 × 25 µm) to locally remove 
the gold coating and surface contamination, and to reach steady state sputtering regime. 20 × 20 µm images of the areas 
of interest were collected using a 0.8 pA Cs+ primary beam with a 120 nm probe size, using a 256 × 256 pixels resolution, 
a dwell time of 1 ms/pixel and 60 cycles were stacked to get decent counting statistic. 
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As already described in Marin-Carbonne et al. (2018), S isotope analysis in sulfides is known to be biased by quasi 
simultaneous arrival (QSA) effect on the EM (Slodzian et al., 2004). The correction of this effect was achieved by 
applying the method described by Nishizawa et al. (2010). Using different aperture slits to produce variations of the 
secondary ion signal over primary current ratio on the standard, we determined a QSA correcting factor of 0.54 and 0.66 
for 34S/32S ratio for each sessions consistent with the value of 0.69 previously published (Slodzian et al., 2004; 
Bontognali et al., 2012; Marin-Carbonne et al., 2018). 

Two different pyrite standards (Maine, d34S = −20.62 ± 0.01 ‰, and CAR 123, d34S = +1.5 ± 0.01 ‰) were analysed 
in order to determine QSA correcting factors and instrumental mass fractionation (see Table S-4 for two sessions). 
Standards were analysed at the beginning and end of the sessions and every day for assessing the stability of the 
instruments. 

NanoSIMS images were processed by LIMAGE© software from Larry Nittler (Carnegie Institution, Washington, 
DC). After applying regular deadtime correction (44 ns), the different frames (one frame per cycle) were aligned and 
region of interest (ROIs) corresponding to each framboidal pyrite were defined using the particle definition mode. The 
size of ROIs ranges from 1 to 270 µm2. Total counts were then extracted and QSA and IMF corrections were applied in 
Table S-5. d34S values versus Vienna Canyon Diablo Troilite (V-CDT) were calculated for each framboidal pyrite. 
 
 
Table S-4 Measured 34/32S ratios and δ34S values corrected from QSA effect in two different sessions for the Maine 
and UCLA pyrite standards. Instrumental mass fractionation was 1.024 in the first session and 1.0159 in the second. 
 

Standards δ34S true 
(‰) 

34S/32S true 34S/32S measured 1σ δ34S corr QSA (‰) 

Session 1      

UCLA 1.5 0.04423001 0.045594 1.47E−04 32.4 

MAINE −20.1 0.04327607 0.044599 7.24799E−05 9.9 

Session 2      

UCLA 1.5 0.04423001 0.045219 6.25133E−05 23.9 

MAINE −20.1 0.04327607 0.044263 1.14E−04 2.2 
 
 
 
Table S-5 Sulfur isotope compositions of framboidal and micropyrites. 
 

Table S-5 is available for download (Excel) from the online version of the article at 
https://doi.org/10.7185/geochemlet.2209. 
 
 
 

The studied framboidal pyrites consist of between 240 and 498 different pyrite grains. For four framboidal pyrites, 
we defined ROIs for each individual grain inside the framboidal pyrite and extracted the total counts and calculated 
the isotope ratios. Some of them were quite small with low total counts, therefore the associated error, influenced by 
counting statistics, is large. S isotope compositions are compared to framboid size or micropyrite grain size in Figures 
S-6 and S-7, respectively, and to C/N count rates in Figure S-8. 
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Figure S-6 Sulfur isotope composition and framboid size for Cayo Coco and Atexcac pyrites. 

 

 
Figure S-7 d34S values versus size for micropyrite in Cayo Coco (blue) and Atexcac (green). Error bars on the 
d34S values are within the symbol size. 
 

 
Figure S-8 d34S values versus C/N ratio count rates. The error bars on the d34S values are within the symbol size. 
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Framboidal Pyrites 
 

Framboids are only found in surface unconsolidated sediment or enclosed within foraminifera tests. By contrast, 
micropyrite grains are either disseminated or aligned within microbialite laminae, in close association with aragonite 
and Mg-rich silicate phases (Fig. 1). Framboidal pyrites aggregate a mixture of euhedral, rounded and pyramidal pyrite 
grains (Fig. 1a–b), while micropyrites are predominantly euhedral (Fig. 1c–d). Transmission electron microscopy 
analyses show that micropyrites are composed of nanocrystals with various orientations, while framboidal pyrites are 
composed of micrometric pyrite crystals (Fig. 2). Framboidal pyrites are surrounded by a layer of iron oxide (Fig. 2), 
suggesting late oxidation (Maclean et al., 2008). Micropyrites are surrounded by external layers of Fe-Mg silicate 
(Atexcac) or amorphous silica (Cayo Coco, Fig. 2), suggesting fluid induced reaction between pyrite and Mg authigenic 
silicates during or after biomineralisation and/or lithification. Previous investigations have shown that the hydrated Mg-
silicate rich phase, identified as kerolite in Atexcac, is tightly linked to an early mineralisation step of microbialites 
(Zeyen et al., 2015; Bouton et al., 2016; Pace et al., 2018). We suggest that the presence of the Mg-silicate rich phase 
associated with sulfide provide evidences for an early syngenetic origin of the micropyrite grains. 

Framboidal pyrites display homogeneous sizes in both samples (Fig. S-9), consistent with a synsedimentary origin 
(Maclean et al., 2008). 
 
 

 
 

Figure S-9 Size distribution (in µm) of framboidal pyrite from Cayo Coco (blue) and Atexcac (red). The average 
sizes are 7.6 ± 2.9 µm and 7.4 ± 4.8 µm for Cayo Coco and Atexcac, respectively. 
 
 

In detail, however, the number of crystallites inside each framboidal strongly varies (between 40 to more than 
300) and exceeds previous reports giving an upper limit of 100 for framboidal crystallites precipitating within microbial 
mats (Popa et al., 2004). Framboidal pyrite size has been used to infer the oxygenation state of their depositional 
environment, where pyrites precipitating in sediments overlain by an oxic water column display larger sizes (>10 µm) 
than the ones precipitated under euxinic conditions (Wilkin et al., 1996). The small (<10 µm) and homogeneous size of 
framboidal pyrites reported here challenges the locus-size hypothesis since both samples have been formed in fully 
oxygenated aqueous solutions (Fig. S-10). 
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Figure S-10 SEM and NanoSIMS count rate images of framboidal pyrite from Atexcac showing heterogeneous 
d34S distribution. The top of the mat is indicated by the arrow. In this case, the gradient is not very visible. 
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