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The role of microbial consortia in modulating mineralogical processes within polyextreme environments

remains underexplored, particularly under controlled laboratory conditions that simulate these

environments. This study investigates dissolution and secondary mineral precipitation on synthesized

gypsum crystals under abiotic and biotic conditions using microbial mats and natural brines sourced from

three Andean salt flats: Llamara, Pajonales, and Gorbea, respectively. Initially, gypsum crystals were

synthesized via evaporation of field-collected brines under sterile conditions and then, these crystals were

incubated with microbial cultures supplemented by Cyanobacteria medium (BG-11) and sterile brines

(controls) under controlled conditions for 90 days. Scanning electron microscopy with energy-dispersive

X-ray spectroscopy (SEM-EDS) and epifluorescence microscopy were performed at progressive stages of

microbial colonization to monitor gypsum surface alteration, culture growth and microbe-mineral

interactions. Results reveal that microbial activity influenced gypsum dissolution in two ways: in some

cases, microbial metabolism promoted crystal dissolution, whereas in others, the formation of

extracellular polymeric substances (EPS) on top of the crystal surface created diffusion barriers that

reduced dissolution. Moreover, EPS matrices facilitated the nucleation of allotriomorphic halite, fibrous

Na-Ca sulfates, globular Mg-silicates, dumbbell-shaped calcite (Pajonales-specific), and lenticular Al-K

sulfates, while abiotic controls were mineralogically monotonous in comparison. Additionally, microbes

showed a tendency to accumulate in the porosities within gypsum crystals and occasionally fill them with

EPS and the above-mentioned minerals, although these minerals were also observed on the surface of

gypsum crystals. These findings underscore the geomicrobiological complexity of evaporitic systems and

support the integration of biotic processes into models of evaporite formation, with implications in

astrobiology.
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1. Introduction

Gypsum (calcium sulfate dihydrate) is a common mineral that is often in contact with or forming part of the

substrate that microbes inhabit in arid to hyperarid and even polar environments. As a result, interactions

between gypsum and microbes are to be expected, and have been previously reported[1][2]  (among many

others). Some of these interactions include microbially induced dissolution and precipitation of gypsum,

texture alteration, as well as colonization by endolithic bacteria[3][4]. However, the relevance of microbial

activity in gypsum dissolution happening in natural settings such as salt flats in hyperarid environments is

yet to be assessed.

1.1. Salt flats and previous evaporite formation models

Salt flats are endorheic basins in arid to hyper-arid regions, typically formed through tectonic activity,

faulting, and the accumulation of volcanic or alluvial material. These basins usually host lakes, lagoons,

drainage systems, or subsurface networks, while surface evaporation produces saline crusts. Their evolution

depends largely on water availability: active inflows sustain complex lake systems and ecosystems (e.g., Salar

de Atacama), whereas the loss of inputs leads to “salt flat fossilization,” as seen in the Pintados and Bellavista

basins, and ultimately to fossil salt flats such as Salar Grande[5].

In northern Chile, salt flats vary according to the geomorphological setting they are inserted in. Chong et al.

[5]  classified them based on geomorphological setting, a framework followed here to describe the types

relevant to this study. In the Central Depression, salt flats typically occur at the distal ends of alluvial fans

from the Precordillera and High Andes, with their base level in the depression. Most are fossilizing due to

irregular recharge and intensive water use[5]. Salar de Llamara, for example, is receiving low recharge while it

accumulates detrital material from the Arcas alluvial fan, an imbalance that may soon fossilize this salt flat. By

contrast, High Andean salt flats are the most numerous and youngest, still recharged by water and

volcanic/detrital inputs. Some evolve from ephemeral or permanent lakes with fluctuating conditions and

their deposits reflect both surface and subsurface inputs with varying compositions even within the same

basin. Salar de Pajonales and Salar de Gorbea illustrate this type, located in a volcanic environment and

remaining active today.
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1.2. Overview of the sampling sites

The three salt flats mentioned in the previous section are localized in the Atacama Desert and its high-altitude

Andean margins within Northern Chile, and they were selected for this research (Fig. 1A). They are part of a

“Saline Domain” according to Chong et al.[5] reflecting its richness in sulfates, chlorides, nitrates, borates, and

iodates, among other salts.

Salar de Llamara (LLA, Fig. 1B) is located in the Pampa del Tamarugal, Tarapacá Region, and is characterized

by four shallow lagoons ("puquíos") with surface areas ranging from 1,485 to 4,650 m² and depths of 50–100

cm. Surrounding these lagoons are over 400 small ponds, with diameters ranging from sub-metric to

decametric scales[6]. The salt flat’s deposits, predominantly composed of evaporites, have an estimated

thickness of 5–6 meters and include sulfates, chlorides, and minor detrital materials such as silts and clays,

forming since at least the Pliocene[7][8][9]. Sediment input originates from the Arcas alluvial fan[10]. Surface

waters are nearly neutral, with pH values between 7.0 and 8.3[11][12]. Persistent hyperarid conditions, marked

by minimal precipitation, high evaporation rates, elevated temperatures, intense solar radiation, and strong

winds, have prevailed since at least the Paleogene[13].

On the other hand, Salar de Pajonales (PAJ, Fig. 1C) is located in the High Andes at the southern edge of the

Antofagasta Region, at 3,537 m.a.s.l. and spans 104 km², with a catchment area of 2,000 km² fed by

groundwater inflows. Nearby, the Lomas de la Peña and Quebrado volcanoes, dating from the middle to late

Miocene, dominate the landscape[14]. The water of this salt flat is calcium-rich, with Ca²⁺ concentrations

exceeding those of SO4²⁻ and exhibit a pH ranging from slightly acidic (6.5) to slightly basic (8.2)[12]. However,

Risacher et al.[15] proposes that the calcium-rich nature of this salar is atypical for its volcanic setting, where

carbonate or sulfate-sodium water chemistries would typically prevail. They suggest the Salar de Pajonales

may have originated from the reworking of an ancient salt flat, with minimal contribution of new ions from

nearby volcanic activity. Common mineral phases found in the salar include halite, gypsum, hexahydrite,

ulexite, and calcite.

Lastly, Salar de Gorbea (GOR, Fig. 1D), also located in the High Andes, at an altitude of 3,946 m.a.s.l., spanning

30 km² within a catchment of 320 km², is surrounded by the Lastarria, Plato de Sopa, and Cerro Bayo

volcanoes, part of the Miocene-Holocene volcanic arc[16]. The water of this salt flat is highly acidic, with pH

values below 2. Water inputs are primarily from groundwater, driven by the high hydraulic gradient created by

the elevation difference between the surrounding volcanoes and the basin, supplemented by small streams

descending from the Cerro Bayo complex[17]. Escudero et al.[18] attribute the brine acidity to two main factors:

(1) the natural presence of native sulfur in the surrounding area, which then oxidizes to release sulfuric acid
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carried by alluvial flows, and (2) intense hydrothermal alteration of the bedrock, which has reduced its

buffering capacity. The uppermost layer of the salar is primarily composed of selenitic gypsum, reaching up to

3.5 m in well-preserved zones but typically a few decimeters thick. These layers are intermittently disrupted

by brine pools, which have dissolved earlier gypsum deposits. Furthermore, the presence of alunite, along

with isotopic signatures of sulfates, serves as evidence of hydrothermal activity during the basin’s early

development[16]. Common mineral assemblages include halite, thenardite, carnallite, hexahydrite, epsomite,

and starkeyite, with trace amounts of kainite, tachyhydrite, Mg-aubertite, and jarosite.

Figure 1. Geolocation of salt flats from which microbial mats were collected. A) Geolocation of the studied salt flats.

B) Salar de Llamara. C) Salar de Pajonales. (D) Salar de Gorbea.
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1.3. Microbial mineral interactions in evaporitic rocks

The geobiological setting of the above-mentioned salt flats is characterized by a complex interplay between

biological activity, water chemistry, and sedimentology resulting in characteristic dynamics. For instance, it

has been reported that, in Salar de Llamara, the electrical conductivity (EC) of the water controls the

morphology and structure of the lake bottoms, while also modelling bacterial presence and activity because of

increasing environmental stress with increasing EC. More specifically, the lower the EC, the more diverse

microbial community, and sediments become more carbonate dominated. Conversely, high EC results in a less

diverse microbial community and more sulfate-halide dominated sediments[6]. On the other hand, Cabestrero

et al.[12]  observed that, in presence of microbes, evaporation is not a requirement for evaporitic mineral

precipitation in microcosmos from Salar de Pajonales and Salar de Gorbea. They indicated that the collective

activity of the microbial consortium can induce mineral precipitation even in undersaturated conditions

without evaporation.

In general, mineral precipitation in evaporitic basins has traditionally been associated with ion concentration

in brines under evaporative conditions[19][7][20][21][22][23][24][25]. However, newer evidence suggests that

microorganisms inhabiting these environments significantly influence mineralization processes This is

suggested by different factors such as (1) Distinct textures including dumbbell/rosette, spherulitic, honeycomb

arrangements and framboids, among many others[26][27][28][12]; (2) It has also been reported that isotopic

signatures from biogenic minerals (specially carbonates) show isotopic disequilibrium with ambient water[29]

[30]; And (3), the precipitation of mineral phases from undersaturated fluids by locally modulating pH and ion

availability through metabolic activity of microorganisms and/or the polar characteristics of the exopolymeric

substances they produce, which induces chemical gradients and facilitates nucleation[31].

Under the polyextreme conditions of hyperarid environments, some taxa have adapted to survive or even

thrive, which allows them to occupy these ecological niches that are comparatively less competitive. Some of

the strategies that they evolved include adaptations to endure high UV radiation, high osmotic pressure, and

extreme pH. On the other hand, microorganisms also inhabit sediments and minerals that provide them with

a substrate, nutrients, and protection from environmental stress. In endorheic basins, Microorganisms

significantly influence sedimentary processes, particularly in evaporitic settings. They form complex

microbial mats with morphologies varying from laminar to pustular and bulbous features[11][6]. Moreover,

microbial activity from these mats can promote crystal dissolution, which is observed in randomness of ionic

detachment, irregular dissolution faces and distorted crystal habits such as abnormally equant crystal shapes

which, in the case of gypsum, have only been reported in the presence of organic activity[32][2]. Furthermore,

organic compounds such as extracellular polymeric substances (EPS) enhance sediment stabilization, forming
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distinctive structures like globular, framboid, alveolar, and radiating arrangements[31][33]. Microbial processes

can also drive mineral precipitation[34][26][35]  and lithification, with stromatolites representing the most

prominent example.

Biomineralization is the precipitation of minerals influenced or controlled by biological activity.

Konhauser[36]  distinguishes two main pathways: (1) biologically induced biomineralization, where mineral

formation arises from an organism’s environmental interactions, and (2) biologically controlled

biomineralization, where microorganisms actively precipitate minerals or mineraloids as part of metabolism,

making them essential for survival. A further mechanism involves ion capture from water by exopolymeric

substances (EPS), which create chemical gradients that promote mineral formation.

Notable examples of biomineralization include the precipitation of gypsum mediated by Synechococcus sp.

[37]  and the distinct isotopic fractionation of gypsum in laboratory experiments involving Acidithiobacillus

thiooxidans[38]. In contrast, carbonate biomineralization has been more extensively studied. For instance,

magnesium carbonates have been observed to form through the activity of Virgibacillus marismortui,

Marinobacter sp.[39], and Desemzia incerta[40]. Furthermore, calcium carbonate precipitation is commonly

associated with EPS produced by mat-forming microbes[35][40][41][42], among many other cases.

Unlike many other minerals in evaporitic deposits, gypsum has been extensively studied from a geological

perspective, given its abundance throughout the geological record[4]. However, there are still very few studies

focusing on microbe-mineral interactions affecting gypsum, compared to other abundant minerals such as

calcite[43]. Consequently, despite the above-mentioned examples, microbial involvement in gypsum

mineralization remains poorly understood, and its broader geochemical impact is yet to be fully quantified.

On the other hand, certain microorganisms form endolithic colonies by creating perforations or exploiting

fractures in calcium sulfate crystals, though the underlying mechanisms remain uncertain[44][45][46][47][48][49]

[50]. Organisms forming such colonies tend to migrate millimeters deeper into evaporitic deposits. Wierzchos

et al.[51]  suggest that cyanobacteria colonies migrate within the gypsum in response to high solar radiation

levels. Another defense mechanism against radiation involves the accumulation of metabolites around

endolithic colonies. Furthermore, photosynthetic pigments can protect cellular structures, and they change as

a response to changes in incident radiation[52].

While numerous studies on microbe-mineral interactions exist, many of them employed synthetic brines, as

it was the common approach in the early stages of geomicrobiological studies[53][19][54]. Those settings did not

resemble natural water chemistry and, consequently, misrepresented dissolution/precipitation processes

happening in natural settings. Furthermore, most previous studies on microbe-mineral interactions focus on
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isolated organisms (at the genus or species level), which differ from observations in natural environments

where microbiota is diverse. Consequently, there is a limited precedent for monitoring geomicrobiological

interactions in natural microbial communities. Recent studies have been more specific in the search for

geomicrobiological interactions happening at the microbial community level, but even so is not a faithful

representation of the actual conditions present in the field. In this line, the experiments from Cabestrero et al.

[12] demonstrated that the activity of microbial assemblages also drives biomineralization processes, hence its

study has to include natural-like experimental settings using whole mats and natural brine in order to at least

capture the effect of the microbial community as a complex system.

The objective of this study is to enhance our understanding of microbe-mineral interactions through culture

experiments in which gypsum crystals were embedded in microbial mats exposed to natural brines, ranging

from acidic to hyperalkaline conditions, while excluding the ion-concentrating effects of evaporation. By

isolating the crystals, we aim to differentiate textural changes in gypsum caused by microbial activity from

those resulting purely from abiotic processes.

2. Methodology

A combination of geological and microbiological techniques was employed to monitor microbial changes in

gypsum texture during time-controlled experiments. Whole microbial mat samples, along with their

corresponding water collected previously between 2018 and 2020 [12] underwent a selection process prior to

experimentation. Texture and morphology alterations in gypsum crystals and geomicrobiological

interactions were analyzed using scanning electron microscopy with energy-dispersive X-ray spectroscopy

(SEM-EDS). Microbial communities, on the other hand, were observed with optical and fluorescence

microscopy. Control experiments with uninoculated gypsum incubations were analyzed in parallel using the

same techniques to discern abiotic changes. Additionally, autoclaved brine samples from each salt flat were

also observed using optical microscopy to assess mineral presence prior to culture experimentation.

qeios.com doi.org/10.32388/ED4EYH 7

https://www.qeios.com/
https://doi.org/10.32388/ED4EYH


Figure 2. Flowchart illustrating the experimental design and step-by-step process. Step 1 (section 2.1) consisted of

selected filtered brines from Salar de Llamará (LLA), Salar de Pajonales (PAJ) and Salar de Gorbea (GOR) were

evaporated to obtain gypsum crystals for experimentation. In parallel, BG-11-enriched cultures using intact

microbial mat samples with their corresponding water was performed to obtain biomass for inoculation. Then,

crystals were placed inside containers with uninoculated and inoculated microcosmos, respectively, while keeping

2 crystals of each morphology intact as control. Crystals were sampled after 14, 30, 60 and 90 days for SEM-EDS

and epifluorescence microscopy.

2.1. Water sample selection and gypsum crystal generation

Water samples collected during the campaigns were sequentially filtered through 3 µm and 0.22 µm pore-size

filters (Millipore, Burlington, MA, USA) to remove particles and microorganisms. The filtered water was then

stored in sterilized plastic containers treated with 80% ethanol until used in the experiments.

Sample selection was based on the gypsum saturation index calculated for brines prior to evaporation using

PhreeQC with the Pitzer database[55]. Samples that showed close to supersaturation for gypsum were selected
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for the following process. To obtain gypsum crystals for experimentation, 200 mL of selected water samples

from the three studied salt flats were filtered through 0.22 µm pore size nitrocellulose filters and placed in

open cylindrical glass containers for 2 months. Gypsum crystals were collected periodically as the water

evaporated, using plastic coated tweezers and binocular lenses. Gypsum crystal selection involved identifying

10 well-formed, non-twinned crystals measuring 20 mm in length. Crystals were examined using a

smartphone camera mounted on a 3D-printed plastic holder for binocular lenses.

2.2. Microbial mat manipulation, culturing and monitoring

Whole microbial mat samples from field campaigns were kept in glass containers with their corresponding

water and gypsum substrate at 25°C with 12 hours of light daily in a closed aerobic chamber without

agitation [12]. Some microbial mats were well consolidated (PAJ and LLA), with bubbles across the whole mat

and even suspended in the water due to the accumulation of gases inside the mat, which caused the

detachment. On the other hand, most samples were semi-consolidated and did not present visible layering (i.e.

an ideal microbial mat structure) and were partially embedded in EPS (GOR).

To obtain more biomass prior experimentation, 3 samples from LLA, 2 from PAJ and 1 from GOR were selected

from Cabestrero et al.[12] cultures. Microbial mats were then subsampled from their original containers using

sterile tweezers and the subsamples placed in 1.5 mL Eppendorf tubes. Tubes were taken to a bath sonicator

(Elmasonic S 30 H) to remove precipitates, disaggregate the samples, and detach cells that were adhered to

mineral surfaces. After sonication, detached and suspended cells were placed in 500 mL sterilized flasks.

To promote cyanobacterial growth and enhance biomass production, the inoculum (107 cells/mL) was

introduced into 200 mL of culture medium, consisting of BG11 medium (Sigma C3061) at a 1:50 ratio with

artificial brine (100 g/L NaCl). The pH was adjusted to 7.5 for PAJ and LLA cultures and 2 for GOR cultures. All

procedures were conducted under sterile conditions in a laminar flow chamber (ESCO, Singapore) to prevent

contamination. To enhance nutrient diffusion, the flasks were placed on an orbital rotator at 100 rpm inside a

closed aerobic light chamber maintained at 24°C. The chamber was equipped with 10 LED lamps (18W, Unilux),

providing a total light intensity of >200 μE·m⁻²·s⁻¹ in 12-hour light/dark cycles.

Cultures were monitored daily during the first two weeks through cell count, which was performed for each

culture to determine whether the medium was optimal for bacterial growth and, thus, biomass production. To

perform cell count, 4 μL of water from the mid part of the previously agitated flasks was placed on a Neubauer

chamber and observed under an optical microscope (Leica DMLS, Germany). Culture medium replenishment

was performed every two weeks to maintain optimal growth of the bacterial communities.
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Cyanobacteria and eukaryotic phototrophs were observed through optical microscopy and photosynthetic

activity was assessed through fluorescence microscopy (CLSM FV1000, Olympus, Japan) periodically.

Morphological identification was performed following Bergey’s Manual of systematic bacteorology and Diaz &

Maidana[56]  for prokaryotes and diatoms, respectively. Identified morphotypes were corroborated with

available literature from LLA[11][6], PAJ[57]  and GOR[58]. Microorganisms, organic matrix and textures

described in Cabestrero et al.[12] were used as a base to describe the structures observed through microscopy

techniques. Amoeba identification was based on Salazar et al.[59]. Imagery was obtained using Image Pro-Plus

6.0.0.260 with default settings.

2.3. Experimental setting of culture experiments

Upon 3 months of incubation, a representative subsample of each salt flat was selected, their identifiers were

LLA-115, PAJ-40 and GOR-48[12]. The selection was based on which culture had grown the most, while

maintaining a healthy green pigmentation. Each flask was bath sonicated and homogenized through

agitation. Then, 50 mL of each culture was extracted and placed inside previously autoclaved cylindrical glass

containers with a sterile petri dish acting as lid that contained 150 mL of natural brine according to each

sampling site. Afterwards, 22 crystals (each) from LLA, PAJ and GOR obtained as described in 2.1 were selected,

with 2 of each being stored in Eppendorf tubes filled with paper as control in t=0. Then, 10 crystals of each

morphology were placed inside the glass containers with inoculated brine, as well as corresponding abiotic

controls (only corresponding autoclaved natural brine without inoculation). All glass containers were then

placed inside the light chamber with the same configuration as described in 2.2. Water level was recorded and

maintained through replenishment with distilled and autoclaved water to counter any effects of evaporation.

Furthermore, cell count, and optical/fluorescent microscopy were performed periodically to assess bacterial

growth with the same approach earlier described for the biomass generation process. Additionally, as a

response to the unexpected acidophilic fungi contamination of GOR cultures, they were treated with a

previously tested Sigma A5955 antibiotic-antimycotic.

2.4. Sample preparation for SEM-EDS analysis

To perform these analyses, 1 gypsum crystal was collected from each container (6 in total) using plastic tools

to avoid damaging the samples and then placed in plastic multi-well plates. Between each crystal collection,

all tools and surfaces were sterilized with 80% ethanol to avoid cross-contamination of samples. To fix

microbial cells present in the samples, 2 mL of 4% paraformaldehyde was added to each well and removed

after 24 hours. Then, to dehydrate the samples without causing cell collapse, 20-minute ethanol cycles were

performed with 2 mL of 20%, 40%, 60%, 80%, 90%, 95%, 98% and 100% ethanol, the latter being an
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overnight cycle. Dilutions were made using the corresponding non-inoculated water of each sample. Ethanol

was partially evaporated or extracted from the wells to proceed with the mounting of each crystal on

aluminum specimen holders using sterilized plastic tools and carbon tape to fix the samples to the holder.

Afterwards, samples were gold-coated using a Desk II Denton Vacuum LLC sputter coater (Moorestown, NJ,

USA) to improve image quality on the SEM-EDS. The instrument used to perform the analysis was the Hitachi

FE-SEM-EDX, SU5000 (Hitachi, Tokyo, Japan) equipped with energy dispersive X-ray spectroscopy to obtain

elemental composition of samples, along with spectral mapping. These analyses were repeated after 14, 30, 60

and 90 days to analyze textural changes on the gypsum crystals.

3. Results

The interactions between gypsum crystals and microbes revealed intriguing processes of dissolution and

precipitation that help elucidate the interplay between microbial activity and mineral dynamics. This analysis

highlighted the unique morphological and compositional characteristics of gypsum crystals from Salar de

Llamara (LLA), Salar de Pajonales (PAJ), and Salar de Gorbea (GOR), along with the temporal changes observed

during incubation. By comparing experimental and control samples, significant differences in abiotic and

biotic dissolution emerged, along with the development of extracellular polymeric substance (EPS) layers and

the precipitation of secondary mineral phases.

3.1. Brine geochemistry and gypsum initial conditions

For all selected brine samples, gypsum saturation index indicated near balance. For instance, LLA showed a SI

value of 0, while PAJ showed -0.01, and GOR 0.14. This was also corroborated by the fact that evaporating the

brines, so they lost about 30% of their volume, gypsum started precipitating. Saturation indexes for other

common evaporitic mineral phases were calculated (Table 1).

The gypsum crystals that grew from evaporating the brine samples exhibited strikingly different initial

morphologies depending on their origin. At LLA, the crystals were mostly prismatic, slender forms reaching

lengths of up to 3 mm (Fig. 3A). In contrast, those from PAJ were considerably larger—up to 3 cm—and

displayed a well-developed tabular habit (Fig. 3B). These often showed fishtail twinning and secondary

overgrowths, expressed as delicate tabular crystals roughly 50 µm wide that adhered to the main surfaces.

GOR samples, on the other hand, were composed of fine acicular crystals extending to about 4 mm in length

(Fig. 3C). Under optical and scanning electron microscopy (Fig. 3A–F), all gypsum crystals appeared relatively

smooth; yet closer inspection revealed subtle differences. GOR crystals, in particular, exhibited more irregular

surfaces, showing early signs of dissolution along their edges and sparse aggregates of secondary minerals

qeios.com doi.org/10.32388/ED4EYH 11

https://www.qeios.com/
https://doi.org/10.32388/ED4EYH


atop (Fig. 3F). Together, these textural and morphological contrasts likely influenced the distinct evolutionary

trends observed between the experimental runs and the abiotic controls.

Sample ID P117 M2.4 GOR-4

Salt flat Llamara Pajonales  Gorbea

Parameter Unit

Date MM/DD/YY 9/14/2020 10/22/2019 3/12/2020

Na+ mg/L 6330 41538 9970

Mg2+ mg/L 130 2776 4110

Ca2+ mg/L 780 7260 764

K+ mg/L 176 1720 762

Mn2+ mg/L 0 0 73

Cl- mg/L 7720 86240 21100

SO42- mg/L 5680 1970 20550

Fe2+ mg/L 0.3 0.8 66.6

Alkalinity mg/L HCO3
- 300 457 0

Salinity % 2.9 15.2 6.0

EC µS/cm 27140 169700 61300

Temperatue ºC 21.1 10.2 18.0

pH 8.3 7.4 1.9

Gypsum SI log Q/K 0.00 -0.01 0.14

Glauberite SI log Q/K -2.95 -2.42 -2.19

Halite SI log Q/K -3.26 -1.29 -2.57

Thenardite SI log Q/K -3.40 -2.90 -2.77

Calcite SI log Q/K 1.08 1.68 -

Table 1. Geochemistry of water samples used for culturing and experimentation.
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Figure 3. Gypsum crystal morphologies observed under binocular lenses (A-C) and model crystal

microphotographs captured via SEM. (A) Well-developed prismatic LLA crystal with no signs of dissolution. (B)

Tabular PAJ crystal displaying cleavage planes and no dissolution. (C) Acicular GOR twinned crystal and occasional

mineral aggregates atop.

3.2. Culture evolution over time

Cultures exhibited significant changes in coloration, turbidity, and bacterial abundance over the course of the

experiment (Table 2). The following paragraphs detail these findings, integrating visual observations,

microbial dynamics, and mineral transformations.

Bacterial growth curves revealed similar trends between LLA and PAJ cultures, while GOR displayed a notably

different evolution. In particular, LLA cultures were initially transparent with minimal turbidity, but they
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acquired green hue as they were dominated by photosynthetic microorganisms after a week. Moreover, LLA

cultures experienced exponential growth of photosynthetic cells between days 14 and 60, while maintaining

green coloration, after which a short plateau and subsequent decline in cell count was observed (Fig. 4A).

Similarly, PAJ cultures started transparent but acquired slightly moss green hue by 14 days, along with

increased turbidity until 60 days, later shifting to a pale orange hue at 90 days. This color change is coherent

with the photosynthetic pigment degradation observed under microscope, as well as the increase in

abundance of non-photosynthetic cells (Fig. 4B). In contrast, GOR cultures evolved differently as PAJ and LLA

cultures due to grown of acidophilic fungi, which gave cultures moderate turbidity from the start of the

experiment (sterile controls were not affected). These cultures acquired a pale green hue after antifungal

treatment, accompanied by the recovery of coccoid cyanobacteria up until the end of experimentation, as

suggested by the absence of a bacterial death phase in the 3-month span of the experiment (Fig. 4C).
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Culture
Time

[days]

Photosinthetic

cells [cell/mL]

Active

photosinthetic

cells [cell/mL]

Inactive

photosinthetic

cells [cell/mL]

Non-

fluorescent

cells

[cell/mL]

Living[52] Color Turbidity

LLA

0 6.20.E+05 6.20.E+05 0.00.E+00 0.00.E+00 100% Transparent *

14 4.33.E+06 3.66.E+06 6.72.E+05 1.24.E+07 84% Pale green *

30 4.37.E+06 1.17.E+06 3.20.E+06 1.28.E+07 27%
Apple

green
**

60 6.78.E+07 1.94.E+07 4.84.E+07 1.94.E+07 29%
Apple

green
***

90 2.71.E+06 6.78.E+05 2.03.E+06 0.00.E+00 25% Apple green **

PAJ

0 7.31.E+06 6.56.E+06 7.53.E+05 0.00.E+00 90% Transparent *

14 5.87.E+06 2.69.E+06 3.18.E+06 3.41.E+06 46% Green **

30 9.01.E+06 6.27.E+06 2.74.E+06 3.80.E+06 70% Orange **

60 2.42.E+07 2.11.E+07 3.15.E+06 6.41.E+07 87% Brown ***

90 2.42.E+05 0.00.E+00 2.42.E+05 5.08.E+06 0% Pale orange **

GOR

0 1.00E+07 1.00E+07 0.00E+00 n.a. 100% White **

14 4.00E+05 4.00E+05 0.00E+00 n.a. 100% Light green ***

30 3.00E+06 7.00E+05 2.00E+06 n.a. 23%
Moss

green
**

90 4.00E+07 2.00E+07 2.00E+07 n.a. 50% Pale green **

Table 2. Summary of evolution of cultures over time. Turbidity is indicated as * (low), ** (medium) and *** (high).
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Figure 4. Experimental setup for gypsum dissolution under microbial growth in BG-11 medium with sterile brines,

incubated at 24°C with constant agitation of 100 rpm in a closed aerobic light chamber, with a total light intensity

of >200 μE·m⁻²·s⁻¹ in 12-hour light/dark cycles. Specific growth curve for LLA (A), PAJ (B), and GOR (C) cultures. Note:

below each curve there are their corresponding control (left) and experiment (right) glass containers after 90 days

of experimentation. As exhibited by the absence of color and reaffirmation through microscopy, controls did not

show microbial growth nor presence after 90 days.

On the other hand, while all cultures exhibited microbial growth, each different culture showed distinct

predominant cellular morphotypes under the optical microscope. In each case, different relationships

between microorganisms and crystals were also observed under SEM. For instance, cultures from Salar de

Llamara were dominated by 10 µm double flagellated oval algae resembling as Dunalliella, and fusiform

diatoms up to 50 µm (Fig. 5A), the latter being unique to LLA and becoming less present by the end of

experimentation. Furthermore, SEM observations showed that bacterial growth in LLA was followed by the

embedding of small crystals and cells in a growing EPS matrix (Fig. 5B). By the end of experimentation, the

EPS layer had thickened and covered most of the gypsum surface (Fig. 5C), which is coherent with the

agglutination observed under optical microscopy. Additionally, EPS-embedded coccoid cells were adhered to

the gypsum crystal surface.

On the other hand, PAJ cultures were dominated by bacillar diploids up to 20 µm in size that exhibited red

fluorescence (Fig. 5D). Additionally, and distinctively for PAJ, 150 µm spiral cyanobacteria were observed after

14 days of incubation, some of which had degraded pigments (Fig. 5E). Like LLA, PAJ crystals were partially

covered by EPS after the first 30 days of experimentation, and it embedded unicellular and diploid cells

resembling of Gloeocapsa, newly formed sulfate crystals, and 5 µm dumbbell-shaped calcite on top of the
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gypsum (Fig. 5F). In addition, 10 µm globular organic structures were found adhered to the gypsum surface

(Fig. 5G).

In parallel, up to 60 µm long conidia and conidiophores overshadowed the scarce phototrophs in GOR sample,

which displayed fluorescence (Fig. 5H). After antimycotic treatment, fungal presence declined and both algae

and procaryotes slowly recovered (Fig. 5I). Furthermore, and following the trend observed under optical

microscopy, GOR crystals were covered by EPS at a slower rate after antimycotic treatment. By the end of the

experiment, GOR crystals were partially covered in EPS-embedded cells and crystals, mainly those of

lenticular morphology (Fig. 5J).
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Figure 5. Images of cell morphotypes and crystals observed in LLA, PAJ, and GOR cultures, combining brightfield

and epifluorescence microscopy (A, D, E, H, and I) with SEM-EDS micrographs (B, C, F, G, and J). (A) In LLA cultures,

Dunaliella-like algae and fusiform diatoms highlighted with red auto-fluorescent. (B-C) LLA crystals partially

covered by a thick EPS layer embedding crystals and cells, also forming globular structures. (D) Bacillar diploids

with red auto-fluorescence in PAJ cultures. (E) Spiral and filamentous cyanobacteria showing degraded pigments in

PAJ at 14 days of incubation. (F) PAJ tabular crystals covered globular aggregates within an EPS matrix with

occasional dumbbell calcite. (G) Globular organic structures on PAJ gypsum crystal surface. (H) Conidia (yellow)

and conidiophores (red) in the fungi-contaminated GOR outnumbering green algae (white) prior to antifungal

treatment. (I) 2 to 5 µm lenticular crystals and 5 to 10 µm fluorescent algae in GOR after antimycotic treatment. (J)

EPS embedded lenticular crystals and cells on top of the unaltered GOR crystals.

3.3. Resulting conditions

Under experimental conditions, the interplay between gypsum dissolution and secondary mineral

precipitation varied depending on initial microbial mat texture, gypsum crystal morphology (both of which

depend on source lake), and the environmental context, that is, in the presence or absence of microorganisms.

In abiotic experiments, gypsum crystals showed textural alterations characterized by apparent greater

porosity over time, as compared to inoculated samples. These porosities had commonly jagged or abrupt

edges throughout all samples, while their occurrence and morphology were distinct for each sample group.

LLA crystals, for instance, started with a smooth surface but developed pronounced cleavage planes, along

which dissolution happens faster (Fig. 6A). As time progressed, fibrous Na-Ca sulfates covered most of the

crystal surface (Fig. 6B). Later on, crystal surface became flaky with minerals filling in the occasional

elongated and circular porosities. PAJ crystals, on the other hand, were smooth at the beginning, but quickly

developed a flaky surface with increasing porosity of elongated, circular and irregular morphologies. These

porosities were not filled with newly formed minerals, although occasional subhedral to euhedral halite and

gypsum crystals were present (Fig. 6C-D). GOR crystals, distinctively, started with an already irregular surface

that was partially covered by mineral aggregates. As time progressed, occasional partially filled porosities

along planes and irregular fractures were observed (Fig. 6E-F) (Table 3).
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Time

[days]
Gypsum suface

Porosity

Observed

minerals

Max. Mayor

axis size

[µm]

Frequency

[N/10000µm2]
Porosity filling

LLA

0 Smooth - - - -

14 Smooth - >2 No

Gypsum,

lenticular Na-Ca

sulfate

30
Porous/dissolution along

planes
20 >6 No No change

60
Fractures/dissolution along

planes
50 >10 No No change

90
Fractures and dissolution along

planes/Mineral cover
50 >10

Fibrous Na-Ca

sulfates
No change

PAJ

0 Smooth - - - -

14 Porous/flaky 155 >6 No Gypsum

30 Porous/flaky 225 >9 No Euhedral halite

60 Porous/flaky 210 >10 No No change

90 Porous/flaky 335 >10 No Mg-Si globules

GOR
0

Irregular edges and

precipitates
- - - -

14
Irregular edges and

precipitates
- - -

Gypsum,

lenticular K-Al

sulfate

30
Irregular edges and

precipitates
- - No No change

60
Irregular edges and

precipitates
- -

Lenticular

crystal

aggregates

No change
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Time

[days]
Gypsum suface

Porosity

Observed

minerals

Max. Mayor

axis size

[µm]

Frequency

[N/10000µm2]
Porosity filling

90
Irregular edges and

precipitates
135 >4

Lenticular

crystal

aggregates

No change

Table 3. Summary of control gypsum surface characteristics, porosity, and mineral precipitation over time (NM:

not measurable).
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Figure 6. SEM microphotographs of LLA (A-B), PAJ (B-C) and GOR (E-F) control gypsum crystals. (A) Fishtail

twinning, distinct cleavage planes and radial gypsum with fibrous aggregates atop (yellow arrow). (B) EPS-

embedded fibrous Na-Ca sulfate covering most of the gypsum surface. (C) Flaky and porous gypsum surface with

exposed cleavage planes. (D) Heavily dissolved gypsum surface, with several hundred micrometer fractures and

cavities preferably along cleavage planes. (E) Newly formed gypsum (yellow arrows), fibrous Na-Ca sulfate (white

arrow) and scarce globular precipitates (red arrows) on top of the gypsum. (F) Twinned lenticular crystals filling

fractures in the gypsum, as well as newly formed prismatic gypsum.

In the presence of microorganisms, by day 14, an EPS film had covered the surfaces of all crystal types, most

prominently on LLA and PAJ crystals (Fig. 7). This biofilm progressively thickened and served as a nucleation
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surface for secondary mineral precipitation. In LLA samples, prismatic Na-Ca sulfate crystals (2–5 µm) formed

preferably associated with EPS as early as 14 days from the start of the experiment (Fig. 7A). These crystals

increased in quantity throughout the experiment, as they were embedded in the EPS matrix, which by day 90

had contracted and formed globular structures (Fig. 7B-C). In PAJ samples, on the other hand, dissolution

features were present from day 14 and became prominent by day 30, with halite and Mg-silicates forming

preferably on EPS within dissolution cavities (Fig. 7D). By day 60, isolated calcite crystals with dumbbell

morphologies (3–6 µm) had appeared, as well as more Mg-silicates on top of the extending EPS layer (Fig. 7E).

By the end of the experiment, lenticular K-Al sulfates were also present (Fig. 7F). In GOR samples, secondary

mineral formation was limited but included twinned lenticular aggregates of K-Al sulfates with traces of

organic material from day 14 (Fig. 7G), which increased in quantity towards day 60 (Fig. 7H). By the end of the

experiment (day 90), GOR crystal surfaces were heavily altered, and the lenticular aggregates were apparently

completely covered by EPS and newly formed gypsum (Fig. 7I) (Table 4).

When comparing dissolution and precipitation rates among abiotic and biotic cultures, notable differences

and similarities arise. For instance, LLA crystals in both cases showed scarce abiotic dissolution, while Na-Ca

sulfate precipitation was notably faster in experimental samples, as seen in early observations (Fig. 6A and

7A). In the case of PAJ samples, crystals without microbes displayed higher porosity and no filling, while

experiment crystal porosities were filled by EPS and other minerals (Fig. 6D and Fig. 7F). On the other hand,

GOR crystals evolved similarly in both abiotic and biotic cultures, with gypsum dissolution apparently starting

later during experimentation. The main difference between the samples was the rate at which the lenticular

aggregates accumulated on top of the gypsum surface, with experimental samples displaying a faster rate.
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Time

[days]
Gypsum suface

Porosity

Newly observed

minerals

Max.

Mayor axis

size [µm]

Frequency

[N/10000µm2]
Porosity filling

LLA

0 Smooth - - - -

14
Alveolar organic

cover
- NM

EPS-embedded fibrous

Na-Ca sulfate crystals 

Gypsum, fibrous Na-

Ca sulfate

30
Alveolar organic

cover
20 >4

EPS-embedded 67 µm

Gp crystals
No change

60
Alveolar organic

cover
50 >4

EPS-embedded Gp, Na-

Ca sulfates and Mg-Si

globules

Mg-Si globules

90

Alveolar

organic/mineral

cover

NM >1

EPS-embedded Gp, Na-

Ca sulfates and Mg-Si

globules

No change

PAJ

0 Smooth - - - -

14 Smooth NM >1
Worm-like halite and 2

µm Mg-Si globules

Gypsum,

allotriomorfic halite,

Mg-Si globules

30 Organic cover 115 >2
EPS-embedded 2 µm

Mg-Si globules 

Dumbbell-shaped

calcite

60 Organic cover 10 >1

Alveolar EPS-embedded

2 µm Mg-Si globules and

Gp crystals 

No change

90 Organic cover 40 >1

Alveolar EPS-embedded

2 µm Mg-Si globules and

Gp crystals 

Lenticular K-Al

sulfate

GOR
0

Irregular edges and

precipitates
- - - -

14
Irregular edges and

precipitates
- - -

Gypsum, lenticular K-

Al sulfate
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Time

[days]
Gypsum suface

Porosity

Newly observed

minerals

Max.

Mayor axis

size [µm]

Frequency

[N/10000µm2]
Porosity filling

30
Irregular edges and

precipitates
80 >6

Lenticular crystal

aggregates
No change

60
Organic/mineral

cover
60 >2

Lenticular crystal

aggregates and Na-Ca

sulfates

Fibrous Na-Ca sulfate

90
Organic/mineral

cover
NM >1

Lenticular crystal

aggregates and Na-Ca

sulfates embedded in

EPS

No change

Table 4. Summary of experiment gypsum surface characteristics, porosity, and mineral precipitation over time

(NM: not measurable).
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Figure 7. SEM microphotographs of LLA (A-C), PAJ (D-F) and GOR (G-I) experiment gypsum crystals at 0 (first

column), 35 (second column) and 90 days (third column). (A) Fibrous Na-Ca sulfate within and on top the alveolar

EPS partially covering the LLA gypsum surface. (B) Thicker EPS layer embedding newly formed gypsum crystals.

(C) Alveolar EPS embedding cells, fibrous Na-Ca sulfates and gypsum, and forming globular structures. (D) Mg-

Silicate rugose globules and allotriomorphic halite filling porosities in PAJ gypsum. (E) Dumbbell-shaped calcite

along with Mg-Si globules on top of the EPS. (F) Alveolar EPS-covered gypsum with Mg-Si globules and twinned

lenticular K-Al sulfate on top. (G) Twinned lenticular K-Al sulfates with smooth surfaces with traces of C on top of a

GOR gypsum crystal. (H) Lenticular crystal aggregates with jagged edges partially covering the gypsum surface,

with scarce newly formed gypsum crystals. (I) Heavily altered gypsum surface with traces of carbon indicative of

organic matter.

4. Discussion

This study provides new insights into the role of microorganisms in gypsum dissolution under saline lake

conditions characterized by variable pH and salinity. The experiments demonstrate that dissolution dynamics

differ between biotic and abiotic systems, indicating that microbial activity exerts a measurable influence on

mineral–water interactions. Such influence affects dissolution rates, surface morphologies, and secondary

mineral formation, revealing that these processes are not exclusively controlled by abiotic factors. These
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results align with previous observations of microbially mediated gypsum alteration and replacement[33][60][61].

Overall, the findings refine traditional abiotic models of evaporite formation by integrating biochemical

interactions into the framework governing the evolution of Andean salt flat deposits.

4.1. Gypsum Dissolution: Transformations Driven by Endolithic Microbial Activity

Both control and microorganism-inoculated gypsum crystals showed early evidence of dissolution within the

first month of exposure. These features included cavities, fractures, and irregular dissolution along crystal

edges. However, clear differences were observed between treatments. Cavities in the microbially exposed

crystals had smooth and rounded walls, whereas those in the controls were jagged and angular. Dissolution in

the control samples likely occurred because the brine used in the experiments was undersaturated with

respect to gypsum. Since the crystals had initially precipitated by evaporation, reintroducing them into non-

evaporated brine favored partial dissolution.

The morphology of the smooth cavities in experiment samples resembles features previously attributed to

endolithic colonization. Rothschild et al.[62] first described microbial boring in gypsum, which Sanz-Montero

et al.[63]  and Wierzchos et al.[48][49]  later associated with endolithic activity capable of penetrating mineral

substrates.

Over time, gypsum dissolution proceeded more slowly in the presence of microorganisms. The abundance and

size of pores were lower in experiment samples compared to controls, indicating that microbial colonization

affected the dissolution rate. The near-zero saturation index of the brine explains dissolution in controls,

while the microbial biofilm modified this process in the inoculated systems. In these, pores were partially

filled or covered by extracellular polymeric substances (EPS) and mineral precipitates. This observation is

consistent with Venturi et al.[60], who reported slower gypsum dissolution in EPS-coated crystals due to

reduced ion mobility across the mineral–water interface. In the present study, EPS accumulation increased

through time and nearly covered the surface of LLA and PAJ crystals after two months, which coincided with

reduced porosity (Table 1).

In LLA samples, pore abundance and size were similar between controls and experiments. This suggests that

microbial activity may also promote dissolution under certain conditions, for example through endolithic

boring or metabolism that destabilizes the crystal structure. Control samples followed a more linear trend.

LLA and GOR controls remained relatively intact, while PAJ controls developed larger and more numerous

cavities. This pattern highlights the role of microbial metabolism in modifying gypsum stability. Sulfate-

reducing bacteria can use sulfate from gypsum as an electron acceptor, leading to mineral dissolution, while

As(V)-reducing bacteria, common in PAJ and GOR waters, can also promote gypsum instability[64]. In addition,
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degradation of the EPS matrix can locally increase pH and lower the gypsum saturation index, favoring its

replacement by carbonates, as reported by Thompson and Ferris[37], Cody and Cody[32] (1990), and Vogel et al.

[2] (2010).

Despite these potential dissolution mechanisms, the lower porosity in experiment samples indicates an

overall slower rate of gypsum dissolution in the presence of microorganisms. This may reflect the relatively

short duration of the experiment, which limited EPS degradation and associated alkalinization. Another

possibility is that pores were present but covered by EPS and therefore less visible.

Gypsum dissolution was also observed during halite precipitation, both in the preparation of synthetic

crystals and in the experimental microcosms. Previous studies[65][66]  showed that gypsum solubility

increases with NaCl concentration, reaching a maximum near 3 M. The localized precipitation of halite on

gypsum surfaces therefore likely enhanced gypsum dissolution, an effect most evident in PAJ samples.

4.2. Microbial Community Variations and Gypsum Colonization

The experimental setup used BG11 medium to favor photosynthetic microorganisms and increase biomass

prior to gypsum exposure. As a result, the microbial diversity observed in these cultures does not reflect the

composition typically reported for natural salt flats[67][58][68][69]. Laboratory-enriched communities are

known to display lower diversity than their natural counterparts[70]. Although natural brine samples were

employed in this study, other environmental variables such as wind, solar radiation, and sediment dynamics

could not be reproduced under laboratory conditions.

In LLA and PAJ cultures, microbial growth followed a typical pattern, with photosynthetic cell abundance

peaking after 60 days. The number of microorganisms and the amount of extracellular polymeric substances

(EPS) attached to the gypsum surfaces increased progressively during this period. This trend is likely related

to the dominance of cyanobacteria, favored by the BG11 enrichment. Cyanobacteria are known to bore into

gypsum crystals, forming endolithic colonies[62], and are among the most efficient producers of EPS within

photosynthetic mats, particularly under environmental stress[71][72]. The activity of these microorganisms

likely contributed to the progressive thickening of the EPS layer observed in experimental samples.

In contrast, GOR cultures showed a distinct evolution, as revealed by SEM observations. This difference may

result from the antifungal treatment applied to these samples, which contained small amounts of antibiotics

that also affected bacterial populations and possibly reduced EPS production. After 60 days of incubation,

however, the abundance of prokaryotes in GOR increased noticeably, suggesting slower microbial growth

compared to the other systems. This delayed development could reflect either a response to the antifungal

treatment, or an intrinsic characteristic of microbial communities adapted to the polyextreme environment of
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Salar de Gorbea[18]. Previous studies have also documented slow-growing bacterial taxa in this site, consistent

with the environmental constraints observed there[73].

As mentioned in the previous section, gypsum colonization by microbes was observed extensively specially in

round-edged cavities in the crystals (Fig. 7D-F). This has been reported by many authors attributing this

colonization pattern to the availability of water in gypsum, which serves as a microbiological niche in dry

conditions due to its ability to retain humidity[1][74][51]. For instance, relative humidity in the gypsum crust at

Salar de Pajonales fluctuates between 13-36% reaching higher peaks during rare and brief rain events. This

has also been reported at Llanos de la Paciencia[1], Lomas de Tilocar and Cordón de Lila[74][51], and in the

southernmost part of the Tarapacá Region[46]. Considering humidity retention and incident UV radiation

filtering by gypsum, these reports provide proof that gypsum provides the necessary conditions for

photosynthetical microorganisms to grow and thrive.

4.3. Mineral paragenesis in Experimental Precipitation

In general, mineral precipitates that nucleated in control samples were only found on the surface of the

gypsum crystal, whereas in presence of microorganisms, a more diverse array of minerals nucleated

preferably in EPS-filled porosities and EPS-coated gypsum surfaces. This suggests that microbial activity in

experimental samples induces chemical properties different enough from their inorganic counterparts that

result in this difference in the mineral assemblages precipitated in both cases. Moreover, nucleation was not

observed in the water itself, further supporting the idea that microbial colonization of gypsum drives these

nucleation processes in undersaturated conditions (Table 1). Overall, these results confirm what was observed

in previous studies that attended microbial consortia mediation in mineral precipitation.

Newly formed Ca- and Na–Ca-sulfate minerals displayed textural and structural features indicative of

biochemical influence on their formation. Similar characteristics have been reported for gypsum and other

minerals affected by microbial activity, including distinctive crystal morphologies and the development of

crystal defects[37][4][75][76].

Overall, the observed mineral assemblages suggest that microbial processes favored earlier precipitation of

secondary mineral phases compared to abiotic controls. Fibrous and radial Na–Ca sulfates, likely

corresponding to hydroglauberite—a common mineral in evaporitic settings—formed more rapidly in the

presence of microorganisms (Figs. 6A–B, 7A). The extracellular polymeric substance (EPS) matrix appears to

have promoted localized ion accumulation, particularly of Na⁺, Ca²⁺, Mg²⁺, K⁺, and SO₄²⁻, facilitating nucleation

and growth of Na–Ca sulfates and other minerals both within and atop the biofilm (Figs. 8A–B). This

mechanism is consistent with previous reports describing EPS-mediated mineralization in microbial mats[63]

qeios.com doi.org/10.32388/ED4EYH 29

https://www.qeios.com/
https://doi.org/10.32388/ED4EYH


[26][2][40][77]. Although gypsum replacement of EPS due to brine evaporation has been documented[3], such

effects were minimized in this study by maintaining a constant water level throughout the experiment.

In PAJ, Mg–Si globules were detected exclusively in the presence of microorganisms. These globules,

previously identified as protophyllosilicates by Cabestrero et al.[12], occurred within crystal porosities together

with allotriomorphic halite embedded in EPS and organic material (Figs. 7D, 8C). The surrounding EPS was

enriched in arsenic (Fig. 8D), suggesting selective ion binding within the matrix. Additionally, dumbbell-

shaped calcite crystals were observed atop the EPS layer (Fig. 7E). Similar morphologies have been associated

with prokaryote-driven biomineralization and the presence of negatively charged functional groups in EPS[78]

[75].

Lenticular Al–K sulfate aggregates, likely corresponding to alunite, appeared early in GOR (both control and

experiment samples) and later in PAJ and LLA (Figs. 7F–G, 8E–F). Pueyo et al.[16] reported alunite as common

in GOR, attributing its occurrence to hydrothermal input. The acidic pH of GOR brines and the high availability

of Al ions may also favor alunite precipitation. Given that aluminum may be more concentrated in EPS than in

the aqueous phase, its association with the biofilm could explain the preferential formation of alunite near

microbial colonies. Although filtered brine was used, the early occurrence of alunite might also be related to

mineral nucleation during the autoclaving process at 121 °C. Nevertheless, the spatial association between

alunite crystals and coccoid cells along gypsum fractures in GOR (Fig. 5I) suggests a possible interaction

between them.
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Figure 8. SEM microphotographs (A, C, E) and EDS mapping (B, D, F) of LLA (A-B), PAJ (C-D) and GOR (E-F) gypsum

samples. (A) EPS-embedded crystals and cells on gypsum surface. (B) Mg-Si and Na are concentrated below the

biomass, suggesting both Mg-Si globules and Na-Ca sulfates are agglutinated. (C) Porosity filled with

allotriomorphic halite and Mg-Si globules. (D) Globules appear to be also As-rich according to EDS mapping. (E)

Twinned lenticular aggregates covering GOR gypsum surface. (F) EDS mapping shows that they are rich in K, Al

and S, suggesting alunite.
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5. Conclusions

This study demonstrates that microbial activity exerts a measurable influence on gypsum dissolution and

secondary mineral formation under controlled conditions. Compared to abiotic controls, microbial systems

exhibited smooth, rounded dissolution cavities and porosity fillings by allotriomorphic halite, Mg–Si globules,

and extracellular polymeric substances (EPS), features that were particularly abundant in samples from Salar

de Pajonales. The results also show that when EPS develops faster than abiotic dissolution, it can act as a

protective barrier against further gypsum degradation, as observed in Llamara and Pajonales samples.

Microbially induced mineralization was evidenced by the precipitation of calcite (Pajonales), hydroglauberite

(Llamara), and Mg–Si globules with distinctive morphologies and arrangements, pointing to biologically

mediated control over nucleation and growth. The contrasting evolution of minerals and microbial

communities among the three sites reflects their environmental origins: the circumneutral pH of Llamara and

Pajonales supports similar processes, while the highly acidic conditions in Gorbea likely limit microbial

growth and alter mineral pathways.

By using natural brines and intact microbial mats under regulated UV/PAR radiation, temperature, and water

level, this experiment highlights how microbial consortia can drive mineral diversity, texture, and

organization even in the absence of evaporation. The microscopic mineral textures produced over short

timescales suggest that longer-term studies are needed to better quantify microbial roles in evaporite

evolution.

Finally, this experimental framework—building upon Cabestrero et al.[12]—offers a valuable approach for

exploring geomicrobiological processes in hypersaline systems. While focusing on EPS-producing consortia

allows the capture of community-level effects, future work should address the specific contributions of

individual microbial taxa. The mineral textures observed here may also serve as analogs for biosignature

identification in both terrestrial and extraterrestrial evaporitic environments.
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