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Recently, carbonate microbialites were discovered in Lake Alchichica, Mexico, forming below

the oxycline (down to 40 m depth), under seasonally anoxic conditions, while conspicuous

microbialites also grow at shallower depths under continuously oxic conditions. Here,

we investigated sulfur (S) speciation in these microbialites at submicrometer resolution

using synchrotron-based X-ray absorption near-edge structure (XANES) spectroscopy,

complemented by laboratory X-ray fluorescence (XRF) mapping, scanning electron

microscopy (SEM) and energy dispersive X-ray spectrometry (EDXS). Our findings revealed

that S is pervasive in both shallow and deep microbialites. However, S speciation varied with

depth: while carbonate-associated sulfates (CAS) and organic S compounds were present at

all depths, more reduced S species were enriched in the aragonitic layers of deep microbialites,

particularly in association with remnants of biogenic structures. These variations in S

speciation suggest that deep Alchichica microbialites continue to accrete during seasonal

anoxia. Moreover, our results indicate that S speciation in modern microbialites is influenced

by ambient redox conditions. By documenting the processes affecting S speciation in a

modern microbialitic system, this study provides a framework for future investigations into

ancient microbialites that formed under sulfidic conditions.

1 Introduction

Microbialites are organo-sedimentary rocks formed by ben-
thic microbial communities that induce, influence, and/or
control mineral precipitation, and/or trap and bind detrital
particles (Walter et al., 1980; Burne and Moore, 1987).
They are abundant throughout the geological record, from

the Archean, the oldest examples representing some of
the earliest traces of life (Allwood et al., 2006), to the
present, where they still form in diverse aqueous environ-
ments (Caumartin et al., 2023). Since microbialites record
at least partly the geochemical and biological conditions
of their growth, they can serve as valuable archives for
reconstructing paleoenvironments (Ollivier et al., 2018; Hohl
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and Viehmann, 2021; Antunes et al., 2022). However,
to interpret redox conditions from ancient microbialites,
we must first explore in modern ones how such changes
are encoded within their mineralogy, chemistry and as-
sociated microbial biofilms (Pages et al., 2014). Most
modern microbialites develop under oxic conditions and are
dominated by oxygenic phototrophs such as cyanobacteria.
In contrast, microbialites that formed before or shortly
after the GOE likely developed under anoxic conditions,
possibly involving a greater contribution from anoxygenic
phototrophs that use alternative electron donors to O2

(Bosak et al., 2007; Shih et al., 2016; Visscher et al., 2020).
This discrepancy casts doubt on the suitability of modern
microbialites forming in oxic environments as analogs for
their ancient counterparts formed under anoxic (sulfidic)
conditions, particularly when reconstructing redox dynamics
from preserved geochemical signals. Modern microbialites
forming under anoxic or seasonally anoxic conditions may
therefore offer more appropriate analogs.

Lake Alchichica is a monomictic crater lake in Mexico that
hosts extensive carbonate microbialites. The lake stratifies
seasonally, with an oxycline fluctuating between approxi-
mately 20 and 36 m. The hypolimnion becomes anoxic from
April to October. Moreover, the lake is characterized by
a relatively elevated S concentration, ranging from 10 to
12 mM (Hernández et al., 2014; Muller et al., 2023; Alcocer,
2022). This is particularly interesting since S has been shown
to be an important element in the functioning of some mi-
crobialites: in addition to being a major element for biomass,
S undergoes redox transformations such as sulfate (SO4

2-)
reduction that may favor carbonate precipitation (Visscher
et al., 2000). In this study, we examined microbialites
collected from multiple water depths in the Lake Alchichica,
including the 40 m deep samples located below the seasonal
oxycline in anoxic waters. These deep microbialites provide
a unique opportunity to investigate whether and how anoxic
conditions are recorded in their mineral assemblages and S
chemistry. In particular, we compare S speciation in deep
microbialites with that of their counterparts developing in
permanently oxic shallow waters. Our study reveals marked
differences in S speciation between these settings, allowing
us to discuss some processes influencing S speciation in
these modern microbialites.

2 Materials and methods

2.1 Lake Alchichica setting

Lake Alchichica (19°24’49.45”N; 97°24’11.25”W) is a crater
lake located within the Neogene-Eocene Trans-Mexican
volcanic belt (TMVB), in the Serdán-Oriental Basin of
central Mexico, at an elevation of 2326 m (Ferrari et al.,
2012; Chako Tchamabé et al., 2020; Zeyen et al., 2021).
This oligotrophic, endorheic lake is mainly fed by rainwater
and groundwater (Zeyen et al., 2019). Among a series of
crater lakes in the region, including Atexcac, Quechulac, La
Preciosa, Aljojuca, and Tecuitlapa, Alchichica exhibits the
highest alkalinity and salinity (from 1.23 to 43 mM [HCO3

-],

and from 0.1 to 9 psu, respectively), forming part of an
alkalinity-salinity gradient across the region (Zeyen et al.,
2017). The lake’s physicochemical parameters have been
monitored since at least 1941, showing that Alchichica is a
monomictic lake, undergoing seasonal stratification with a
single annual mixing event during winter (Alcocer, 2022).
Its water column becomes anoxic below depths of 20–36 m,
from April to October (Alcocer, 2022), with an oxic-anoxic
transition characterized by a dissolved O2 concentration
varying between 0 and 5 mg L-1. Moreover, Lake Alchichica
is well known for hosting modern microbialites that form an
extensive carbonate reef along the shoreline.

2.2 Microbialite and water sampling

2.2.1 Microbialite samples

Microbialite samples were collected from the northern shore
of Lake Alchichica during two field campaigns in May 2019
and October 2022. In 2019, four samples were collected
from depths of 5, 10, 20 and 40 m. In 2022, additional
samples were collected from five depths: 3, 10, 20, 30
and 40 m. Samples collected in 2022 were registered in
the SESAR catalog (https://www.geosamples.org/), a
community platform supporting management and sharing of
samples in the Earth, Environmental, and Planetary Sciences
community. For analyses, a particular focus was applied to
samples taken from 10, 30 and 40 m (respectively:
AL22_mb_10m, igsn:10.58052/IEMEX10AL22;
AL22_mb_30m, igsn:10.58052/IEMEX30AL22,
AL22_mb_40m, igsn:10.58052/IEMEX40AL22; see
also Caumartin and Benzerara, 2026). The 2019 samples
were used to highlight visual differences with the 2022
samples and to complement bulk chemical analyses. While
seasonal variations in the water column chemistry are
documented, their effects on microbialite chemistry and
mineralogy are more difficult to assess since (i) microbialite
samples integrate conditions over multiple seasons and
(ii) the dataset in the present study is limited for robust
seasonal analysis. However, the two sampling campaigns
provided some kind of duplicates for microbialite samples,
allowing us to assess the impact of depth on microbialite
composition. All samples were collected by scuba diving.
During the 2022 campaign, the water column was anoxic
below 36 m (i.e. dissolved oxygen below a detection limit
of 0.01 mg L-1). In 2019, anoxia occurred below 23 m.
Shallow microbialites (< 20 m) were mainly composed of
carbonates, with a dominant assemblage of hydromagnesite
(Mg5(CO3)4(OH)2.4H2O) and aragonite (CaCO3; Zeyen
et al., 2019, 2021). By contrast, deeper microbialites
(> 20 m) were composed of hydromagnesite, aragonite,
and huntite (CaMg3(CO3)4; Caumartin et al., 2025). The
biofilms at the surface of the microbialites analyzed here
exhibited differences in pigmentation depending on the time
and depth of collection. In 2019, the pigmentation ranged
from green in the most superficial samples to red-purple
in the deepest samples, whereas in 2022 it ranged from
green at the surface to red–black in the deepest samples.
Previous studies have demonstrated that the prokaryotic
communities associated with surface microbialites in Lake
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Alchichica are dominated by oxygenic photosynthesizers,
together with heterotrophic taxa and a diverse assemblage
of anoxygenic phototrophs. In contrast, sulfate-reducing
microorganisms appear to be present in relatively low
abundance (Saghaï et al., 2015; Iniesto et al., 2021;
Caumartin and Benzerara, 2026).

2.2.2 Water samples

Water column samples were collected during the same
two campaigns in May 2019 and October 2022. Sam-
ples were collected using a Niskin bottle from a boat an-
chored near the lake’s center (Caumartin and Benzerara,
2026). In situ measurements of temperature (± 0.01 °C),
pH (± 0.1 pH unit), dissolved O2 (± 0.1 mg L-1) and con-
ductivity (± 0.001 mS cm-1) were taken along depth profiles
using a YSI Exo2 multiparameter probe (with automatic
temperature and salinity corrections). Water collection
depths were determined by labels placed every meter on
the sampling rope and these measurements were verified
using the depth gauge of a dive watch attached to the
Niskin bottle. A total of 24 water samples (including
duplicates) were collected at different depths between 0 and
60 m. They were filtered within a few hours after collection
using 0.2 µm polyethersulfone (PES) filters and stored in
sterile tubes for chemical analyses. For each depth, 6 mL
of filtered water were acidified with 2 % nitric acid for ICP-
AES analyses. The remaining unacidified water was used for
major anion analyses by ion chromatography. Additionally,
12 mL Exetainer tubes were filled with filtered solutions for
dissolved inorganic carbon (DIC) measurements.

To better assess seasonal variations in oxygenation within
Lake Alchichica, dissolved oxygen concentration data span-
ning from 1980 to the present were compiled from the
literature for a more statistically representative dataset.

2.3 Methods

2.3.1 Water chemistry

Water samples from both campaigns were analyzed at the
Institut de Physique du Globe de Paris, France (Caumartin
and Benzerara, 2026). Concentrations of major and trace
elements (Na, K, Ca, Mg, Fe) and total S were determined
using inductively coupled plasma atomic emission spectrome-
try (ICP-AES). The concentration of Cl was measured using
ion chromatography. DIC measurements for both 2019 and
2022 samples were performed using an analytical Precision
2003 gas chromatography isotope-ratio mass spectrometry
(GC-IRMS), following the protocol described by Assayag
et al. (2006).

2.3.2 Bulk chemical analyses of microbialites

Between 1.5 and 2 g of each microbialite sample was crushed
and powdered in an agate mortar. Major and trace ele-
ment compositions (Caumartin and Benzerara, 2026) were
measured by the Service d'Analyse des Roches et Minéraux
(SARM, Centre de Recherches Pétrographiques et Géochim-
iques, Nancy, France). Major element concentrations were
determined using an ICP-AES ICap 6500 (Thermo Fischer)
after alkali fusion of the rock samples with LiBO2 and

subsequent dissolution in HNO3. Measurement uncertain-
ties ranged between 2 and 25 % for major elements and
between 5 and 20 % for trace elements, depending on
concentrations (Caumartin and Benzerara, 2026). Organic
carbon was measured after full decarbonation, using a
carbon-S elemental analyzer (HORIBA EMIA320V2). Total
carbon and S analyses were also performed on a second,
non-decarbonated aliquot, using the same analyzer.

2.3.3 Preparation of thin and thick sections

Three microbialites sampled at 10, 30, and 40 m depth in
October 2022 were impregnated with Araldite resin and
cut into 30 µm thick petrographic thin sections by the
Bourgogne Lithologie service (Dijon, France). In parallel,
slabs from the same three microbialite samples without
resin impregnation were cut and polished using a mechanical
polisher (EM TXP). Polishing was performed with abrasive
pastes of 15.3, 9, 3, 2 and 0.5 µm under a stream of milli-Q
water. These resulting 5–7 mm thick polished sections were
cleaned in ultrasonic milli-Q water baths.

2.3.4 Scanning electron microscopy and energy-dispersive

X-ray spectrometry (SEM-EDXS)

The three thick, non-resin-embedded sections were mounted
on aluminum SEM stubs using double-sided carbon tape and
carbon-coated. SEM and EDXS analyses (Caumartin and
Benzerara, 2026) were conducted using a Zeiss Ultra 55
field emission gun SEM at IMPMC (France). Backscattered
electron (BSE) images were obtained using an accelerating
voltage of 15 keV, a working distance of ∼ 7.5 mm and
an aperture of 60 µm, in the high current mode and an
angle selective backscattered (AsB) detector. A Bruker
EDS QUANTAX detector was used to determine the ele-
mental compositions of selected areas by energy-dispersive
X-ray spectrometry (EDXS). The EDXS elemental maps
were semi-quantified using the ESPRIT software (Bruker,
2.5.0.175 version) with the Pb-ZAF method (Pouchou and
Pichoir, 1991).

2.3.5 Laboratory X-ray fluorescence spectroscopy (XRF)

Elemental maps of major and trace elements were acquired
on thin sections of the microbialites (10, 30 and 40 m
depths) using a Bruker M4 Tornado XRF spectrometer
at the Laboratoire Géosciences Océan (Brest, France).
Measurements were conducted with an X-ray excitation
energy of 50 keV and a current of 600 µA, under a 20 mbar
vacuum. Scans were performed with a 20 µm spot size over
a ∼ 4 x 3 cm2 area. Each scan (2000 x 1500 pixels) took
over 4 hours per sample with a 5 ms dwell time per pixel.

2.3.6 SR-micro X-ray fluorescence mapping (SR-µXRF)

and micro X-ray absorption near-edge structure

(µ-XANES) spectroscopy at the S K-edge

µXANES and SR-µXRF measurements (Caumartin and
Benzerara, 2026) were conducted at the ID21 beamline
of the European Synchrotron Radiation Facility (ESRF,
Grenoble, France) on microbialites from the 10, 30 and 40 m
depths. The scanning X-ray microscope operated under a
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vacuum of 10-6 bar. The X-ray beam was monochromatized
using a Si(111) crystal monochromator, with a beam size
of 0.67 µm x 0.44 µm and a photon flux of approximately
109–1010 photons s-1. The µXRF maps were acquired using
an incident beam of ∼ 2.5 keV. XRF spectra were recorded
using a silicon drift diode (SDD) detector with a dwell time
of 0.1–0.2 s, without any attenuator. The scanned areas
measured between 25 µm x 60 µm and 500 µm x 500 µm with
a scanning step between 0.4 and 4 µm/pixel. Moreover, the
incident X-ray beam energy was tuned over a range of 2.46–
2.53 keV, in increments of 0.25 eV, to measure µXANES
spectra at the S K-edge. Energy calibration was performed
using the white line of a gypsum (CaSO4) standard at
2.482 keV. Speciation maps were obtained by the collection
of hyperspectral µXRF maps at 60 energies (from 2.46 to
2.47 keV with steps of 2 eV, 2.4705 to 2.486 keV with steps
of 0.5 eV and from 2.486 to 2.53 keV with steps of 2 eV).

2.3.7 µXANES and SR-µXRF data processing

S K-edge µXANES spectra were analyzed using the Athena
software (0.9.26 version). All spectra were aligned to the
gypsum white line at 2.482 keV. The edge jump of each
spectrum was normalized to 1 after fitting the baseline of
the pre-edge at zero. Two approaches were followed for
XANES fitting. First, spectra were fitted using a linear
combination of reference spectra. Second, spectra were
modelled by spectrum deconvolution using peak fitting.
Two arctangent step functions were applied to fit the
edge jumps, following the method described by Einsiedl
et al. (2007). Each peak was fitted with a Pseudo-Voigt
function (Wiltfong et al., 2005; Vogt et al., 2023), with
one or two pseudo-Voigts used to accurately fit the SO4

2-

peak. For this method, peak centers corresponding to the
characteristic energies of specific S oxidation states, were
initially identified visually to guide the iterations of the
Levenberg-Marquardt model used by the Athena software
until convergence. As the Levenberg-Marquardt procedure
involves non-linear least-squares minimization and since the
available data do not support precise uncertainty estimation,
Athena software applies a default uncertainty of 1 (see
Athena 0.9.26 documentation), resulting in notably low X2

values. Therefore, fit quality was evaluated comparatively
relying on R-factor and reduced X2 statistical metrics as
guidelines, with successive improvements in the reduced X2.
If the initial fit failed to converge, an additional peak was
introduced to represent a distinct spectral component. This
inclusion was considered valid when it led to a substantial
reduction in the reduced X2, mostly by at least a factor
of two, thereby enhancing the model without overfitting.
Overall, this fitting strategy allowed us to assess relative
spectral variations between microbialites associated with
variations of the relative contributions from the different S
species.

The SR-XRF maps were batch-fitted using the PyMca
software (5.9.2 version; Solé et al., 2007) in order to obtain
S and phosphorus elemental maps. Intensity distributions
(histograms) of the elemental maps were extracted using
the ImageJ software (1.54q version). Hyperspectral maps

were also fitted, aligned and cropped using PyMca software.
The hyperspectral map presented in this study was analyzed
using the k-means clustering method on Quasar software
from the Orange environment (version 1.9.2; Toplak et al.,
2021, Orange Website: https://orangedatamining.com/).
The k-means clustering method is a multivariate technique
for iteratively finding clusters in a data set. It alternates
between two steps after defining a number of initial centroids
for clusters: (i) it identifies for each centroid the subset
of points that is closer to it than to any other center, and
(ii) calculates a vector of the mean of each feature for the
data points in each cluster, which becomes the new center
of the cluster (Hastie et al., 2009).

3 Results

3.1 Water column

The mean annual temperature of Lake Alchichica’s water
column is ∼ 16 °C (Alcocer, 2022). The bulk chemistry of
the lake’s water column at varying depths has been well
documented since at least 1998 (Alcocer and Lugo, 2003;
Kaźmierczak et al., 2011; Bautista-Reyes and Macek, 2012;
Valdespino-Castillo et al., 2014; Sánchez Medina et al.,
2016; Zeyen et al., 2021; Alcántara-Hernández et al., 2022;
Alcocer, 2022; Vilaclara et al., 2022; Havas et al., 2023;
Muller et al., 2023; Caumartin et al., 2025). In particular,
records of dissolved O2 concentrations show that Lake
Alchichica’s water column undergoes seasonal stratification
each year, typically between April and October, with anoxic
conditions developing below depths ranging from 20 to
30 m (Fig. 1). This seasonal anoxia has been consistently
observed since 1998 (Fig. 1).

Consistent with this pattern, Lake Alchichica’s water
column was anoxic at a depth of 40 m, where microbialites
were sampled during both the May 2019 (early stratification
period) and October 2022 (late stratification period) field
campaigns (Fig. S1 in the Supplementary Material). The
concentrations of major cations and anions were measured
during the same periods (Caumartin and Benzerara, 2026).
The pH of the water was ∼ 9.2 ± 0.1 throughout the entire
water column for both collection times. DIC concentrations
were high, averaging 36 ± 0.05 mM in 2022. Measured con-
centrations of dissolved Mg and Ca were 18.10 ± 0.26 mM
and 0.220 ± 0.005 mM, respectively. Overall, the water
column was supersaturated with respect to calcium and
magnesium carbonate phases, including aragonite, hydro-
magnesite and huntite, at all depths (Zeyen et al., 2021).

Additionally, dissolved S and iron concentrations were
measured by ICP-AES throughout the water column in both
May 2019 and October 2022 (Fig. S1). Both elements
displayed relatively stable concentrations across depths, with
mean values of 10.35 ± 0.52 mM for S and 0.72 ± 0.04 µM
for Fe. A slight decrease in concentration was observed
below the oxycline during both field campaigns. In 2022,
localized variations in iron were detected, including a peak
at 7.42 ± 0.37 µM just above the oxycline. Although sulfide
concentrations were not directly measured, an odor of H2S
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Figure 1. Variations in O2 concentration (mg L-1) in the water column of Lake Alchichica from 1998 to 2022. Data are
shown for five different depths: 0 m (a), 10 m (b), 20 m (c), 30 m (d) and 40 m (e). Data are sourced from Alcocer
and Lugo (2003); Kaźmierczak et al. (2011); Bautista-Reyes and Macek (2012); Valdespino-Castillo et al. (2014);
Sánchez Medina et al. (2016); Alcántara-Hernández et al. (2022); Vilaclara et al. (2022) and in situ measurements from
this study (2019 and 2022).

in water samples collected below 30 m depth in 2022 was
detected, suggesting sulfidic conditions.

3.2 Bulk chemistry and mineralogical analyses of micro-

bialites

The three microbialites analyzed in this study were collected
in 2022 from distinct depths: 10 m (permanently oxic water
column), 30 m (near the oxycline) and 40 m (seasonally
anoxic water column; Fig. 2). These samples displayed
marked differences in surface color, both in comparison
to one another and relative to samples collected in May
2019 (Havas et al., 2025). The shallowest sample, from
10 m, exhibited a green color (Fig. 2). In contrast, the
30 m deep sample had a dark red surface and the deepest
sample, at 40 m, featured a black surface that turned
light grey upon air exposure and was also covered by a
thin red surficial biofilm layer (Fig. 2). The mineralogical
composition of the samples was previously determined using
XRD and FTIR spectroscopy (Caumartin et al., 2025).

These analyses showed that the 10 m deep sample was
composed of aragonite and hydromagnesite, while both the
30 m and 40 m deep samples consisted of a mixed aragonite-
hydromagnesite-huntite mineral assemblage (Fig. S2a-c).
Interestingly, no clear correlation was detected between the
sampling depth and the bulk chemical composition of the
microbialites (Fig. S2d). S was detected in all samples
by bulk analyses, though at low concentrations, averaging
0.035 ± 0.002 wt% (Fig. 3). Similarly, the organic carbon
content was uniformly low across all depths, with an average
of 0.17 ± 0.008 wt% (Caumartin and Benzerara, 2026).

3.3 Laboratory-based XRF analyses of microbialite thin

sections

Thin sections of the three microbialite samples collected
at 10, 30 and 40 m depth in 2022 were scanned using
laboratory-based XRF to assess the spatial distribution of
S (Fig. 3). The XRF results confirmed the presence of
S detected by bulk analyses. Moreover, the elemental
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Figure 2. Overview of the Lake Alchichica locality and general appearance of the microbialite samples. (a) Map of
Mexico showing the location of Lake Alchichica within the TMVB (Datasource: Natural Earth and SRTM, Rstudio); (b)
Photograph of the microbialite sampling site in Lake Alchichica (October 2022); (c) Depth-dependent morphological
variations in microbialites. From top to bottom: Photographs of microbialites collected from 10 m to 40 m depth during
early stratification (May 2019); (d) Top to bottom: Photographs of microbialites collected from 10 m to 40 m depths
during late stratification (October 2022); (e) From top to bottom: thick section photographs of microbialites from 10
to 40 m depth (October 2022) as shown in (d). The 10 m sample displays two main phases: aragonite (A) on the outer
edges and hydromagnesite (H) in the interior. The 30 m sample exhibits a heterogeneous mix of hydromagnesite, aragonite
and huntite (Hu). The 40 m sample shows aragonite on the microbialite edges, an oxidized Fe-rich lamina in the central
zone, and a mix of hydromagnesite and huntite throughout the rest of the section; (e) Bulk S content (wt%± 5 %) in
microbialites collected from 10 m to 40 m depth (October 2022).

maps revealed that S was preferentially concentrated along
the outer rims of the microbialites, in spatial correlation
with aragonite. By contrast, the S signal was weaker in
hydromagnesite, which composed the bulk mass of the
microbialites. Last, S appeared to be more widespread
throughout the structure of the deep microbialites (30 and
40 m depths) compared to the shallow ones, even if it
globally followed the same pattern with a S enrichment in
the aragonite-rich peripheral zones.

3.4 S distribution assessed by SEM-EDXS and SR-µXRF

analyses

Representative areas of the 10 m and 40 m deep
microbialite thick sections, measuring 0.35 mm x 0.27 mm
and 2.65 mm x 1.95 mm, respectively, were mapped semi-
quantitatively using SEM-EDXS (Fig. 4). These results are
consistent with laboratory-based XRF findings, confirming
both (i) the presence of S within the microbialites, with a
semi-quantified S content of 0.22 wt%, and (ii) preferential
localization of S in aragonite-rich outer rim zones. In
the 40 m deep sample, S was not only concentrated
in aragonitic areas but was also relatively widespread
in association with the huntite phase. Moreover, the
S-enriched areas contained remnants of biological structures

encrusted by aragonite, as observed in both the shallow and
deep samples (Fig. 4c-d).

We also looked for additional S-bearing mineral phases
within the microbialites (Fig. 5, Fig. S3). Iron sulfides were
detected in the 30 m deep sample (Fig. 5a), with some
occurrences also observed in the 40 m deep sample. These
iron sulfides appeared as aggregates of euhedral crystals,
∼ 1 µm in size, consistent with FeS2 (Fig. 5b). Occasionally,
S was associated with both iron and silicon (Fig. 5c).

To further refine the S distribution within the
microbialites, synchrotron-based SR-µXRF imaging was
performed on selected regions of thin sections from the
10, 30, and 40 m deep samples collected in 2022. This
technique provides sub-micrometer spatial resolution and
significantly lower detection limits compared to laboratory-
based methods (SEM-EDXS and laboratory-based XRF). A
total of 14 maps were acquired: 6 for the 10 m deep sample,
2 for the 30 m deep sample, and 6 for the 40 m deep
sample (Fig. S4). Each region of interest corresponding
to an SR-µXRF map was subsequently reanalyzed by
SEM-EDXS to ensure consistency. These analyses revealed
two distinct S distribution patterns: (i) diffuse and (ii)
in the form of localized hotspots (Fig. 6). Correlated
SR-µXRF and SEM-EDXS maps indicated that all S
(diffuse or localized) was preferentially associated with
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Figure 3. Optical microscopy and laboratory XRF S mapping of Lake Alchichica microbialites thin sections (October 2022).
Mineral phases are abbreviated as follows: A = aragonite, H = hydromagnesite, Hu = huntite; (a) Thin section image of
the 10 m microbialite sample, showing aragonite concentrated at the outer edge of the microbialite and a core primarily
composed of hydromagnesite. (b) Thin section of the 30 m sample, where patches of aragonite are localized within a
mixed hydromagnesite-huntite matrix. (c) Thin section of the 40 m sample, with aragonite at the outer edges of the
microbialite, hydromagnesite as the main internal phase and localized huntite patches; (d) Laboratory-XRF S map of the
10 m sample, showing a small amount of S along the aragonite-rich outer rim; (e) Laboratory-XRF S map of the 30 m
sample, showing S co-localized with aragonite, and to a lesser extent, dispersed in hydromagnesite; (f) Laboratory-XRF
S map of the 40 m sample, showing a pronounced S signal along the outer edge of the microbialite and a diffuse signal
within the microbialite interior.

aragonite-enriched regions at all sampled depths (Fig. 6).
These aragonite-enriched regions were located along the
outer rims of the microbialites and commonly contained
remnants of encrusted biological structures (Fig. 4).

3.5 S speciation assessed by SR-µXANES

3.5.1 Depth-dependent variations in S redox states within

microbialites

To assess S speciation in microbialite samples, µXANES
spectra were acquired at the S K-edge, with a total of
28 spectra for the 10 m deep sample, 37 for the 30 m
deep sample, and 23 for the 40 m deep sample from 2022
(average spectra of samples from each depth are shown in
Fig. 7; all spectra are available in Fig. S5). The spectra
display peaks in six distinct energy ranges, associated with
different ranges of S oxidation states and/or species (Fig. 7).

Peaks were assigned to different S functional groups by
comparison with reference spectra and based on Sarret et al.
(1999), Myneni (2000), Prietzel et al. (2009), Orthous-
Daunay et al. (2010), and on the ID21 database (references
for gypsum, native S, pyrite, Na-tetrathionate; Fig. S6), who
showed that the energy position of the white line (i.e. the
sharpest and most intense absorption peak in the XANES
spectrum) increases with the formal oxidation state of S. (i)
Peaks in the 2481.9–2482.1 eV energy range were attributed
to SO4

2- S(VI); (ii) peaks in the 2479.8–2480.5 eV energy
range were assigned to sulfones, sulfonates, or related mixed-
valence compounds, consistent with S(IV) to S(V); (iii)
peaks in the energy range between 2476.0 and 2478.1 eV
were attributed to intermediate-valence S species such as
sulfoxides, consistent with S(II), and including possible
contributions from mixed-valence compounds; (iv) peaks
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Figure 4. SEM-EDXS detection of S in Lake Alchichica microbialites (October 2022). (a) Top left: SEM image in the BSE
mode of the 10 m deep microbialite thin section, showing an aragonitic outer rim (bright) and a deeper part composed of
hydromagnesite (dark grey). Top right: EDXS elemental map showing magnesium and calcium distribution, distinguishing
aragonite along the outer rim and hydromagnesite. Bottom left: EDXS spectrum from the imaged area shown above.
The S peak is detected at 2.307 keV. Bottom right: EDXS S map in the same zone, illustrating S enrichment along the
aragonite-rich outer rim of the microbialite; (b) Top left: SEM BSE image of the 40 m deep microbialite thin section,
showing a fractured aragonite layer (bright white) overlaying a hydromagnesite-rich core (dark grey). Huntite patches
appear at the aragonite-hydromagnesite interfaces (light grey). Top right: EDXS magnesium and calcium maps for the
same zone, showing the distribution of hydromagnesite and aragonite at the outer rim. Bottom left: EDXS spectrum of
the area, with S detected at 2.307 keV. Bottom right: EDXS S map for the same zone, indicating S enrichment along the
outer rim of the microbialite. (c) SEM-BSE image of an aragonitic surface layer from the 10 m deep sample. Aragonite
appears in white, while hydromagnesite appears in dark grey. Arrows indicate rounded objects interpreted as biogenic
structures encrusted by aragonite following Couradeau et al. (2013) and Saghaï et al. (2015). (d) SEM-BSE image of
an aragonitic layer at the surface of the 40 m deep sample. Aragonite appears in white. Arrows indicate rounded object
interpreted as encrusted microbial cells, typical textures observed in the aragonitic layer rich in S.
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Figure 5. SEM-EDXS detection of S-bearing mineral phases in Lake Alchichica deep microbialites (October 2022). (a)
SEM-BSE image of a ∼ 1 µm euhedral crystal aggregate in a 30 m deep microbialite with associated EDXS elemental maps
of iron and S on the same area; (b) EDXS spectrum of the same area as in (a), highlighting the detection of S and iron;
(c) SEM-BSE image of an aragonitic zone (white) surrounded by hydromagnesite-huntite in a 40 m deep microbialite with
associated EDXS elemental maps of iron, S and silicon, showing laminae within the aragonitic layer; (d) EDXS spectrum
of the area shown in (c), indicating the detection of silicon, S and iron.

in the 2472.9–2473.9 eV energy range were interpreted as
originating from some organic S compounds with closely
overlapping peak positions, making individual species difficult
to distinguish. These compounds included amino acid-
and aryl disulfides, heterocyclic S such as thiophene, and
polysulfides, consistent with S oxidation states from -I
to 0.5; (v) peaks in the 2472.5–2472.9 eV energy range
were attributed to S0 (elemental S); finally, (vi) peaks
in the 2471–2472.2 eV energy range were attributed to
S(-I), i.e. disulfides in FeS2. The absence of spectral
features below 2471 eV ruled out the presence of more
reduced inorganic sulfide species. Interestingly, an overview
of all K-edge spectra revealed a more pronounced spectral
contribution of reduced S species at greater depths (Fig. 7,
Fig. S5). Notably, several spectra from the 40 m deep
microbialite displayed particularly intense peaks at 2472.1 eV
and 2477.7 eV, which were less pronounced or absent in the
shallower 30 and 10 m deep samples (Fig. 7).

The combined SR-µXRF and µXANES analyses showed
that reduced S species were predominantly localized within
S hotspots, while diffuse S regions mostly contained SO4

2-

(Fig. 7). Notably, SO4
2-species were detected in all spectra,

regardless of whether they originated from diffuse regions
or hotspots, and across all microbialite depths (Fig. 7,
Fig. S5). Linear combination fitting was applied to the
µXANES spectra to better constrain the S species present
in the microbialites. Reference compounds from the ID21
database, along with an internal SO4

2-standard (i.e. a
spectrum showing SO4

2- only and measured on one spot
in the 30 m deep microbialite, see Fig. S5) were used for
fitting (Figs S5, S6). Among the most conclusive fits
for reduced S species, FeS2 was identified in both the 30
and 40 m deep samples, consistent with SEM observations
(Fig. 8a-c). In the 10 m deep microbialite, while the S0

reference adequately explained the peak at ∼ 2472.5 eV,
the internal SO4

2- standard was not sufficient to fully fit
the other spectral features (Fig. 8d). Similarly, in the
deepest 40 m sample, the prominent peaks corresponding
to reduced species (at ∼ 2472.3 eV, ∼ 2477.7 eV) could not
be fully fitted with available reference spectra. The closest
fits were achieved by combining S0 with S(IV) (we used
Na-tetrathionate as a reference compound to model species
with notably a peak at 2477.7 eV; Fig. 8a). Overall, this
approach supported the identification of FeS2 and additional
S-bearing phases in the Alchichica microbialites, but it did
not fully account for the statistical variability in S speciation
across samples. Therefore, we used an alternative approach.

To better assess depth-related variations in S speciation,
spectral deconvolution of the XANES data was performed.
In this approach, each spectrum was modeled using two
arctangent functions to represent the edge jumps, along
with four to seven pseudo-Voigt functions to fit individual
absorption peaks. Each peak center was assigned to a
specific oxidation state of S based on the energy range
where it lies, and the peak fitting algorithm was iterated until
convergence by minimizing both the R-factor and X2 values
(see Methods Section 2.3.7, Fig. S7). While not providing
absolute proportions of distinct S species, this allows for a
reliable description of their relative variations with depth.
The spectral variations were estimated from changes in
the relative areas of the fitted pseudo-Voigt components
(Fig. 9). The deconvolution revealed that S(VI) species
largely dominated the XANES signal in both the 10 and
30 m deep microbialites, although minor signals of reduced
species were present in some spectra acquired from the 10 m
deep microbialite and in all but three spectra from the 30 m
deep microbialites. In contrast, the relative contribution
of reduced S such as sulfides, S0, organic polysulfides, and
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Figure 6. Correlative SEM-EDXS and SR-µXRF analyses of S distribution in Lake Alchichica 10 and 40 m deep microbialites
(30 m shown in Fig. S4). (a) SEM-EDXS elemental map of magnesium (blue) and calcium (green) of a hydromagnesite-
aragonite zone in the 10 m deep microbialite sample. The dashed white square indicates the area over which an EDXS
spectrum and an SR-µXRF S map were acquired. The white arrows correspond to the examples of diffuse S and S hotspot
shown in (c); (b) Average EDXS spectrum corresponding to the area depicted by a white square in (a), highlighting the
detection of S; (c) SR-µXRF S map of the same area as that observed by SEM in image (a). The arrows indicate one S
hotspot and one diffuse S area; (d) Histogram of S XRF signal intensity over the area boxed in (c). The distribution shows
a bimodal distribution: the larger, broader and low-intensity peak covers a wide range of intensity under ∼ 130 and is
associated with diffuse S and the second, narrower and higher-intensity one ranging from ∼ 130 to ∼ 200 is associated with
S hotspots; (e) SEM BSE image of an aragonite-hydromagnesite-huntite interface near the outer rim of the 40 m deep
microbialite sample; (f) EDXS spectrum from (e), showing the detection of S; (g) EDXS elemental map of magnesium
(blue) and calcium (green) corresponding to (e). The arrows correspond to the examples of diffuse and hotspot S shown
in (h); (h) SR-XRF S map of the same area. The arrows indicate one S hotspot and one diffuse S area.

S(II) species to the spectral signal increased dramatically by
∼ 4.5-fold on average in the 40 m deep microbialite, despite
some spatial heterogeneity (Fig. 9).

3.5.2 Reduced S hotspots associated with aragonite-

encrusted biogenic structures

In order to better locate the different S species, we acquired
an SR-µXANES hyperspectral map of an aragonitic layer
from the 40 m deep microbialite, generating one XANES
spectrum per pixel (Fig. 10a). Based on the average
XANES spectrum across the scanned area, two spectral
regions of interest spanning the 2471–2481.9 and 2481.9–
2483 eV energy ranges were selected, corresponding to
(i) a large panel of reduced S species, and (ii) oxidized

S(VI), respectively (Fig. 10d). Emission maps derived
from these ranges revealed that S species, in particular
all reduced S species, were concentrated in S hotspots,
measuring approximately three to six micrometers in width
(Fig. 10c). A k-means clustering method was further applied
to the spectra from each pixel of the hyperspectral map.
This approach enabled the identification of four clusters
with distinct spectral features, primarily differing in relative
intensity. In particular, the hotspots displayed an average
spectrum with three peaks: (i) the main one at 2482.1 eV,
corresponding to S(VI), (ii) one at 2472.2 eV and (iii)
a smaller one at 2477.7 eV. The latter two peaks were
∼ 2.5-fold and ∼ 3.5-fold more intense, respectively, in the
hotspots compared to the average spectrum of the entire
scanned area (based on normalized peak height ratios in
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Figure 7. (a) S K-edge XANES spectra of Lake Alchichica microbialites (October 2022). Ranges of S oxidation states
are highlighted by different lines with distinct colors: dark blue for S(-I), yellow for S0, red for organic S(-I) to S(0.5),
green for S(II), medium blue for S(IV) to S(V) and light blue for S(VI). At the top: Average S K-edge XANES spectrum
(over 28 spectra) of the 10 m deep microbialite sample. In the middle: Average S K-edge XANES spectrum (over 37
spectra) of the 30 m deep microbialite sample. At the bottom: Average S K-edge XANES spectrum (over 23 spectra) of
the 40 m deep microbialite sample. On the right: Spatial distribution of S in microbialites at different depths. SR-µXRF S
maps of a mixed aragonite-hydromagnesite zone (see Fig. S6) are shown for the (b) 10 m deep, (d) 30 m deep and (f)
40 m deep microbialite samples. Crosses indicate the locations where S K-edge XANES spectra shown in (c), (e) and (g)
were acquired. Spectra 1, 3 and 5 correspond to a diffuse S zone. Spectra 2, 4 and 6 correspond to a S hotspot. Arrows
highlight a peak characteristic of a reduced S-species (S(-I) and/or S0) in spectra 2, 4 and 6.

the average spectra of the k-means clusters C1 and C4;
Fig. 10e-f).

Interestingly, SEM-EDXS analyses of the same region re-
vealed that the reduced S-rich hotspots were spatially associ-
ated with rounded features (black edges in BSE) resembling
aragonite-encrusted biogenic structures (Figs 10b, 11a).
These hotspots also contained magnesium, silicon, and iron
(Fig. 11b). Complementary SR-µXRF measurements on
the same area showed that the reduced S hotspots were
embedded within discrete P-rich laminae located in the
aragonitic outer rim (Fig. 11e). Interestingly, these features
were not directly observable within huntite.

4 Discussion

4.1 Origins of S in the water column and microbialites of

Lake Alchichica

Lake Alchichica’s water column contains approximately
11 mM of total dissolved S (this study; Alcocer, 2022; Muller
et al., 2023), a relatively high concentration compared to
that in most lacustrine systems (Zak et al., 2021). In
modern lakes, S typically enters in the form of SO4

2-. SO4
2-

could have multiple origins in Lake Alchichica: weathering
of surrounding bedrock (from mineral SO4

2- deposits or via
FeS2 oxidation), hydrolysis of organic matter in the water
column, meteoric waters or aerosols inputs (Zak et al.,
2021). Considering the volcanic nature of Alchichica’s
geological basement, a direct reduced S source to Lake
Alchichica through volcanic outgassing cannot be excluded.
Due to the wide range of S oxidation states exhibited by S
species — from (-II) to (VI) — the S geochemical cycle
is complex and likely involves several types of microbially-
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Figure 8. S K-edge µXANES spectra linear combination fitting. (a) Results of linear combination fitting for one S K-edge
spectrum (red) of the 40 m deep sample using three reference compounds (internal reference for SO4

2-, ID21, S0 reference
and Na-tetrathionate reference, with energy peaks at 2472.3 and 2477.7 eV). The residual is shown in green; (b) Linear
combination fitting for another S K-edge spectrum (red) of the 40 m deep sample using two reference compounds (internal
reference for SO4

2- and the ID21 FeS2 reference), showing the presence of FeS2 (with energy peak at 2471.9 eV). The
residual is shown in green. This spectrum is different from the one shown in (a), illustrating spatial variability within a single
microbialite sample: the spectrum shown in (a) probed tetrathionate-like molecules, while the one shown in (b) probed
pyrite instead. (c) Linear combination fitting for the 30 m deep sample S K-edge spectrum (red) using two reference
compounds (internal reference for SO4

2- and the ID21 FeS2 (S(-I)) reference, suggesting the presence of FeS2: with
energy peak at 2471.9 eV). The residual is shown in green; (d) Linear combination fitting for the 10 m deep sample S
K-edge spectrum (red) with two reference compounds (internal reference for SO4

2- (S(VI)) and the ID21 S0 reference),
showing a good fit with S0 (with energy peak at 2472.5 eV). The residual is shown in green.

catalyzed processes such as dissimilatory and assimilatory
reductions, oxidation and disproportionation (Haglund et al.,
2002; Lamers et al., 2002; Canfield et al., 2005b; Camacho,
2009; Luo et al., 2018). As a result, S in Alchichica
microbialites may derive from (i) precipitation of dissolved
SO4

2- into carbonates, (ii) microbial S cycling in the water
column and/or within microbialites, or (iii) a combination
of both.

While our measurements did not allow us to assess
the concentration of hydrogen sulfide throughout Lake
Alchichica water column in May 2019 and October 2022, its
presence was attested based on its smell in water samples
collected below the oxycline at both times. Moreover,
previous studies reported H2S concentrations ranging from
0.08 to 0.13 mM in deep waters of Lake Alchichica during
the stratification period (Hernández et al., 2014; Alcocer,

2022). Last, members of the Thiomicrospiraceae, a family
of planktonic S-oxidizing chemolithoautotrophic Gammapro-
teobacteria, were abundant below the oxycline in October
2022, supporting the presence of dissolved sulfides (Alcocer,
2022; Iniesto et al., 2022) – as well as of other intermediate
oxidized S compounds (including S0). Overall, the seasonal
development of anoxic conditions at the bottom of Lake
Alchichica water column during summer and fall suggests
that deep microbialites are seasonally exposed to various
dissolved S compounds including sulfides.

4.2 Sulfates contained in Alchichica microbialites

Alchichica microbialites contain S, as clearly established
by SEM-EDXS, S K-edge XANES, and XRF analyses. S,
whether in oxidized or reduced form, presents a general
phase-related distribution pattern: it is preferentially con-
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Figure 9. Relative quantification of three different S redox species (based on their respective energy ranges) in Lake
Alchichica microbialites collected in October 2022. Each histogram bar corresponds to an individual acquired spectrum.
The proportions of the spectral signals from reduced S species (from the energy range ∼ 2471 to ∼ 2473 eV), S(-I) to S0,
are in red; S(II) species (from ∼ 2476 to ∼ 2479 eV) are in yellow. Oxidized species, mainly SO4

2- (S(VI) from ∼ 2480 to
∼ 2482 eV) are in blue. Spectra acquired in areas containing S hotspots have been marked with an asterisk. (a) Relative
quantifications of S species in the 10 m deep sample; (b) Relative quantification of S species in the 30 m deep sample; (c)
Relative quantification of S species in the 40 m deep sample.

centrated within the aragonite laminae of microbialites
across all depths. By contrast, the S signal significantly
weakens in deeper zones of the microbialites, dominated by
hydromagnesite and/or huntite, even if it remains present,
partly explaining some heterogeneities in the reduced S
content within deep microbialite (Fig. 9). One possible
explanation for this distribution pattern in microbialites
is that S abundance is globally controlled by microbial
activity. Supporting this hypothesis, aragonite typically
forms the outer layers of the microbialites, where it en-
tombs dense aggregates of cyanobacteria affiliated to the
Pleurocapsales order (Xenococcaceae family in the Genome
Taxonomy Database — GTDB-taxonomy: Parks et al.,
2021; Couradeau et al., 2013; Gérard et al., 2013; Saghaï
et al., 2015). Consequently, part of the detected S may
originate from the degradation of organic S present within
cyanobacterial cells, which is eventually oxidized into SO4

2-.
This is consistent with the overall low TOC of these samples
showing intense carbon degradation (Havas et al., 2025). In
contrast, no abundant cell remnants are observed in huntite-
and hydromagnesite-rich areas.

An additional, non-exclusive explanation for this S distri-
bution is that mineralogical factors influence S retention.
S was predominantly identified as S(VI) across all micro-
bialite samples, regardless of depth and irrespective of the

carbonate mineral phases (aragonite, hydromagnesite or
huntite), accounting for 40 % to 90 % of the total S K-
edge XANES signal (Fig. S5). Comparison of the Alchichica
microbialite diffuse S XANES spectra with reference com-
pounds precludes the presence of calcium sulfate minerals,
such as gypsum, since the distinctive features past the white
line do not match (Fig. S7). These spectral features at
∼ 2497 eV result from multiple scattering contributions from
S species and are diagnostic of the mineral phase (Fleet,
2005; Veronesi et al., 2013). By contrast, the microbialite
sulfate XANES spectra resemble those of (i) carbonate
associated sulfates (CAS) and (ii) organosulfates.

The CAS hypothesis is plausible, although bulk FTIR
analyses did not reveal CAS-specific spectral signatures.
This may be due to the low amount of S in the microbialites,
which may be below FTIR detection limits (Fig. S9). Yet,
dissolved S concentrations remain elevated throughout the
Lake Alchichica water column (∼ 11 mM), supporting the
possibility that SO4

2- may be incorporated into precipitating
carbonate phases, such as aragonite, through substitution
of carbonate groups (Pingitore et al., 1995). Combined SR-
µXRF and SEM observations show that at least a portion of
the S is diffusely distributed and more abundant in aragonitic
regions. This suggests that carbonate substitution by
inorganic SO4

2- may occur preferentially in aragonite rather
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Figure 10. Hyperspectral map acquired on the 40 m deep microbialite (400 nm/pixel; 64 µm x 24 µm area). (a) SR-µXRF
S map of an aragonitic layer within the 40 m deep microbialite thick section. The dashed rectangle indicates the area
for the hyperspectral map. The arrows correspond to the object also highlighted by white arrows in the image (b); (b)
BSE SEM image of the region highlighted in image (a). Note the 6–8 µm spherical shapes corresponding to biogenic
structures in aragonite, outlined by black edges and marked with white arrows. Image contrast and color were modified
using ImageJ software to highlight the edges of the biogenic remains. The dashed rectangle indicates the area for the
hyperspectral map. (c) Cumulated S µXRF map integrated over excitation energies from 2471 to 2478 eV for the reduced
and intermediate species (S(-I), S0, S(II), shown in green to blue) and from 2478 to 2482 eV for the oxidized species
(SO4

2-, shown in red) in the zone highlighted in image (a). Circular objects are highlighted in this projection; (d) Average
S K-edge XANES spectrum showing the energy range (in green-blue) for reduced and intermediate S species and (in red)
for oxidized species; (e) k-means clustering of the S energy map from the zone highlighted in (a). Four clusters are used
(C1, C2, C3, and C4), highlighting circular S-hotspots within a S-enriched area, and showing that these S hotspots contain
a combination of oxidized and reduced S species, with reduced species being relatively more intense than in the surrounding
area. (f) Mean S K-edge XANES spectra for the four clusters shown in (e), revealing characteristic reduced S peaks with
increasing intensity toward the S hotspots. Each cluster is represented by an average spectrum and the envelopes around it
correspond to the standard deviation.

than in huntite or hydromagnesite, potentially explaining
the observed spatial distribution pattern (Figs 3, 9). We hy-
pothesize that this preferential incorporation of SO4

2- within
aragonite could be attributed to (i) crystallographic factors
that render the aragonite lattice more susceptible to SO4

2-

incorporation compared to huntite and hydromagnesite, or
(ii) possible inhibitory effect of SO4

2- on the precipitation

or stability of huntite and hydromagnesite (Santos et al.,
2024). These hypotheses will require further testing in the
future, such as targeted analyses of the presence of CAS
in Mg-carbonates and SO4

2- incorporation kinetics within
these phases. Alternatively, at least some of the sulfates in
the microbialites could be in an organic form. Supporting
this hypothesis, S XANES spectra from the Alchichica
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Figure 11. Association of silicon, magnesium and iron with S in an aragonitic layer of the Lake Alchichica microbialite
collected in 2022. (a) BSE SEM image of an aragonitic layer from the 40 m deep sample, including the area marked
with a white square where the SR-XRF map of Figure 10 with the biogenic S-enriched structures was acquired (white
dashed square). Yellow dashed lines highlight the S-enriched laminae; (b) EDXS elemental map of calcium (green) and
magnesium (blue) of image (a), showing aragonite and hydromagnesite zones, along with S (yellow), iron (red) and silica
(turquoise) distributions; (c) Quantified map of S; (d) EDXS spectrum of S-enriched zones in image (a), indicated by
the yellow arrow; (e) SR-µXRF S and phosphorus maps, acquired over the same zone as (a), showing S-enriched circular
objects localized within phosphorus laminae, highlighted by dashed white lines.

microbialites closely resemble those of n-hexadecyl sulfate
(taken as a model for organosulfates in general) as measured
by Kajitani et al. (2023, Fig. S8). This similarity includes
not only the main sulfate peak but also lower energy peaks
at ∼ 2473 and ∼ 2477 eV.

Overall, the sulfates detected in the microbialites possibly
represent a combination of organic sulfates and inorganic
CAS. Future isotope analyses may enable us to better
assess the organic vs inorganic origin of these sulfates,
provided they display distinct isotopic compositions, and
the transformation pathways through which they originate.

4.3 Anoxic conditions recorded by reduced S in micro-

bialites

4.3.1 Detection of reduced S species in microbialites

Although the exact speciation of sulfate compounds in
Alchichica microbialites, whether organic or inorganic, re-

mains uncertain, reduced S species were undoubtedly de-
tected in all of them (Fig. 7). Comparison with reference
spectra from the literature suggests that part of this re-
duced S likely corresponds to organic S functions such as
sulfoxides, polysulfides and/or heterocyclic S (cf. Orthous-
Daunay et al., 2010, ID21 database; Fig. S6). Some of
these species co-occurred as evidenced by spectral peaks at
∼ 2472.9 eV (e.g. organic disulfides) and ∼ 2477.7 eV (e.g.
sulfoxides). In addition, both FeS2 and S0 were detected in
Alchichica microbialites. Differentiating between these two
compounds can be challenging due to overlapping peaks
(Wang et al., 2015). However, subtle shifts in energy ranges
were observed for these peaks, allowing us to assign peaks
at ∼ 2471.3–2472.2 eV to FeS2 and those at ∼ 2472.5–
2472.9 eV to S0. These reduced S species were mostly co-
localized in hotspots of variable sizes and shapes, as attested
by SR-µXRF and SEM-EDXS (Figs 6, 7), predominantly
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Figure 12. Schematic representation of S speciation recorded in shallow and deep microbialites during lake mixing and
stratification. The following abbreviations are used: CAS for carbonate-associated sulfates; S(-I, 0, II) for reduced sulfur
species. (a) During the lake’s mixing period (oxic water column), some bacterial cells in both shallow and deep microbialites
are encrusted by aragonite at the surface of microbialites. SO4

2- from the water column and the microbial mat is actively
processed and incorporated into microbialites as CAS and/or organosulfates. (b) During stratification, deep microbialites
experience anoxia. Decay of bacterial cells in both shallow and deep microbialites releases S-containing organic matter
into the encrusting microbial mat microenvironments. Microbial/redox production of reduced S species promotes FeS2

precipitation. Sulfate-reducers and anoxygenic photoautotrophs metabolize S, which becomes stabilized under local
reducing conditions and trapped within encrusting microbial mat around cell remnants. (c) When oxic conditions return,
new bacterial cells are active and are encrusted by aragonite containing oxidized S species, while underlying aragonite
layers in deep microbialites retain reduced S signatures (even in small amount) around cyanobacterial remnants, preserving
evidence of past anoxic conditions. During early diagenesis, at least part of the primary aragonite and hydromagnesite is
gradually replaced by diagenetic huntite at depth, which likely alters the cell remnants and associated S.

within aragonite-rich regions, although FeS2 also occurred
in hydromagnesite-dominated areas.

The presence of reduced S in microbialites, including those
forming under continuously oxic conditions can be attributed
to several mechanisms. (i) First, anoxygenic photosynthetic
bacteria typically using hydrogen sulfide as an electron donor
and producing S0 are abundant in Alchichica microbialites.
This indicates an active sulfur cycle within these ecosystems
(Couradeau et al., 2011), which involves a diversity of
reduced S species. (ii) Moreover, anoxic microzones often
develop within microbialite-associated biofilms, even under
globally oxygenated conditions. These microzones may favor
the production of diverse reduced S species by photo- and
chemolithoautotrophic microorganisms as well as sulfate-
reducers (Pages et al., 2014; Vignale et al., 2025). These
processes are further influenced at the local scale by diel

cycles, which modulate shifts in the metabolic activity
of oxygenic phototrophs (Pages et al., 2014). (iii) The
preferential association of S with aragonite, which encrusts
cells, suggests that at least some reduced S may originate
from organic matter degradation, potentially accompanied
by sulfurization reactions (Visscher et al., 2000; Schroth
et al., 2007). (iv) Alternatively, microbial activity in sinking
particulate matter within the deeper water column may also
promote a sulfurization process, leading to the formation
of sulfide-bound organic matter (Raven et al., 2021). This
may, in turn, influence local geochemical cycles both in the
vicinity of and within the microbialites.
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4.3.2 Increase in reduced S content with depth and anoxia

in microbialites

The relative abundance of reduced S species, including
those associated with iron sulfides, increased with depth
in Alchichica microbialites. For example, hotspots
attributed to FeS2, distributed across both aragonitic and
hydromagnesite-dominated areas, became more pronounced
in deeper samples, despite some variability. This was
particularly evident in microbialites collected close to the
oxycline in October 2022, at a depth of 30 m, where
numerous FeS2 occurrences were observed. This pattern is
consistent with the hydrochemical data collected on the
same date: at 30 m, the water column was anoxic, and
a peak in dissolved iron concentration was detected just
above. The dissolved iron might correspond to a reactive
iron pool (dissolved and/or colloidal oxy(hydroxides)),
which undergoes both microbial and abiotic transformations
into iron sulfides below the oxycline (Canfield et al.,
2005a; Nikeleit et al., 2025). Even though dissolved
iron concentrations in the lake water column are low,
seasonal stratification leading to deep-water anoxia
can supply ferrous iron to microbialites. Under anoxic
conditions, microbial reduction of Fe(III) may in addition
occur within microbialite-associated micro-environments,
where SO4

2--reducing bacteria could promote iron sulfide
precipitation (Pages et al., 2014).

In parallel, XANES peaks corresponding to reduced S
oxidation states between 0 and II, generally attributed to
di-/polysulfides/sulfoxide functions in organic compounds,
also intensified with depth. While sulfoxides can form due
to beam-induced damage by electrons or X-rays (Castillo-
Michel et al., 2016), this effect was considered minor
here, given the consistent and depth-dependent increase
of the relative abundance of these chemical species. In-
stead, this pattern suggests enhanced microbial S cycling
at depth, potentially driven by an increased abundance
and/or activity of S-metabolizing organisms, such as S-
oxidizing bacteria, anoxygenic photosynthesizers using H2S
as an electron donor and sulfate reducers, all detected in
surface microbialites in Alchichica (Saghaï et al., 2016).
Supporting a primary microbial influence on S speciation,
hotspots containing S0 and sometimes sulfoxides functions
were predominantly observed within aragonite-rich regions
near biofilms in deep microbialites. Some of these hotspots
displayed shapes and sizes consistent with encrusted bacteria
and were located in phosphorus-rich laminae, which are
likely enriched in organic matter at 40 m depth (Anderson
et al., 2001). These observations suggest that reduced
S species in Alchichica microbialites (including FeS2, S0,
and organic S compounds) are associated with anaerobic
microbial processes (Pages et al., 2014; Marin-Carbonne
et al., 2022). These structures were not observed in
huntite zones. This absence may be explained by the
secondary formation of huntite during early diagenesis, which
involves the destabilization (i.e. dissolution) of primary
aragonite and hydromagnesite in the Mg-rich interstitial
solutions of deep microbialites as recently demonstrated
by Caumartin et al. (2025). This process likely degrades

primary cell remnants and their S content. Interestingly,
although huntite is thermodynamically the most stable
phase under Lake Alchichica conditions, it is not a pri-
mary phase and its formation appeared to be kinetically
hindered compared to the primary aragonite-hydromagnesite
assemblage (Caumartin et al., 2025). Overall, this calls
for more specific organic carbon mapping within these
mineral phases (Couradeau et al., 2013). Such processes
likely drove a dynamic S cycle within the water column
and microbialite-associated biofilms, strongly modulated by
seasonal redox fluctuations (Gomes et al., 2022; Marin-
Carbonne et al., 2022). Upon re-oxygenation, sulfides,
including Fe-S phases, are oxidized, releasing intermediate
S species such as thiosulfates, polysulfides, or tetrathionate-
like compounds, before eventually converting to their fully
oxidized state i.e. SO4

2- (Zopfi et al., 2004; Bao et al.,
2022). These interpretations are summarized in Figure 12.

Overall, a clear distinction emerges between the S species
in the shallow microbialites (where constant oxic conditions
prevail in the water column) and those in deep microbialites
(which experience seasonal anoxia). According to XANES
spectra, this difference is primarily attributed to the presence
of S0, FeS2 and organic S compounds at depth. As a
result, and given that microbialite-associated biofilms rapidly
respond to environmental changes, S speciation within
microbialites may serve as an indicator of environments
that experience anoxic conditions, at least seasonally. One
possibility is that reduced S is incorporated into microbialites
when no carbonate precipitation occurs, via sulfide formation
within microbialite porosity. Alternatively, sulfides may be
incorporated during microbialites growth (i.e. calcification),
potentially when seasonal anoxic conditions prevail, while
at the same time the lake water remains persistently super-
saturated with respect to amorphous calcium carbonates
and monohydrocalcite. In either scenario, S speciation
suggests that deep microbialites record the water column
redox stratification (Fig. 12).

An interesting unresolved question is how the diagenetic
transformation of aragonite and hydromagnesite into huntite
(Caumartin et al., 2025) influences S speciation. Future
detailed investigations should focus on determining whether
this mineralogical replacement, likely through dissolution
and reprecipitation, leads to a reduction in the abundance
of CAS on one hand (knowing that aragonite contains
abundant CAS but hydromagnesite does not), and a loss
of organic sulfur on the other hand, particularly given that
aragonite often encrusts microbial cells.

5 Conclusion

In this study, we investigated S speciation in modern lacus-
trine microbialites from Lake Alchichica, comparing shallow
microbialites, which experience constant oxic conditions
with deep microbialites, which are exposed to seasonal
anoxia. By combining bulk chemical analyses, laboratory
XRF, SEM-EDXS, SR-µXRF and µXANES spectroscopy
at the S K-edge, we demonstrate that S speciation varies
with microbialite formation depth. While sulfate remains
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the dominant S species at all depths, potentially present
as a mixture of organic sulfate and CAS, a higher relative
abundance of reduced S species, including FeS2 and S0, was
observed in deep microbialites. This enrichment suggests
that microbialites can record a redox-sensitive S signature,
reflecting seasonal stratification and episodes of anoxia in
the overlying water column. Moreover, our findings highlight
the importance of multi-scale S speciation analyses to fully
assess the redox history recorded in microbialites. While we
clearly identify the redox stratification of the lake based on
S speciation, the total S in the microbialites remains low and
is mainly recorded as oxidized S at all depths. At Alchichica,
this may be partly explained by the seasonal reoxidation of
the entire lake water column, consistently with a TOC/TS
ratio of around 5 in the samples (Berner and Raiswell, 1983).
Finally, our findings reinforce the idea that microorganisms
impact the local S cycle in microbialites. The S isotopic
composition of FeS2 has been proposed as a signature of
microbial S cycling in past environments through the study
of modern microbialites (Marin-Carbonne et al., 2022). We
suggest that combining detailed S isotope and speciation
analyses could be a powerful approach to reconstruct S
cycling in ancient microbialites.
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