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ARTICLE INFO ABSTRACT

Understanding how microorganisms adapted to the high arsenic concentration present on early Earth requires
understanding of the processes involved in the arsenic biogeochemical cycle operating in living microbial mats.
To this end, we investigated a living microbial mat from Laguna Brava (Salar de Atacama, Chile), a hypersaline
lake with high arsenic concentration, using an array of conventional geochemical techniques, such as X-ray
diffraction, SEM-EDX and Confocal Laser Scanning Microscopy (CLSM), combined with state-of-the-art high
resolution scanning imaging techniques, including X-ray micro-fluorescence (uUXRF) and X-ray Absorption Near
Edge Structure (XANES) mapping. This experimental approach allowed us to unravel the relationship between
the microbial mat activity, mineral occurrence, arsenic speciation, distribution of major and trace elements and
their relationship with the mineralogy and the exopolymeric substances (EPS). We show that As was not linked
to Ca or Si, and only moderately related to Fe, resulting from sorption onto an iron (oxy)hydroxide mineral. In
addition, we were able to identify organic-rich globules containing significant As but no other trace metal(loid)s,
and determine the co-existence of As(IlI) and As(V). These observations strongly support the occurrence of
microbially-mediated arsenic cycling in these microbial mats.
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1. Introduction lead to mutagenic effects (Lievremont et al., 2009). To cope with these

deleterious effects, microbes must have adopted strategies to detoxify

Due to widespread volcanism and geothermal activity characteristic
of the Precambrian, considerably more arsenic accumulated on the
Earth's surface than today (Cabral and Beaudoin, 2007; Witt-Eickschen
et al., 2009). This posed both a biochemical challenge and advantage.
The challenge is a direct consequence of the fact that the most common
arsenic oxyanions in Nature, arsenite (AsO; ™3, As(Il)) and arsenate
(AsO4 ™3, As(V)), have a high affinity to sulfhydryl groups in amino
acids, by which they can disrupt the protein function (Oremland and
Stolz, 2003). Moreover, arsenate is a phosphate analogue that can
displace phosphate ions in enzymatic reactions and therefore, may in-
terfere with the cellular metabolisms (Oremland and Stolz, 2003) or
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arsenic, such as the arsenic resistance system (ars gene), which uses
encoded proteins that identify and transport arsenic (Paez-Espino et al.,
2009), and the less studied methylation of As species (Bentley and
Chasteen, 2002). Alternatively, the arsenic redox cycling reactions
could provide metabolic energy on early Earth, through bacterially-
mediated As(V) reduction and, conversely, As(II) oxidation. These ar-
senic metabolisms can be observed today in anaerobic extant habitats,
such as the hypersaline environments of the Mono Lake and Searles
Lake, California (Oremland et al., 2004) and the High-Altitude Andean
Lakes, such as Laguna Brava, in Salar de Atacama, and Laguna Dia-
mante, located inside the Galan Volcano crater in Argentina (Farias
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et al., 2013; Rascovan et al., 2016).

The potential biogeochemical role of As on early Earth has been
addressed in several investigations based on modern sediments and
bacterial cultures. For instance, biomolecular studies have demon-
strated that the arsenite oxidase enzyme Aio has a deeply rooted origin
that predates the divergence of Archaea and Bacteria from the Last
Universal Common Ancestor (Lebrun et al., 2003; Duval et al., 2008).
However, very few biogeochemical data supporting this claim have
been put forward so far. Recently, Sforna et al. (2014) reported the
discovery of 2.7-billion-year-old microbial stromatolites from
Tumbiana, in which fossilized microorganisms and biogenic minerals
were associated with high concentrations of As. Based on hierarchical
length-scale information of the element distribution and inter-element
correlations, Sforna and colleagues argued that Tumbiana stromatolites
were formed by microbial mats in an anoxic, salt-saturated lake setting,
and, importantly, in which As(IIl) oxidation occurred either by an-
oxygenic photosynthesis and/or denitrification. By extension, the ac-
cumulation of As(V) in these Archaean lacustrine brines could have
created niches for chemoautotrophic or heterotrophic anaerobes cap-
able of As(V) respiration (Oremland et al., 2009).

Analogues of Precambrian ecosystems can be found today in remote
areas such as the hypersaline lakes in the Altiplano andino. This en-
vironment is subject to extraordinary high UV irradiation (Cabrera and
Pizarro, 1992; Albarracin et al., 2016), extreme diel temperature fluc-
tuations typical of a desert environment, hypersaline conditions and
high arsenic concentrations due to active volcanism (Lara et al., 2012).
Noteworthy, in Laguna Diamante, a high-altitude Andean Lake in Ar-
gentina, sequences for arsenite oxidase and respiratory arsenate re-
ductase have been identified in Haloarchaea. These Haloarchaea have
preserved As metabolisms for a very long time, linking these to an-
cestral metabolisms that prevailed on ancient Earth (Rascovan et al.,
2016). Haloarchaea were identified as the most abundant heterotrophic
microbes in a variety of different benthic microbial ecosystems in La-
guna Tebenquiche (Salar de Atacama, Chile) where As concentrations
in the water column reaches 0.07 mM (Fernandez et al., 2016). In the
present work, we studied microbial mats from Laguna Brava, another
hypersaline lake from Salar de Atacama. This habitat may represent a
potential living analogue of the ancient Earth (Farias et al., 2013). The
hypersaline Laguna Brava is drained with groundwaters containing
leached volcanic material (Boutt et al., 2016; Corenthal et al., 2016), in
which high concentrations of arsenic and sulfide are found. Hence, the
microbial metabolisms in the mats are possibly driven by anoxygenic
photosynthesis using reduced sulfur and arsenic compounds (Visscher
et al. in prep). Anaerobic processes could include fermentation, me-
thanogenesis, sulfate and likely arsenate reduction. The foremost aim of
the present research is to identify geochemical proxies of the As-based
metabolic processes occurring within the Laguna Brava mats. To do so,
we have combined X-ray diffraction, SEM-EDX and Confocal Laser
Scanning Microscopy (CLSM) with synchrotron-based scanning tech-
niques, including X-ray micro-fluorescence (uUXRF), point XANES (X-ray
Absorption Near Edge Structure) spectroscopy and XANES imaging
(Somogyi et al., 2015).

2. Materials and methods
2.1. Site description and sampling

Field campaigns in Laguna Brava were undertaken in January 2015.
Laguna Brava is one of several lakes in the southern part of the Salar de
Atacama, in northern Chile (Fig. 1a), located at 2350 m above sea level.
The Salar de Atacama presents a dominant halite-hosted brine nucleus
surrounded by a zone where sulfate, carbonate and diatomaceous de-
posits occur interlayered with siliciclastic alluvium and volcanic det-
ritus (Corenthal et al., 2016). The environment is characterized by high
solar irradiation (maximum UV-AB reaches ca. 60 Wm ™ 2), large var-
iations in the amount of brine evaporation (Boutt et al., 2016), extreme
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Fig. 1. Site location and view of the studied microbial mat from Laguna Brava,
Salar de Atacama. (a) Aerial view of Laguna Brava showing the sampling site
(inset from the Direccién General de Aguas website)). (b) Sampling site at
Laguna Brava. (c) Photographs of a slice of the living microbial mat analyzed in
this study. (d) Section of the microbial mat embedded in LR white (black box
represents the analyzed zone shown in e). The arrow indicates the direction of
growth. (e) 100 um-thick polished section of the microbial mat. The two white
boxes correspond to the two areas (area 1 and area 2) investigated using syn-
chrotron techniques.

diel temperature fluctuations (air temperature fluctuates seasonally
from —10 °C to 35 °C) and high arsenic concentrations (> 200 pM).

The microbial mats studied in this work are located at the south-
eastern shoreline of Laguna Brava (Fig. 1a), in a shallow (a few cen-
timeters deep) channel that feeds groundwater into the lake. The mi-
crobial mats were sampled and immediately wrapped in PVDC plastic,
transported to the lab in plastic containers and stored in the dark at
4°C.

2.2. Water chemistry

The pH and the temperature were measured using a Metter-Toledo
GoFive handheld pH/temperature probe. The conductivity and the
salinity were determined with a Fisher Accumet AP75 handheld con-
ductivity/temperature probe. Three replicas of water samples were
taken ca. 5 cm above the mat and stored in glass vials (4-ml vials either
under in situ pH conditions, acidified for analysis of major ions or fixed
in 1.25mM EDTA 87 mM acetic acid to determine the arsenic con-
centration). The water samples were kept refrigerated while being
transported to the laboratory. Major cation (NH,*, K*, Mg?* and
Ca?") and anion (SO4>~ and NO5;~) concentrations were determined
by ion chromatography (Dionex ICS 3000) (Pace et al., 2018). Sulfide
(H,S/HS ™ /S27) concentrations were measured using a microelectrode
(Unisense, for details of the procedure for measuring the arsenic and
sulfur compounds, see Sforna et al. (2017) and Pace et al. (2018)). The
physicochemical composition of the water, given in Table 1, represents
the average composition of the three water samples.

2.3. Mineralogical and elemental analysis

2.3.1. X-ray diffraction (PXRD)

The mineral composition was determined by powder X-ray diffrac-
tion. Finely grounded powder of fresh and dried (40 °C/24 h) samples
were analyzed using a Panalytical X'per MPD diffractometer with
copper anode (Cu Ka radiation). The diffraction patterns were collected
from 5 to 80° (26) and analyzed with the program XPowder (Martin,
2004) and the database ICDD-PDF2. The patterns obtained from fresh
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Table 1

Physicochemical properties of the water column at the sample lo-

cality.

Physicochemical prop.
pH

Temperature air ("C)
Temperature water (°C)

Laguna Brava

8.0 = 0.1

7.9 (m.)- 23.7 (a.)
8.0 (m.)- 18.7(a.)

Alkalinity (mg/L) 685.5 + 12.0
Conductivity (mS/cm) 99.0 + 1.1
Salinity (g/L) 71

Light intensity (uE/m>s) 78 (m.) - 1654 (a.)
Arsenic (UM) 206.8 = 7.6
Sulfide (uM) 103.9 = 3.1
Sulfate (mM) 40.8 = 1.1
Nitrate (uM) 21.7 £ 1.5
Ammonium (uM) 74.7 + 7.6
Magnesium (mM) 122.3 = 2.1
Calcium (mM) 20.7 = 2.1
Potassium (mM) 155.3 = 3.1

*Measurements labelled m. or a. correspond to early morning or
afternoon measurements, respectively.

and dried samples are shown in Fig. SI1.

2.3.2. Microscopy SEM-EDX

Sample section of fresh microbial mats of about 2 x 1 X 0.5cm®
dimensions were cut perpendicularly to the lamination (Fig. 2), fixed on
an aluminum stub holder and sputtered with carbon. The samples were
observed under vacuum using a Zeiss EVO SEM equipped with an En-
ergy Dispersive Spectrometer (Bruker) using a voltage of 15keV and a
current beam of 2nA. Spectra were analyzed using the software
Quantax 200 (Bruker).

2.3.3. Major and trace element analysis

The major and trace element composition of the portion of mat
investigated using synchrotron X-ray microfluorescence were analyzed
at the Services d'’Analyses des roches et des Minéraux (SARM) du Centre de
Recherches Pétrographiques et Géochimiques de Nancy, France (Table 2).
Major and trace elements were measured by ICP-OES and ICP-MS, re-
spectively. The uncertainties are 5% for concentrations > 10 ppm and
15% for concentrations between 10 and 1 ppm (see Carignan et al.
(2001) for a detail description of the experimental protocols use at
SARM for major and trace element analyses).

counts

o

Tkev !

Fig. 2. Representatives SEM images (left) of the studied microbial mat showing
the mineralogy, diatoms and other organisms embedded into an organic ma-
terial. EDX analysis (right) of (c) iron-, (d) silicate- and (e) calcium-bearing
phases.
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Table 2

Bulk major and trace element concentrations of the Laguna

Brava mat.
Sample Concentration
Major oxide (%)
SiO, 29.1
CaO 11.0
Na,O 7.8
MgO 6.3
K0 1.3
Al,O5 0.3
Fe,05 0.1
LOI 44.1
Trace element (ppm)
Sr 1360.0
As 330.5
Ba 53.8
Mo 48.4
Cu 28.8
Rb 24.9
Ge 12.0
Cl >Zn >V <10
Corg >7Zr > Pb > Cr <5

*LOI = Loss-on-ignition. It represents the fraction associated to
water and organic matter.

2.3.4. Confocal laser scanning microscopy analysis

The thin section of Fig. 1le was examined using an Olympus Fluo-
View FV1000 CLSM characterized by a spectral resolution of 2 nm and a
spatial resolution of 0.2 um. An additional section of the fresh mat in-
vestigated was also observed. For examination of the later, an oil im-
mersion objective UPLSAPO 60XO (Olympus; 60 magnification, nu-
merical aperture 1.35) was used. For both samples, fluorescence stack
images were obtained with a concomitant excitation at wavelengths of
405, 488 and 543 nm by collecting the emitted fluorescence between
425-475, 500-530 and 560-660 nm. Fluorescence spectra were ac-
quired by collecting the emitted fluorescence between 435 and 796 nm,
with bandwidth analyses of 10 nm and step size of 5nm. The images
were visualized and processed using the F10-ASW FLUOVIEW software
(Olympus). The samples were investigated following the protocol de-
scribed by Gérard et al. (2013).

2.4. Synchrotron analysis

For synchrotron analysis, microbial mats were progressively dehy-
drated in a series of ethanol baths (30%, 50%, 70%, 90% and 100%)
and then gradually impregnated with hard grade LR-white resin (for
details on the protocol, see Gérard et al. (2013)). This resin has a strong
resistance to prolonged light exposure inherent to imaging and is free of
metallic impurities. Petrographic thin sections were cut with a diamond
wire saw and polished down to a homogenous thickness of ~100 pm
(Fig. 1e). All synchrotron analyses were performed at the Nanoscopium
beamline, SOLEIL synchrotron facility, France (Somogyi et al., 2015).
The sample was raster scanned in a focused X-ray beam while mea-
suring the emitted secondary radiation and/or the transmitted beam at
each position. This allows simultaneous measurement of com-
plementary contrast mechanisms including X-ray fluorescence, ab-
sorption, phase, and dark field revealing sample composition, chemistry
and structure. The spatial resolution is determined by the beam-size and
the experimental conditions and is typically between pm and a few tens
of nanometers.

2.4.1. X-ray micro-fluorescence (UXRF)

A monochromatic incident X-ray beam was focused into a
2 x 2um? FWHM spot (Full Width at Half Maximum) at the sample
position by using Kirckpatrick-Baez (KB) mirrors. The incident beam
energy, 12keV, was chosen by a double-crystal Si(111)
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Fig. 3. XRF maps of area 1 of Fig. 1e showing the distribution patterns of As,
Ca, Fe, Si, S, Cu, Ge, Ni, Zn and Cr. The colored scale indicates the background
intensity (blue, below detection limit) and the maximum measured intensity
(red). Dimension of the map is 250 um x 150 um. Mapping was performed
using a 0.5um x 0.75um incremental step. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the web version of
this article.)

monochromator, just above the As K-edge for XRF imaging. At this
energy, the measured photon flux in the 300 x 300 nm?-sized focused
beam was ~2 X 10'° photons/s. The sample was mounted onto a 3-axis
sample positioning stage. The X-ray fluorescence radiation emitted by
the sample was recorded by two identical silicon drift detectors of
50 mm? active surfaces (KETEK H50, KETEK GmbH) used with XMAP
(XIA LLC) fast digital multichannel analyzer cards. The detectors were
placed at backscattering geometry at ~100° compared to the incoming
X-ray beam (at ~10° compared to the sample surface) (Somogyi et al.,
2015). Elemental distribution maps (Fig. 3) were reconstructed from
the XRF spectra by using preselected spectral regions of interest (ROIs)
and summing the intensities measured by the two detectors
(Bergamaschi et al., 2016) (Fig. SI2a). A deconvolution procedure using
PyMCA (Solé et al., 2007) was applied to regions of the X-ray spectrum
showing X-ray peaks overlap. The transmitted X-ray beam was recorded
by a 300 um-thick Si diode placed behind the sample, providing in-
formation about the morphology of the sample.

2D elemental distribution and transmission contrast maps were
measured in two different areas. The first map consists of a
250 x 150 um® large area measured using a resolution step of
0.5 x 0.75um? and 20 ms per point dwell time. The second map was
obtained on a 140 x 140 um? area using a 0.5 X 0.5um? resolution
step and 30 ms per point dwell time. In order to compare the elemental
distribution maps measured with different dwell times, the two in-
tensity maps were normalized using the incident X-ray intensities (I0)
recorded for each pixel. Further data treatment was performed using
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Matlab.

2.4.2. X-ray absorption near edge structure (XANES)

Seven different pellets and mineral standards were used for cali-
brating the XANES analysis of arsenic. These include: arsenopyrite
(AsFeS), orpiment (As,S3), fetiasite (As(II)-fet, (Fe(ILIII)Ti)3(As
(IIN)205)0,; Asy03 pellet (Sigma-Aldrich), arsenobetaine (Asbet,
CsH;1As0,), legrandit (As(V)-leg, Zn,(As(V)04)(OH)-(H,0)) and As,0s
pellet (Sigma-Aldrich). Micro-XANES measurements were performed in
several spots of the mat sample.

XANES spectra were collected by scanning the energy using 0.5 eV
steps around the K-edge of As in X-ray fluorescence and transmission
modes. The beam energy was calibrated by defining the edge position of
the legrandit and As»Os standards at 11.8745keV. The inflections
points of the As K-edge XANES spectrum remained stable within 0.5 eV
during the measurement period. To ensure the absence of photo-oxi-
dation/reduction during synchrotron measurements, several As-XANES
spectra were collected successively as a function of time in some se-
lected points of the sample. No changes in these successive XANES
spectra have been detected.

In order to determine the spatial variation of the speciation of ar-
senic in the sample, several “characteristics” X-ray energies were de-
fined for XANES mapping. These X-ray energies correspond to the white
lines of the XANES spectra of FeAsS, As,S3, As,Os, Asbet and As,Os5
standards. In addition, three additional energy points were selected,
corresponding to the pre- and far away As K-edge, and a medium en-
ergy point between Asbet and As,Os standards. The resulting excitation
energies (11.8653, 11.8684, 11.8696, 11.8714, 11.8727, 11.8745 and
11.8819 keV) allowed tracking the variations of arsenic speciation in
the sample (Fig. SI2b). For each incident X-ray energy, a XRF map was
obtained, representing a total of 7 X-ray maps for each selected zone of
measurements. The obtained As speciation maps were treated with
Matlab software. Only As,Os3, [As(III)], and As,Os, [As(V)], maps are
shown here for clarity (Fig. 4).

2.4.3. Principal Component Analysis (PCA) and clustering

The elemental intensities obtained from the XRF spectra were fur-
ther analyzed by Principal Component Analysis (PCA) in an un-
supervised manner for data reduction to identify quantitatively the
dominant modes of metal associations and spatial distributions. The

—— ptl
—— pt2

11,870 11,880

11875
Energy, keV/

Fig. 4. XANES maps of (a) As (III) dominant region and (b) As(V) dominant
region of the area 1 of Fig. le. The colored scale indicates the background
intensity (blue) and the maximum intensity (red). The white (in a) and red (in
b) boxes show regions where As(III) or As(V) predominates, respectively. (c)
Reconstructed transmission map of the area 1 of Fig. 1e. The scale indicates low
absorption/high transmission (black) and high absorption/low transmission
(white). (d) XANES spectra at the As K-edge obtained in two representative
areas where either As(III) (point 1 in panel a) or As(V) (point 2 in panel b) is
most abundant. The three grey curves correspond to As,Ssz, As,O3 and As,Os
standards.
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principal components are linear combinations of the original elemental
intensities, along which the variation in the data is maximal. In order to
treat all the variables (chemical elements) on the same basis, Singular
Value Decomposition (SVD) was used to obtain the normalized eigen-
vectors of the correlation matrix. Clusters and scatterplots were derived
to interpret the results of the multivariate analysis. The scores and
loadings provide information about the measured sample pixels and the
elements in the principal component space, respectively. Since PCA is
designed to identify directions with the largest variation, it is not
adapted for the identification of groups describing small sample var-
iance. In the present case, the method was well-suited for discarding
several variables and obtaining a final multivariate analysis with the
chemical elements most linked with arsenic (Ca, S, Si and Fe).

PCA and clustering were performed on elemental data of area 1 (Fig.
SI3 and tables SI from T1 to T3). Additional clustering was performed
on the arsenic speciation maps obtained by XANES-imaging of area 2
(see clustering in Fig. 6b).

3. Results
3.1. Geochemical characteristics

The studied microbial mats are located in a channel supplying water
to the lake (Fig. 1a). The water passing through this channel is asso-
ciated with deposits of carbonate mounds, carbonate muds and diato-
mites (Boutt et al., 2016). The mats occur as continuous pink layers
overlain by a 10cm thick water column at the time of sampling
(Fig. 1b). In cross section, the mats show a laminated structure com-
posed of alternating green, purple, black and sporadically grey colored
layers (Fig. 1c). The thickness of the layers varies with depth, and the
deeper layers underline the progressive diagenetic alteration of the
microbial mat through microbial and physicochemical processes. SEM
images show that these mats are mainly composed of minerals, diatoms
and prokaryotic microorganisms embedded into an organic exopoly-
meric material (Fig. 2).

At the time of sampling, the pH of the water column at the sample
location was 8.0 * 0.1, the water temperature was 8.0-18.7 °C during
the early morning and mid-afternoon, respectively, and the salinity was
71 g/L. Noteworthy were the high arsenic (206.8 + 7.6 uM) and sul-
fide (H,S/HS™/S%>7) (103.9 + 3.1 M) concentrations in the water
column (Table 1). In addition, sulfide concentration in the porewater
retrieved from the mat showed values between 104 and 234 uM (Sup-
plementary Table 4). The ratio of major ions in the water column was
S04~ > NO;~ for anions and K* > Mg?* > Ca?* for cations
(Table 1).

3.2. Mineralogy

PXRD analysis showed that aragonite was the main phase with
minor contributions of gypsum, quartz and a poorly crystalline phase
attributed to iron oxides. In dried samples, halite, sylvite and part of the
gypsum precipitated due to evaporation of the residual water trapped in
the fresh sample (Fig. SI1). Quartz can be related to the diatoms present
at the surface of some microbial mats in this lake and to the siliciclastic
deposits present at Salar de Atacama (Corenthal et al., 2016). Gypsum
crystals may have been transported by the wind from the surrounding
evaporites and trapped by the mat, and/or directly precipitated in the
microbial mat (e.g., Farias et al. (2014)). The detected aragonite was
interpreted to be mainly authigenic since no calcite was present in the
sample that was inspected. EDX measurements confirmed calcium
carbonate phases obtained by PXRD and the presence of Si and O, in
high-Si content minerals and diatom frustules observed by SEM-EDX. A
phase composed of iron oxides was also detected. This phase could
correspond to the poorly crystalline phase observed in the PXRD pat-
terns.

17

Chemical Geology 490 (2018) 13-21

3.3. Major and trace element chemistry

The average major and trace elements of Laguna Brava mats are
represented in Table 2. Laguna Brava microbial mats were mainly
composed of organic matter as indicated by a 44% loss on ignition. The
major elements detected include Si, Ca, Na, Mg, K, Al, Fe and Sr, which
is consistent with the composition of the groundwater (Boutt et al.,
2016). The high concentration of arsenic carried throughout the water
column was reflected in the relatively high abundance of this element
in the sample (330 ppm). Other abundant trace elements include Ba,
Mo, Cu, Rb and Ge (between a range of 50 and 10 ppm) followed by Cl,
Zn and Cr (< 10 ppm).

Two main areas (area 1 and area 2) were selected for u-XRF and p-
XANES mapping and in situ analyses (Fig. 1e). These areas were chosen
based on previous fast-acquisition, poorly-resolved maps obtained in
different zones of the samples. These two areas show contrasted mi-
neral-organic regions as well as localized hot spots of arsenic. Fig. 3
shows the element distribution maps of As, Ca, Fe, Si, S, Cu, Ge, Ni, Zn
and Cr of area 1. Although low Z elements such as Si, Cl and S display
relative intense X-ray peaks, their information depth, which corre-
sponds to the mean free path of the fluorescence photons in the mat-
based matrix, is significantly smaller (~50 pm) than the total thickness
of the sample (100pum). Accordingly, these elements are under-
estimated compared to high Z elements such as Fe, Zn, Cr and As. Si
displayed a fiber-shaped distribution map, which is best attributed to
diatoms. In contrast, S, Zn and Cr occurred as hotspots, while Cu and Ni
appeared locally enriched. Despite a low intensity signal, Ge showed a
similar pattern as As. ICP-MS analysis highlighted the presence of other
elements such as Sr, Mo and Rb. However, these high Z elements were
not detected using the experimental protocol used at Nanoscopium.

3.4. Inter-correlation of elements with arsenic

PCA was first performed using the different elements detected in
area 1. The correlation values obtained (i.e. percentage of the varia-
bility in the data) were too low to provide meaningful inter-correlation
patterns. For this reason, we chose to focus the PCA analysis on the
most abundant elements, that is Si, S, Ca, Fe and As. The contribution of
each PC to the total signal appears relatively small (between 16 and
25%, see Tables S2), which is best attributed to the strong hetero-
geneity of the system. For this reason, five different PC's were necessary
to describe the compositional variation of the sample (Tables S2 and
S3).

Three important observations emerged from the PCA. First, that a
part of Ca appeared linked to S, second, that Si did not show any par-
ticular association to other elements and third and most importantly,
that As only partially correlated with Fe. In order to visualize the dis-
tribution of data reduction, clustering was used, which provides an
“assumption-free” analysis of the distribution of chemical components
in the sample by classifying pixels according to their spectral similarity
(Etschmann et al., 2014). The four clusters shown in Fig. SI3b sum-
marize the most striking features of the sample analyzed. In particular,
the specific contribution of Ca and Fe (cluster 1), zones with a high
contribution of arsenic (cluster 2), fiber-shaped Si distribution likely
reflecting the shape of diatoms (cluster 3), and zones with a high
contribution of sulfur (cluster 4). In order to further investigate the
spatial distribution relationship between Fe and As shown by the PCA,
scatter plots were derived from cluster 1 (Ca and Fe contributions) and
cluster 2 (high As contribution) (Fig. 5). Scatter plots provide a quali-
tative indication of the degree of co-localization (Dunn et al., 2011). In
addition, to illustrate the significance of both scatter plots, distribution
maps of As and Fe of both cluster 1 and cluster 2 were also derived
(Fig. 5c—f). Scatter plot of cluster 1 showed a bimodal distribution de-
fined as ‘A’ and ‘B’ in Fig. 5a. Distribution ‘A’ correspond to the domains
of the map containing mainly Fe with little or only minor contribution
from As (compare Fig. 5¢ and e). Distribution ‘B’ reflected the spatial
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Fig. 5. Co-localization of As and Fe in area 1 of Fig. 1le. Scatter plots of As and
Fe intensities of cluster 1 (a) and cluster 2 (b), and associated element dis-
tribution maps of cluster 1 (c, e) and cluster 2 (d, f). Note the bimodal dis-
tribution of As and Fe in cluster 1 (a) and the linear relation of As and Fe in
cluster 2 (b). In cluster 1, several domains where Fe is not overlapping with As
are shown with the circles labelled ‘A’ in panel e. The domains where As and Fe
are overlapping are shown with circles labelled ‘B’ (in cluster 1, panels c and €)
and ‘C’ (in cluster 2, panels d and f). The total clusters 1 and 2 are shown in
Supplementary Fig. SI3.

overlap between As and Fe. In contrast to the scatter plot of cluster 1,
the scatter plot of cluster 2 displayed a single linear distribution (‘C’, in
Fig. 5b) characterized by a relatively large range of Fe and As con-
centrations. This diffuse pattern is well illustrated in Fig. 5d and f. As
shown in Fig. 4 and discussed below, it is worth emphasizing that the As
(V) is the main contributor to the distribution maps shown in Fig. 5 and
that As(III) represents only a minor component of the system.

3.5. Speciation of arsenic compounds

The resulting maps of As(III) and As(V) revealed that As(III) dis-
played a fiber-shaped pattern, while As(V) appeared either as small,
near-circular spots or as diffuse domains across area 1 (Fig. 4). Ten
different XANES spectra collected in representative domains of area 1
showed different apparent proportions between As(IIl) and As(V). In As
(III) dominant domains, As(III) was always found together with As(V).
In contrast, in As(V) dominant domains, As(V) occurred as the main
constituent, with little or no contribution from As(IIl) (Fig. 4).

Elemental association analysis performed for area 2 (Fig. le) re-
vealed that As was the main element present in a 30 um large oval-
shaped globule (Fig. 6¢). This globule was characterized by a low ab-
sorption signal in the X-ray transmission image (Fig. 6a), indicating the
potential presence of organic material. Specifically, the Laguna Brava
microbial mat was mainly composed of exopolymeric substances (EPS;
i.e., soft organic tissue, or slime) (Dupraz and Visscher, 2005), which
are characterized by lower absorption coefficients. The occurrence of
large amounts of EPS in the mat was further supported by CLSM ana-
lysis. As shown in Fig. 7, the fluorescence emission with a maximum at
470 nm of the 30 um large oval-shaped globule appeared similar to the
one obtained in the EPS and remnant sheaths of the fresh mat. This
suggests that the main component forming the oval-shaped globule was
organic material. In order to further constrain the As distribution and
co-variation patterns in this globule, additional PCA and cluster ana-
lysis were performed on the arsenic speciation data. Results showed a
marked heterogeneous distribution and high spatial heterogeneity of As
speciation (Fig. 6b), even at a 500 nm resolution. In addition, the
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Fig. 6. (a) Transmission image of the area 2 of Fig. 1e showing diatoms and a
low absorption organic-rich globule (framed grey area). (b) Composite cluster
image of the As speciation distribution of the boxed area in (a). (c) Maps of As,
Ca, Fe and S distribution patterns of the boxed area in (a). Note the high con-
centration of As and the absence of Ca, Fe and S in the globule-like domain. (d)
Variation of As intensity at the As K-edge extracted from the XANES image
stacks in randomly selected spots (ptl, pt2 and pt3 shown in panel b) revealing
the high spatial heterogeneity of the As speciation. The three grey curves re-
present As,Ss, As;O3 and As,Os standards.
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Fig. 7. (a) Fluorescence map emitted in the range 435-796 nm following an
excitation at 405 nm of the boxed area shown in Fig. 6a. (b) XRF map showing
the distribution of As in the same area of (a). Fluorescence intensity is shown on
the blue-red colored scale. (c) Fluorescence map emitted in the range
435-796 nm following an excitation at 405 nm in a fresh section of the studied
microbial mat. (d) Fluorescence emission spectra obtained with an excitation at
405nm on an As-rich globule (white circle labelled 1 of panel a), a sheath
(white circle 2 of panel c), a possible cyanobacteria (white circle 3 of panel c)
and the EPS (white circle 4 of panel c). The white circle labelled 0 of panel a)
corresponds to the background spectrum labelled O of panel d). (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

variation of the As intensity as a function of the characteristic X-ray
energies that were applied is shown in some randomly chosen sample
spots within this sample area (Fig. 6d).
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4. Discussion
4.1. Arsenic immobilization in Laguna Brava mats

Arsenic species can be immobilized in mats by sorption or in-
corporation in minerals, such as Fe, Mn or Al (oxy)hydroxides, sulfates
or carbonates, or by incorporation into the exopolymeric substances
(Sforna et al., 2017). Together with microbial-induced arsenic reac-
tions, the occurrence of these three processes is likely to control the
cycling of arsenic species in microbial mats. In reducing conditions,
where elevated As and S concentrations prevail, precipitation of ar-
senopyrite or As-bearing pyrite can be expected (e.g. Craw et al., 2003).
Although the distribution of (total) sulfur could not be observed in the
XRF analysis due to its low XRF energy line, the high concentration of
sulfur in the water column, and porewater of the mat, suggests that S-
bearing compounds (i.e., sulfide, thiosulfate and polysulfide) could be
abundant in these mats. Neither pyrite nor Fe-S phases were detected by
EDX or XRD. In addition, reduced As(0) associated with arsenopyrite
formation was not identified in the XANES analysis. The lack of pyrite
or other crystallized Fe-bearing phases strongly suggests that sulfur is
present in the EPS as S-functional groups, such as sulfinic and thiol, or
polysulfides (Braissant et al., 2007). Furthermore, arsenic-sulfide
complexes can be formed through the interaction of arsenic with S-
functional groups present in the EPS (Sforna et al., 2017), or from
products of microbial metabolisms such as in Pyrobaculum yellow-
stonensis (Jay et al., 2015). This chemoorganoheterotroph reduces ar-
senate and sulfur, resulting in the abiotic formation of mono-
thioarsenate, dithioarsenate and polysulfide. This indicates that As-S
compounds may be an important sink for arsenic in Laguna Brava mats.
Further experiments on the same samples at the absorption edge of
sulfur are required to document the spatial distribution and speciation
of sulfur.

Our results show that As is not linked to Ca, Si nor Mn, and only
moderately linked to Fe. This suggests that none of the main mineral
phases present in Laguna Brava mats (i.e., aragonite, gypsum and
quartz) appeared to contain arsenic in their structure. However, arsenic
can be incorporated into gypsum (Ferndndez-Martinez et al., 2006),
which occurs either as direct precipitate in the mat or as an exotic phase
derived from aeolian input. Calcite can retain trace elements on its
surface via adsorption reactions or through co-precipitation reactions
(Renard et al., 2015). But, only aragonite was detected in Laguna Brava
mats and the interaction between As and aragonite has not yet been
investigated in detail. As shown by Smedley and Kinniburgh (2002) and
Borch et al. (2010), arsenic has a strong capacity of adsorption onto
iron (oxy)hydroxide minerals. Absorption on (oxy)hydroxide phases is
mainly controlled by temperature, pH, redox potential, nature of the As
species, competition with other species, as well as the surface area,
morphology and charge of the solid surface (e.g. Santini and Ward,
2012). For each mineral, there is a unique ‘zero point of charge’, called
PHzpc, which corresponds to the pH at which the surface is not charged
and therefore is not able to adsorb trace metals. Solid surface are po-
sitively charged below their pHzpc and, conversely, negatively charged
above this value (e.g. Santini and Ward, 2012). Under slightly alkaline
pH (8.0 = 0.1) of Laguna Brava, most iron (oxy)hydroxide minerals
are negatively charged, and thus the also negatively-charged arsenic
oxyanions should not sorb onto their surface. However, ferrihydrite, Fe
(OH)3, a common iron oxyhydroxide, has a high enough pHzpc ~8 to
remain positively charged in mild alkaline conditions (Pivovarov,
2009). Moreover, ferrihydrite has a large surface area compared to
other iron (oxy)hydroxide minerals, which increases its affinity for the
sorption of As oxyanions (Langmuir, 1997; Ravenscroft et al., 2009).
Iron (oxy)hydroxides are strong adsorbers of As(V) oxyanions and to a
lesser extent As(III) oxyanions (e.g. Fuller et al. (1993), Zobrist et al.
(2000) and Smedley and Kinniburgh (2002)). The iron (oxy)hydroxide
mineral identified by EDX, and XRD diffractograms displays a poorly-
ordered structure, which matches the observed Fe(OH); diffraction
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pattern (Fig. SI1). Accordingly, we suggest that the only potential mi-
neral that may have sorbed arsenic in the mat is probably ferrihydrite.
This is supported by the scatter plots and distribution maps of As and Fe
derived from clusters 1 and 2 of area 1 (Fig. 5), which show that As
correlates proportionally with Fe (Fig. 5a). This correlation can be seen
in hotspots of < 10 um in diameter (Fig. 5c¢), which supports the in-
terpretation that As is sorbed onto microscopic Fe-bearing minerals.

In addition to mineral sorption, As can also be immobilized in the
microbial mat by interaction with functional groups present in the or-
ganic matrix of the EPS, such as carboxyl, phosphate, amino, or the
previously mentioned sulfur groups (Decho et al., 2005). The functional
groups of the EPS deprotonate as a function of pH, and will provide a
negative charge to the EPS at alkaline values (Braissant et al., 2007).
The interactions with positively charged ions, including Ca** and
Mg?* but likely also Fe>*”/3*, can form bidentate bonds with low-
molecular-weight organic carbon (Braissant et al., 2009), or likely with
negatively charged ions, such as arsenic oxyanions. The cation sorption
at the surface of the mat is suggested to be a non-specific and abiolo-
gically-induced (passive sorption) process, thus promoting homogenous
metal(loid) distribution in the top layers of the mat (Sforna et al.,
2017). As the microbial mat grows, aerobic and anaerobic heterotrophs
will consume ca. 10% of the EPS per day (Decho et al., 2005), which in
turn can be accompanied by the release of the metal(loid)s trapped at
the surface of the mats (Sforna et al., 2017). Although difficult to
confirm without further ultra-high resolution investigations at the
atomic scale (e.g., using transmission electron microscopy), the As-Fe
distribution pattern shown in Fig. 5d may reflect release of both As and
Fe molecular compounds attending EPS degradation. Specifically, the
diffused distribution pattern of As and Fe shown in the scatter plot of
Fig. 5b and associated elemental map of Fig. 5d and f, could be at-
tributed to As/Fe desorption from the EPS.

4.2. Arsenic speciation in Laguna Brava mats

The heterogeneous distribution of As(III) and As(V), either together
or separately, in specific confined areas of the mats suggests that a
specific process was at play. Given the environmental conditions pre-
vailing at Laguna Brava, i.e., mild alkaline pH (8.0 = 0.1) and low
reduction potential (—100 to —350 mV), uncharged arsenite (H3AsO3)
is expected to be the predominant chemical specie in the mats, followed
by HAsO,>~ and HAsO5;~ (Smedley and Kinniburgh, 2002). Assuming
chemical equilibrium, this suggests that As(III) should be the dominant
cation in the living mats. This is in stark contrast with our X-ray ab-
sorption results, which showed a much lower concentration of As(III)
than that of As(V). The high sulfide concentration and absence of
free-oxygen in the overlying water layer (Visscher et al., in prep.) argue
against abiotic oxidation of arsenic within the mat. Arsenic speciation
can change as a result of biological transformations and redox dis-
equilibrium (e.g., Zhu et al., 2014). For instance, the As(V)/As(III) ratio
in open seawater is typically of the order of 10 to 100, significantly
higher than the 10'® to 10 range that would be expected on the basis
of thermodynamic equilibrium. This drastic difference is attributed to
microbial activity (Andreae, 1979; Smedley and Kinniburgh, 2002).
The mobility of the different As species is another critical factor to be
considered. Arsenite is more mobile than arsenate and consequently,
more likely to escape the mat along specific fluid conduits during
natural compaction, dehydration and/or sampling of the mat. The
specific enrichment of As(IlI) along linear features oriented nearly-
perpendicular to the layering of the microbial mat (Fig. 4a) may reflect
the preferential loss of As(III) during fluid escape along micro-de-
siccation cracks, pressure-induced micro-channels, or existing water
channels in the EPS. The 3D structure (architecture) of the EPS may also
facilitate the delivery of nutrients, enhance metabolic substrates to the
biofilm community and, simultaneously, removal of toxic waste from
the microbe community (Korber et al., 1993; Costerton et al., 1994;
Decho et al., 2005). A fluid-induced process could also explain the late
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precipitation of soluble phases detected in dried samples (Fig. SI1).
Soluble ions such as SO,%~, Cl~, Ca®*, Na* or K are important
constituents of the pore-water trapped in the EPS matrix. Dehydration
of (fresh) samples in the laboratory results in efflorescence that may
have induced gypsum, halite and/or sylvite precipitation (Fig. SI1), and
potentially the release of As(III).

4.3. Potential arsenic pathways in Laguna Brava mats

The results from fossilized Precambrian microbial mats (Sforna
et al.,, 2014) and modern analogues from the Bahamas (Sforna et al.,
2017), suggest that the 40 um-diameter organic-rich globule containing
arsenic but no other trace metals (Figs. 6 and 7) could be a biological-
mediated As enrichment. The occurrence of both As(III) and As(V)
oxidation states at the microscopic scale in this organic globule argues
for a microbially-mediated cycling of arsenic. Different As-based me-
tabolic processes have been documented. Most of these are closely re-
lated to known sulfur- and sulfide-oxidizers, as well as sulfur- and
sulfate-reducers. For instance, As(III) can be used as an electron donor
for phototrophy or chemolithotrophy, and As(V) as an electron acceptor
for anaerobic chemoorganotrophic respiration or chemolithotrophically
with H,S. Recently, Hoeft et al. (2016) reported three strains of the
purple-sulfur bacterium Ectothiorhodospira capable of anoxygenic pho-
tosynthesis using As(IIl) as electron donor. The strains were isolated
from Mono Lake in California and Big Soda Lake in Nevada, both
showing similarities to Laguna Brava setting (e.g., highly alkaline, hy-
persaline, considerable arsenic concentrations and the presence of
purple sulfur bacteria). Hence, anoxygenic photosynthesis appears a
viable metabolic pathway to explain the occurrence of As(III) and As(V)
in the organic globule, although its localization a few mm below the
surface may have strongly inhibited the penetration of light. Arsenite
can also be oxidized chemolithotrophically in the presence of nitrate
(Hoeft et al., 2007), or possibly other available electron acceptors such
as chlorate (Sun et al., 2010). Sulfide oxidizers, which use either oxygen
or nitrate to oxidize sulfide while fixing CO, (Visscher et al., 1992), are
common in microbial mats (e.g. van Gemerden, 1993). Alkalilimnicola
ehrlichii, a sulfide oxidizer capable of sulfide and As(III) oxidation using
nitrate as an electron acceptor, has been isolated in Mono Lake (Hoeft
et al., 2007). Sulfide oxidizers, represented by Gammaproteobacteria,
have been reported in several saline ponds of the Atacama Desert (Thiel
et al., 2010; Lara et al., 2012). Considering the high concentration of
arsenic in Laguna Brava, it cannot be excluded that in addition to sul-
fide, these microbes used As(II) for respiration. The arsenate formed
this way, can have been involved in a variety of metabolic pathways.
Some species of Deltaproteobacteria are capable of arsenate respiration
(Newman et al., 1997; Macy et al., 2000) and they have been reported
in a variety of microbial mats from Laguna Brava and the nearby La-
guna Tebenquiche (Farias et al., 2017). In addition, microorganisms
capable of selenate respiration (e.g., Bacillus selenitireducens), belonging
to the phylum Firmicutes can sometimes replace this oxyanion with
arsenate (Oremland and Stolz, 2000).

Methylation processes could be also invoked in Laguna Brava mats.
However, even if some microbes deploy methylation to detoxify ar-
senic, the involved reactions are still not well understood
(Mukhopadhyay and Rosen, 2002; Couture et al., 2013; Kruger et al.,
2013; Huertas et al., 2014; Hug et al., 2014). It has been suggested that
methylation reactions may be used as an (supplementary) energy
source (Yamamura and Amachi, 2014). This detoxification pathway is a
multistep process of methylation and redox reactions followed by for-
mation of organoarsenic intermediates, like arsenosugars or arsenoli-
pids (Bentley and Chasteen, 2002; Mukhopadhyay and Rosen, 2002).
Methylation reactions will release several compounds in a nearby lo-
cation. This could explain the co-occurrence of As(IIl) and As(V) at a
micrometer scale within the organic globule shown in Fig. 6. Further
experiments using XANES standards of arsenic-methylated species are
underway to clarify the potential for arsenic methylation in Laguna

20

Chemical Geology 490 (2018) 13-21

Brava mats.
4.4. Concluding remarks

A combination of conventional geochemical techniques, such as X-
ray diffraction, SEM-EDX, CLSM and state-of-the-art synchrotron ima-
ging techniques, including X-ray micro-fluorescence (UXRF) and X-ray
Absorption Near Edge Structure (XANES) mapping, was used to in-
vestigate the relationship between minerals, trace metals, organic
matter and microbial activity within microbial mats of Laguna Brava, a
hypersaline lake with a high arsenic concentration in the Salar de
Atacama (Chile). We have documented a number of features that sup-
port the biological cycling of arsenic. These include the incorporation of
arsenic into EPS, the identification of organic-rich globules containing
abundant arsenic with no other trace metals, and the heterogeneous
distribution of As(III) and As(V), either together or separately and at
different scales. Although accurate information on sulfur distribution
and speciation are missing, the high concentration of both sulfur and
arsenic in the water column supports the notion of a coupled ar-
senic-sulfur cycle. Additional experiments are required to better docu-
ment the presence, and influence, of sulfur in the Laguna Brava mats.
Our results also highlight how the multi-technique approach used in
this work represents a powerful mean to unravel specific abiotic/bio-
logical processes at multi length-scale (100 nm to multiple-cm scale) in
both modern and ancient rocks.
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