
© 2026 The Authors. Gold Open Access:
This paper is published under the terms of the CC-BY license.

GSA Bulletin; Month/Month 2025; v. 136; no. X/X; p. 1–11; https://doi.org/10.1130/B38599.1. 
Published online 24 June 2026

1

Iron microbialites from an acidic Martian analog 
(Río Tinto, Spain)—Implications for finding life on Mars

Yu Pei1,2,†, Muammar Mansor2, Philip Werner2,3, Jeremiah Shuster2,4, Eric Runge2,5, Prachi Joshi2,6, 
Ronny Schoenberg2, Ricardo Amils7,8, Cristina Escudero2, Walter Goetz9, Andreas Kappler2, and  
Jan-Peter Duda2,5,†

1�State Key Laboratory of Geomicrobiology and Environmental Changes, Hubei Key Laboratory of Planetary Geology and Deep-
Space Exploration, China University of Geosciences (Wuhan), Wuhan, Hubei 430074, China

2�Department of Geosciences, University of Tübingen, 72076 Tübingen, Baden-Württemberg, Germany
3�Institute of Earth Surface Dynamics, University of Lausanne, Lausanne, Vaud 1015, Switzerland
4�Department of Earth Sciences, Western University, London, Ontario N6A 3K7, Canada
5�Department of Geobiology, Geoscience Center, University of Göttingen, 37077 Göttingen, Niedersachsen, Germany
6�Forest Soils and Biogeochemistry, Swiss Federal Institute for Forest, Snow and Landscape Research WSL, Birmensdorf, Zürich 
CH-8903, Switzerland

7�Centro de Astrobiología, Madrid 28850, Spain
8�Centro de Biología Molecular Severo Ochoa, Universidad Autónoma de Madrid, Madrid 28049, Spain
9�Max Planck Institute for Solar System Research, 37077 Göttingen, Niedersachsen, Germany

ABSTRACT

The search for life on Mars requires iden-
tifying suitable biosignatures detectable by 
rover missions or in returned samples. To 
support the progressing astrobiological ex-
ploration of Mars, we investigated modern 
iron microbialites from Río Tinto, Spain, 
an acidic terrestrial analog to the Meridiani 
Planum. We used an integrative approach 
combining a suite of tools (Raman and Möss-
bauer spectroscopy, micro X-ray diffraction 
[µXRD], micro X-ray fluorescence [µXRF])
analogous to the instruments onboard vari-
ous Mars rovers. Our analyses revealed that 
the ∼10-cm-thick microbialites exhibit alter-
nating porous and dense layers of jarosite 
and Fe(III) (oxyhydr)oxides, locally common 
minerals on Mars. The estimated growth rate 
of the layered structures (1 mm per year) is 
very high considering the slow precipita-
tion kinetics of the constituent minerals, in-
consistent with solely abiotic precipitation. 
δ56Fe data for the different layers (−0.91‰ to
−0.83‰) and calculated isotopic differences
(Δ56Fe(III)solid-aq = −0.62‰ to −0.54‰) were
consistent with both biotic and abiotic min-
eral precipitation. Scanning electron micro-

scope–energy-dispersive X-ray spectroscopy 
(SEM-EDS) and DNA analyses confirmed 
the presence of microorganisms known for 
promoting iron mineral formation, including 
archaea (e.g., Thermoplasmata) and bacteria 
(e.g., Acidithiobacillus). Our study highlights 
three lines of biogenicity: (1) non-isopachous 
layered structures, (2) high growth rate, and 
(3) the presence of microorganisms that likely 
promote iron mineral precipitation. Prob-
lematically, growth rates and the presence of
relevant microorganisms cannot be reliably
inferred or detected, either in the geological
record or by the rovers, while layered struc-
tures can also form abiotically. While high-
lighting such challenges in interpreting iron
microbialites in modern systems, our study
provides a robust framework for exploring
these structures on ancient Earth. It also un-
derscores the critical role of integrating high-
confidence morphological and geochemical
biosignatures—ideally from sample return
missions—in the search for life on Mars.

INTRODUCTION

Microbialites (i.e., deposits formed by ben-
thic microbial communities; Burne and Moore, 
1987) provide a wealth of textural, mineralogi-
cal, and (bio)geochemical information about the 
processes involved in their formation. Micro-
bialites are among the earliest evidence of life 
on Earth, with the first undisputed occurrences 

on Earth dating back to ca. 3.5–3.4 Ga (Tice 
and Lowe, 2004; Van Kranendonk, 2011; Duda 
et al., 2016; Lepot, 2020; Reinhardt et al., 2024; 
Weimann et al., 2024). Considering that the ear-
liest microbialites in the terrestrial rock record 
are broadly contemporaneous with the expected 
early window of habitability on Mars (Bibring 
et al., 2006), microbialites (including microbi-
ally induced sedimentary structures, MISS) 
could be promising targets in the search for life 
on Mars (Westall et al., 2015; Hays et al., 2017; 
Noffke, 2021; Hickman-Lewis et al., 2023).

Research has primarily focused on carbon-
ate-dominated microbialites as these are the 
most widespread in the geological record (Arp 
et al., 2001; Suarez-Gonzalez et al., 2019; Pei 
et al., 2024). Microbialites consisting of various 
Fe(III) (oxyhydr)oxides, hereafter referred to as 
“iron microbialites,” are important because they 
have been reported from a variety of marine and 
non-marine circumneutral pH environments on 
Earth, ranging from the Paleoproterozoic to the 
Cenozoic (Planavsky et al., 2009; Champenois 
et al., 2024). Since Fe(III) (oxyhydr)oxides are 
widespread on the Martian surface (Ehlmann and 
Edwards, 2014; Kaplan et al., 2016; Hurowitz 
et al., 2017; Fraeman et al., 2020; Hazen et al., 
2023; Valantinas et al., 2025), ancient aquatic 
deposits on the red planet could have preserved 
iron microbialites. However, the biosignature 
potential of iron microbialites is limited, as the 
formation and preservation of such deposits on 
Earth is poorly understood.

Jan-Peter Duda https://orcid.org/0000-0002​
-8959​-097X

†Y. Pei, peiyu@cug​.edu​.cn; J.-P. Duda, jan-peter
.duda@uni-goettingen​.de

Downloaded from http://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/doi/10.1130/B38599.1/8045496/b38599.pdf by Universitaetsbibliothek Tuebingen user on 25 June 2026

https://orcid.org/0000-0002-8959-097X
mailto:peiyu@cug.edu.cn
mailto:jan-peter.duda@uni-goettingen.de
mailto:jan-peter.duda@uni-goettingen.de


Yu Pei et al.

2	 Geological Society of America Bulletin, v. 136, no. XX/XX

The extremely acidic (pH: ∼2) aquatic envi-
ronments of Río Tinto, Spain, share remarkable 
mineralogical and geochemical similarities to 
Meridiani Planum on Mars (e.g., the presence of 
jarosite [KFe3(SO4)2(OH)6] formed in a wet, oxi-
dizing, and acidic environment) and can, there-
fore, be considered a modern terrestrial analog 
(Morris et al., 2006; Amils et al., 2014; Kaplan 
et al., 2016). The highly acidic and heavy-metal-
enriched surface water in Río Tinto has resulted 
from the biologically driven oxidation of ca. 
350 Ma massive iron sulfide deposits in the sub-
surface as well as microbial Fe2+

(aq) oxidation 
(Amils et al., 2014, 2023; Abramov et al., 2022). 
In the associated surface environment, acido-
philic microorganisms, including Fe(II)-oxidiz-
ing bacteria (e.g., Acidithiobacillus, Leptospiril-
lum) and fungi (e.g., Purpureocillium lilacinum) 
are known to promote the formation of jarosite, 
schwertmannite [Fe8O8(OH)8−2x(SO4)x × nH2O, 
where 1 < x < 1.75], and Fe(III) (oxyhydr)
oxides such as goethite (α-FeOOH; Oggerin 
et al., 2016; Abramov et al., 2022). These pro-
cesses result in the local formation of distinct 
biosedimentary deposits, such as terraced iron 
formations (Sánchez España et al., 2007).

Here, we investigate iron microbialites from 
the Río Tinto area to support the astrobiologi-
cal exploration of Mars (Fig.  1A). Our study 
integrates data from analytical instruments 
analogous to those used in Mars rover missions 
(Raman and Mössbauer spectroscopy; micro 
X-ray diffraction [µXRD]; micro X-ray fluo-
rescence [µXRF]) with data from Earth-based 
analytical methods relevant to sample return 
missions (e.g., scanning electron microscope 
coupled with energy-dispersive X-ray spectros-
copy [SEM-EDS]; δ56Fe isotopes; 16S rRNA). 
We investigate the mechanisms involved in 
microbialite formation before focusing on the 
value of observed physicochemical features as 
potential biosignatures for Mars. Taken together, 
the findings of our study provide a robust frame-
work for exploring iron microbialites on ancient 
Earth and support our search for life on Mars.

FIELD OBSERVATION AND SAMPLING

The iron microbialites grew horizontally on the 
northeast-facing wall of an ∼100-year-old water 
reservoir (several hundred square meters in size; 
37°43′17.3″N, 6°33′46.7″W), close to the Río 
Tinto’s origin (Figs. 1A and 1B). Between 2008 
and 2022, the average pH of the reservoir water 
was 2.3 ± 0.3 (n = 22). Several iron microbial-
ites were sampled during two field campaigns in 
September 2021 and 2022. Following established 
practice in microbialite research, we selected one 
representative microbialite collected in 2021 for 
petrographic, mineralogical, and geochemical 

analyses; only 16S rRNA analyses were con-
ducted on two additional microbialites collected 
in 2022 to ensure reproducibility.

METHODS

Petrographic Analyses

Petrographic thin sections of the microbial-
ites were analyzed using a Keyence VHX-6000 
digital microscope. For SEM-EDS analysis, a 
Crossbeam 550L SEM (Zeiss; Oberkochen, Ger-
many) was used. Samples were fixed in 2.5% 
glutaraldehyde in the field and immediately 
stored at 4 °C. This treatment promoted cross-
linking of cellular macromolecules, resulting in 
stabilization of cellular architecture, preserva-
tion of ultrastructural integrity, and inhibition of 
biological activity. In the laboratory, the samples 
were dehydrated with different concentrations of 
ethanol (25%, 50%, 75%, and 100% in turn) and 
then dried onto carbon adhesive tabs attached to 
aluminum stubs. The sequential use of increas-
ing ethanol concentrations ensured gradual 
replacement of intracellular water, thereby mini-
mizing osmotic stress and preventing structural 
collapse. This gentle dehydration procedure was 
critical for maintaining morphological fidelity 
during subsequent drying and vacuum imaging, 
thereby ensuring high-resolution preservation 
of microbial ultrastructure. The dried samples 
mounted on carbon adhesive tabs were coated 
with 28-nm-thick layers of gold using a BAL-
TEC SCD 005 sputter coater to reduce charging 
effects. Images were collected at a working dis-
tance of ∼5 mm and a voltage of 2 kV.
µXRD was performed on powdered samples 

using a Bruker’s D8 Discover GADDS XRD2 
instrument equipped with a standard sealed tube 
and a copper anode (30 kV/30 mA). The mea-
suring time was 240 seconds at two detector 
positions (15° and 40°). Phases were identified 
by using Match! software combined with the 
Crystallography Open Database (COD-Inorg 
REV211633 2022.06.29).

For Mössbauer spectroscopy, powdered sam-
ples were loaded into Plexiglas holders (area 1 
cm2), forming a disc. The holders were inserted 
into a closed-cycle exchange gas cryostat (Janis 
cryogenics) under a backflow of helium to mini-
mize exposure to air. Spectra were collected at 
77 K, 295 K, and 5 K. A constant acceleration 
drive system (WissEl) in transmission mode 
with a 57Co/Rh source was used. All spectra were 
calibrated against a 7-μm-thick α-57Fe foil that 
was measured at room temperature. Mössbauer 
spectra analysis was carried out using Recoil 
(University of Ottawa, Ontario, Canada) and 
the extended Voigt Based Fitting (VBF) routine 
(Lagarec and Rancourt, 1997).

Element distribution images of thin sections 
were obtained by using a µXRF M4 Tornado 
spectrometer (Bruker Nano GmbH; Berlin, 
Germany). Measurements (spatial resolution = 
20 μm, pixel time = 18 ms) were conducted at 
25 kV and 600 nA.

A WITec alpha300 R fiber-coupled ultra-
high throughput spectrometer was employed 
to collect Raman single spectra to determine 
mineral compositions of thin sections. Before 
analysis, the system was calibrated employing 
an integrated light source. For single spectra, 
the experimental setup included a 532-nm con-
tinuous-wave excitation laser, an automatically 
controlled laser power of 2 mW, a 100×-long 
working distance objective with a numerical 
aperture of 0.75, and a 300-g mm−1 grating. The 
spectrometer was centered at 2200 rel. cm−1, 
covering a spectral range from 68 rel. cm−1 to 
3914 rel. cm−1. This setup has a spectral resolu-
tion of 2.2 cm−1. For single spectra, each was 
collected by two accumulations, with an acquisi-
tion time of 20 s. Automated cosmic ray correc-
tion, background subtraction, and fitting using 
a Lorentz function were performed using the 
WITec Project software.

Bulk Analyses

Total organic carbon (TOC) contents were 
analyzed with a TOC analyzer (Analytics; 
Jena, Germany). Each powdered sample was 
individually heated up to a maximum tempera-
ture of 900 °C. At 400 °C, TOC was released, 
while residual organic carbon (ROC) and total 
inorganic carbon (TIC) were released at 600 °C 
and at 900 °C, respectively. ROC and TIC were 
below detection limit for all analyzed samples.

DNA Analyses

Total DNA was extracted from internal and 
external layers of two different microbialites 
stored at −20  °C according to the method of 
Lueders et al. (2004). Microbial 16S rRNA genes 
were amplified using primers 515F and 806R 
targeting the V4 region (Caporaso et al., 2010). 
Real-time quantitative polymerase chain reac-
tion (qPCR) was used to quantify general 16S 
rRNA genes of bacteria and archaea. The qPCR 
protocol was performed using a CFX96 real-time 
PCR system (Bio-Rad). Subsequent Illumina 
sequencing was performed at the Next Genera-
tion Sequencing Competence Center Tübingen 
(NCCT) in Germany and between 85,213 and 
160,167 read pairs were obtained for each sample.

Sequencing data was processed using nf-core/
ampliseq version 2.8.0 (Straub et al., 2020) from 
the nf-core collection of workflows (Ewels et al., 
2016), utilizing reproducible software environ-
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ments from the Bioconda (Grüning et al., 2018) 
and BioContainers (da Veiga Leprevost et  al., 
2017) projects.

Data quality was evaluated with FastQC ver-
sion 0.12.1 (Andrews, 2010) and summarized 
with MultiQC version 1.23 (Ewels et al., 2016). 

Cutadapt 3.4 (Martin, 2011) was used to trim 
primers, discarding all untrimmed sequences. 
Sequences lacking primer sequences were con-

A B C

D E F

Figure 1. (A) Sampling location at the origin of Río Tinto, Spain (modified from García-Moyano et al., 2007). (B) The iron microbialites 
(white arrow) grew horizontally on a northeast-facing wall. (C, D) The analyzed iron microbialite was ∼10 cm thick and consisted of 
∼1-cm-thick layers of alternating color and texture. (E) Mössbauer spectroscopy indicated the presence of jarosite and Fe(III) (oxyhydr)
oxides, including goethite, in the iron microbialites. (F) Micro X-ray fluorescence (µXRF) analysis revealed relative enrichments of Fe (red), 
S (yellow), and K (cyan) in dense layers as compared to porous layers.
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sidered artifacts. Less than 17.8% of sequences 
were discarded per sample, with a mean of 
88.7% of sequences per sample passing the 
filtering. Adapter and primer-free sequences 
were processed as one pool using DADA2 
version 4.3.1 (Callahan et al., 2016) to elimi-
nate PhiX contamination, trim reads, discard 
reads with >2 expected errors, correct errors, 
merge read pairs, and remove PCR chimeras. 
Ultimately, 396 amplicon sequence variants 
(ASVs) were obtained across all samples, with 
70.3% to 78.26% of reads per sample (aver-
age 75.9%) retained. The ASV count table 
contained a total of 370,984 counts, with at 
least 49,242 and at most 109,678 per sample 
(average 92,746). ASVs with lengths <250 bp 
or >260 bp were removed, affecting less than 
2.17% of counts per sample, resulting in 375 
ASVs passing.

Taxonomic classification was performed 
using DADA2 and the Silva 138.1 prokary-
otic SSU database (Quast et  al., 2013). ASV 
sequences, abundances, and DADA2 taxonomic 
assignments were loaded into QIIME 2 (Bolyen 
et al., 2019). Of the 375 ASVs, 34 were filtered 
out using taxonomic strings containing “mito-
chondria” or “chloroplast,” leaving 341 ASVs. 
Within QIIME 2, the final prokaryotic commu-
nity data was visualized in a bar plot, evaluated 
for sufficient sequencing depth with alpha rar-
efaction curves, and analyzed for alpha (within-
sample) and beta (between-sample) diversity 
after rarefaction to 48,846 counts.

Stable Iron Isotope (δ56Fe) Analyses

For δ56Fe isotope analysis, 100 mg of each 
powdered sample was weighed in centrifuge 
tubes and diluted with 10 ml of 1 M HCl. After 
mixing, the ferrozine assay was performed 
to determine the total Fe content following 
reduction of Fe(III) to Fe(II) with hydroxylam-
monium chloride (Viollier et al., 2000; Hegler 
et al., 2008). The absorbance was measured at 
a wavelength of 562 nm. Based on the Fe con-
centration measurements, an aliquot of 10 µg Fe 
per sample was transferred to a perfluoroalkoxy 
(PFA) beaker and doped with 10 µg of 57Fe-58Fe 
double spike. For extraction and purification 
of iron at the Isotope Geochemistry Group’s 
clean-room facility of the University of Tübin-
gen (Germany), Spectra/Chrom polypropylene 
(PP) columns filled with 1 ml anion exchange 
resin (DOWEX AG 1 × 8, 100–200 mesh) were 
used. After cleaning with 2 ml H2O, followed by 
5 ml 5 M HNO3 and 2 ml H2O, the resin was 
conditioned with 5 ml (1 ml, 1 ml, 3 ml in turn) 
6 M HCl. Each sample was loaded in 1 ml 6 M 
HCl onto the columns. Sample matrix elements 
except Fe were eluted from the resin using an 

additional 6 ml (1 ml, 1 ml, 4 ml in turn) 6 M 
HCl. The purified Fe was eluted from the resin 
with 2 ml (1 ml, 1 ml in turn) H2O and 4.5 ml 
(1 ml, 3.5 ml in turn) 5 M HNO3.

Fe isotope measurements were done on the 
Thermo Fisher Neptune Plus multicollector 
inductively coupled plasma mass spectrometer 
(MC-ICP-MS) of the Isotope Geochemistry 
Group at the University of Tübingen. High-mass 
resolution (Δm/m = 10,500) was employed 
to separate polyatomic isobars from Fe iso-
topes (mainly 40Ar14N+ from 54Fe+, 40Ar16O+, 
40Ar17O+ and 40Ar18O+ from 56Fe+, 57Fe+, and 
58Fe+ respectively), while isobaric interferences 
from 54Cr+ on 54Fe+ and 58Ni+ on 58Fe+ were 
corrected by monitoring 52Cr+ and 60Ni+ respec-
tively, assuming natural isotopic composition 
for chromium and nickel (Wieser et al., 2013). 
Instrumental mass bias was corrected with the 
double spike deconvolution method described by 
Compston and Oversby (1969). The calculation 
of the δ56Fe isotope values is as follows:
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(1)

where the international reference material 
IRMM-014 was used as the reference delta-zero 
standard throughout this study. To ensure δ56Fe 
data quality, two internal standards, HanFe and 
TuebFe, were measured together with IRMM-
014 (IRMM-014: 0.000‰ ± 0.016‰, n = 14; 
long-term average of 0.000‰ ± 0.034‰,  
n = 313; HanFe: 0.276‰ ± 0.021‰, long-
term average of 0.289‰ ± 0.038‰, n = 133; 
TuebFe: −0.385‰ ± 0.015‰, long-term aver-
age of −0.377‰ ± 0.038‰, n = 103). The 
measured data are within the two standard devi-
ations (2SD) range of all standards and hence 
considered stable and consistent. Fe concentra-
tions in blanks that were processed in parallel 
(0.52 ng Fe/g, 0.58 ng Fe/g, 0.89 ng Fe/g, and 
0.94 ng Fe/g) were negligible compared to the 
amount of processed sample iron of 10 µg.

RESULTS

Textural and Mineralogical Features of the 
Iron Microbialites

The analyzed iron microbialite was ∼10 cm 
thick and characterized by a non-isopachous lay-
ering with lateral bifurcation and coalescence of 
column-like structures (Figs. 1C, 1D, 2A, and 
2B). Individual layers were ∼1 cm thick and 
exhibited alternating color and texture (brown-

ish red versus yellowish red, porous versus dense 
respectively).

All Mössbauer spectra obtained at 77 K 
exhibited doublets and sextets indicative of dif-
ferent Fe phases. More specifically, the spectra 
showed a doublet with a center shift (CS) value 
of 0.48–0.49 mm/s and a quadrupole split (QS) 
value of 1.17–1.21 mm/s. Additionally, several 
sextets were observed, with CS values ranging 
from 0.45 mm/s to 0.56 mm/s, quadrupole shift 
(ε) values from −0.29 mm/s to −0.02 mm/s, 
and magnetic field splitting (H) values between 
38.0 T and 49.9 T (Table S1 in the Supplemental 
Material1). The fitting parameters of the sextets 
were characteristic of Fe(III) (oxyhydr)oxides 
including goethite, which could be identified 
based on ε values of <−0.10 mm/s (Murad and 
Cashion, 2004). Other Fe(III) (oxyhydr)oxides 
such as hematite (Fe2O3; typically H values 
>50 T; Murad and Cashion, 2004), magnetite 
(Fe3O4; typically CS values >0.65 mm/s; Gorski 
and Scherer, 2010), and ferrihydrite (normally 
Fe5HO8 · 4H2O; generally QS <1 in doublets; 
Thompson et  al., 2025) were not observed 
(Table S1).

In Mössbauer spectra obtained at 77 K, 
jarosite can be identified as a doublet with CS 
values of 0.48–0.49 mm/s and high QS values 
of 1.17–1.21 mm/s (Eneroth and Koch, 2004). 
To support our interpretation of this phase as 
jarosite, we further analyzed the sample from 
layer 2 at 295 K and 5 K. At 295 K, the sample 
spectrum displayed only broadened doublets 
and was best fitted with a phase having CS 
values of 0.32–0.34 mm/s and QS values of 
0.59–1.4 mm/s, characteristic of jarosite. At 5 K, 
the spectrum only displayed sextets, consistent 
with jarosite undergoing a magnetic transition 
between 77 K and 4.2 K. One of the sextets 
exhibited fitting parameters matching those of 
jarosite (Table S1; Eneroth and Koch, 2004; 
Murad and Cashion, 2004).

Another common mineral in Río Tinto is schw-
ertmannite (Amils et al., 2014). In Mössbauer 
spectra recorded at 295 K and 77 K, at least one 
Fe(III) doublet of schwertmannite exhibits QS 
values much lower than those measured in our 
study (∼0.65 mm/s versus >1.19 mm/s, respec-
tively; Thompson et al., 2025). Given this dis-
crepancy, we conclude that schwertmannite was 
either below the detection limit of Mössbauer 
spectroscopy (<5%) or absent in our samples.

1Supplemental Material. Supplementary 
mineralogical, geochemical, and molecular genetic 
data are provided in Tables S1–S4 and Figures S1–
S3. Additional Mars-related context is provided in 
Figure S4. Please visit https://doi​.org​/10​.1130​/GSAB​
.S​.32652795 to access the supplemental material; 
contact editing@geosociety​.org with any questions.
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Figure 2. (A, B) Optical photo-
micrographs (position marked 
in Fig.  1D) highlighting the 
difference between dense and 
porous layers of the iron mi-
crobialites. (C–E, G, H) The 
scanning electron microscope 
coupled with energy-dispersive 
X-ray spectroscopy (SEM-EDS) 
revealed that jarosite occurred 
as micrometer-scale euhedral 
crystals (black arrows, C) and 
goethite as needle-shaped crys-
tals (black arrows, D). These 
two mineral morphologies were 
closely associated with Fe(III) 
(oxyhydr)oxides that appeared 
pseudo-spherulitic (white ar-
rows, D, E). Au detected in the 
spectra originates from sample 
coating. (F) Spatial associations 
of prokaryotic cells (white ar-
rows), extracellular polymeric 
substances (EPS; black arrow), 
and mineral layers.

A B

DC

E F

G H
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Consistent with Mössbauer spectroscopy, 
µXRD reflections (goethite: reflections at 24.7° 
and 42.6° 2θ; jarosite: reflections at 20.8°, 33.7°, 
and 46.3° 2θ) and Raman indicated that the iron 
microbialite consisted of jarosite, goethite, and 
other Fe(III) (oxyhydr)oxides (Figs.  1E and 
S1A–S1C). Goethite seemed to be less crystal-
line than jarosite, as indicated by broader µXRD 
reflections (Fig. S1A; Holder and Schaak, 2019; 
Ali et  al., 2022). Similar features of µXRD 
reflections indicative of goethite suggested a 
lower crystallinity in layers with a dense texture 
than those with a porous texture.

Mössbauer spectra indicated the presence 
of jarosite (9.2%–23.5%), goethite (31.5%–
82.0%), and mixed Fe(III) (oxyhydr)oxides 
(8.8%–45.0%; Fig.  1E; Table S1). Notably, 

dense layers (i.e., layers 4, 10) exhibited rela-
tively higher jarosite contents, whereas porous 
layers (i.e., layers 2, 6, 8) contained relatively 
higher proportions of goethite (Figs.  1D and 
1E). This is consistent with µXRF maps, show-
ing enrichments of S and K tracing jarosite in 
dense layers (Figs. 1F and S2).

SEM-EDS revealed that jarosite and goethite 
occurred as µm-scale euhedral and needle-
shaped crystals respectively (Fig. 2). These two 
mineral morphologies were closely associated 
with Fe(III) (oxyhydr)oxides that appeared 
pseudo-spherulitic; each “cluster” was ∼0.5 µm 
in size (Figs. 2C–2E, 2G, and 2H). In addition, 
spatial associations between prokaryotic cells, 
extracellular polymeric substances (EPS), and 
minerals were observed by SEM (Fig. 2F). Bio-

mass was present in both dense and porous lay-
ers. Prokaryotic cells were relatively dispersed, 
and EPS were the major constituent of biomass 
by occurrence.

Stable Iron Isotopes (δ56Fe) of the Iron 
Microbialites

The acidic reservoir water had ∼30 mM dis-
solved Fe3+

(aq) (>99% of total aqueous Fe as 
determined by ferrozine assay; Hegler et  al., 
2008). Its δ56Fe value was −0.29‰, consistent 
with the range reported from pyrite in the area 
(−0.56‰ to +0.25‰) and water in other parts 
of the Río Tinto system (−1.76‰ to +0.43‰; 
Egal et  al., 2008). The δ56Fe values of solid 
phase HCl-extractable Fe from the microbialite 
layers ranged from −0.91‰ to −0.83‰, with 
−0.87‰ ± 0.016‰ on average (2SD, n = 10; 
Figs. 3A and 3B; Table S2). The δ56Fe values 
and layer numbers show a significantly positive 
correlation (Spearman’s rho = 0.756, p = 0.01), 
indicating an increase of δ56Fe values over depth.

DNA Analyses of the Iron Microbialites

To further investigate the role of microor-
ganisms in the formation of the microbialites, 
we first analyzed the TOC contents. Generally, 
dense layers exhibited higher TOC than porous 
layers, with layer 10 (0.41 ± 0.036 wt%) sub-
stantially exceeding layer 6 (0.16 ± 0.004 wt%; 
Fig. S3; Table S3). Notably, these relatively low 
TOC values are still ∼10 times higher than 
those measured in situ or expected on Mars 
(i.e., ∼0.03 wt% in the Cumberland mudstone 
in Gale crater; Stern et  al., 2022; Freissinet 
et al., 2025).

Microbial community analysis based on 16S 
rRNA indicated a dominance of the archaeal 
phylum Thermoplasmatota, with lower propor-
tions of the bacterial phyla Pseudomonadota 
and Actinobacteriota (Fig. 4). Microbial com-
munities in the external (i.e., younger) layers 
showed a higher diversity (Shannon diversity 
index, H’ = 5.02–5.28), with Thermoplas-
matota (28.06%–38.07%) and Pseudomonadota 
(14.85%–24.70%) being the most prominent, 
alongside Actinobacteriota (13.03%–16.04%), 
Deinococcota (3.87%–12.10%), and Chloro-
flexota (3.73%–8.94%). In contrast, microbial 
communities in the internal (i.e., older) layers 
were less diverse (H’ = 4.08–4.61), exhibiting 
a more pronounced dominance of Thermoplas-
matota (46.75%–56.45%), followed by Actino-
bacteriota (17.41%–17.68%) and Chloroflexota 
(13.62%–16.84%). Pseudomonadota were less 
prevalent in the internal layers (2.15%–8.73%), 
which also showed an increase in Nitrospirota 
(2.01%–5.01%; Fig. 4; Table S4).

A B

C

Figure 3. (A, B) δ56Fe values of the different layers of the iron microbialite (−0.91‰ to 
−0.83‰, −0.87‰ ± 0.016‰ on average, two standard deviations [2SD], n = 10). (C) Calcu-
lated isotopic differences associated with mineral precipitation (Δ56Fe(III)solid-aq = −0.62‰ to 
−0.54‰) are consistent with the fractionation expected between the observed iron minerals 
and Fe3+

(aq). δ56Fe values for pyrite ore from the Río Tinto are from Egal et al. (2008).
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DISCUSSION

Iron Microbialite Formation—Microbial 
vs. Abiotic Processes

Microbial Fe2+ oxidation in the Río Tinto 
subsurface and surface water contributes to its 
high content of dissolved Fe3+

(aq) (Amils et al., 
2014, 2023; Abramov et al., 2022). Microbial 
Fe2+ oxidation rates in Río Tinto water, includ-
ing those of Acidithiobacillus and Leptospiril-
lum (Abramov et  al., 2022), can be 105–106 
times higher than abiotic Fe2+ oxidation, which 
is extremely slow at acidic pH (∼2.0; Singer and 
Stumm, 1970). Notably, in the acidic reservoir 
water, >99% of total aqueous Fe is dissolved 
Fe3+

(aq). Considering the thickness (∼10 cm) and 
estimated age of the iron microbialite (<100 yrs, 
based on the age of the reservoir wall), its growth 
rate must have been at least ∼1 mm per year. 
This precipitation rate is very high considering 
the slow precipitation kinetics of minerals in the 
reservoir (Oggerin et al., 2016). Therefore, it is 
likely that microorganisms contributed to min-
eral precipitation and, by extension, microbialite 
formation. Indeed, it was suggested that fungi 
such as P. lilacinum promote Fe(III) mineral 
formation in the environment by binding metal 
cations at negatively charged cellular surfaces, 
resulting in local supersaturation and jarosite 
precipitation (Oggerin et al., 2016).

The observed community composition of the 
microbialites as revealed by DNA analyses is 
distinct from other habitats in Río Tinto. Gener-
ally, the microbialite diversity (H′ = 4.08–5.28) 
was slightly lower than that in Río Tinto sedi-
ments at the estuary (H′ = 5.2–6.5) but higher 
than that in the middle course of the acidic 

river (H′ = 2.65–3.5; Abramov et  al., 2022). 
More specifically, the main prokaryotes in the 
water (Leptospirillum, Acidithiobacillus, and 
Acidiphilium) are much less abundant in the 
microbialites, while the archaeal phylum Ther-
moplasmatota is substantially more abundant in 
the microbialites than in the water (∼30%–60% 
versus >1% respectively; González-Toril et al., 
2003). This aligns with previous studies showing 
the dominance of Thermoplasmatota in anoxic 
zones of acid mine drainage sites such as Parys 
Mountain (Wales, UK) and Iron Mountain (Cali-
fornia, USA), where it constituted up to 65.5% 
and 85% of the prokaryotic community respec-
tively (Edwards et al., 2000).

Even though Thermoplasmatota lack rigid 
cell walls, their activity in the iron-oxidizing 
cycle can lead to the precipitation of sulfate 
minerals (e.g., jarosite; Edwards et al., 2000). In 
addition, related biofilms can trap mineral par-
ticles or provide a surface for mineral nucleation, 
contributing to biomineralization processes and 
increasing the stability of microbialites (Kish 
et al., 2016). As in the case of some fungi, the 
cell walls of bacteria such as Pseudomonadota, 
Actinobacteriota, and Nitrospirota promote 
biomineralization by providing surfaces for min-
eral nucleation, templates for crystal growth, and 
functional groups for ion binding (Maurice and 
Warren, 2006). This idea is supported by SEM-
EDS analyses of our samples, which revealed 
spatial associations between prokaryotic cells, 
EPS, and minerals within the microbialite lay-
ers (Fig.  2F). This finding is consistent with 
previous reports of filamentous Fe(II)-oxidizing 
bacteria closely associated with iron sulfates and 
oxides in Río Tinto crusts and sediments (Pres-
ton et al., 2011). Hence, eukarya (fungi; Oggerin 

et al., 2016), archaea (e.g., Thermoplasmatota), 
and bacteria (e.g., Pseudomonadota, Actinobac-
teriota, Nitrospirota) could play a crucial role in 
the formation of jarosite.

After jarosite formation, it may transform 
into other minerals depending on hydrochemi-
cal conditions in the environment, resulting 
in the alternating color and texture of the iron 
microbialite layers (Figs. 1C, 1D, 2A, and 2B). 
These changes may have been driven by sea-
sonal water input (e.g., rainfall), which could 
have influenced O2 availability and associated 
mineral oxidation processes. However, abiotic 
oxidation of Fe2+ by O2 is extremely slow at low 
pH (∼2.0; Singer and Stumm, 1970). Instead, 
the observed mineralogical transitions are likely 
governed by microbial processes. Admixture of 
freshwater into the acidic reservoir water may 
cause a slight pH increase, while microbial 
sulfate or Fe(III) reduction can further elevate 
pH by consuming SO4

2+ or Fe3+ respectively, 
both of which are abundant in Río Tinto (Fig. 4; 
Table S4). Together, such processes may create 
transient neutral to alkaline microenvironments 
(Sánchez-Román et  al., 2014). At higher pH, 
goethite forms preferentially over jarosite (Smith 
et al., 2006; Ryu and Kim, 2022), a trend also 
demonstrated in experimental simulations of 
Martian environments (Mitra et al., 2020; Per-
etyazhko et al., 2021; Zhang et al., 2024; Mitra, 
2025). Thus, goethite formation may have been 
promoted by jarosite dissolution.

The lower crystallinity of goethite as com-
pared to jarosite in the iron microbialite (e.g., 
layer 1), as indicated by broader µXRD reflec-
tions (Fig. S1A; Ali et  al., 2022), is in good 
accordance with a later formation. The jarosite-
goethite transformation sequence also explains 

Figure 4. Microbial communities in external and internal layers of two iron microbialites from Río Tinto, Spain, analyzed via DNA-based 
methods.
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the textural characteristics of the different layers. 
More specifically, goethite has a significantly 
lower molar volume than jarosite (21 cm3/mol 
versus 160 cm3/mol, respectively; BRGM Ther-
moddem database, https://thermoddem​.brgm​.fr​/
databases); hence, the transformation of jarosite 
to goethite should involve a reduction of the min-
eral volume. Therefore, porous textures can be 
formed through the (microbially driven) trans-
formation of jarosite to goethite (i.e., jarosite → 
poorly crystalline Fe(III) (oxyhydr)oxides → 
goethite).

There have been attempts to employ Fe iso-
topes as biosignatures because of their large 
fractionations (Beard et al., 1999; Anbar et al., 
2000). Biological involvement in the formation 
of the iron microbialites is primarily attributed 
to adsorption or precipitation processes. Indeed, 
redox reactions such as Fe2+ oxidation are not 
required as the reservoir water already con-
sisted of >99% Fe3+. While redox reactions 
tend to produce the same isotopic fractionation 
irrespective of biological or abiotic pathways 
(Johnson et  al., 2020), the adsorption of dis-
solved Fe to cell surfaces can lead to a clear 
enrichment of heavy isotopes on the cell sur-
faces. This process, in turn, leaves behind an 
isotopically light solution, as shown in culture 
experiments with cyanobacteria (Mulholland 
et al., 2015). Given that the adsorption of metal 
cations at negatively charged cellular surfaces 
evidently plays a key role in the formation of 
the analyzed iron microbialites, the latter process 
needs further investigation. Calculated isotopic 
differences associated with mineral precipitation  
(Δ56Fe(III)solid-aq = −0.62‰ to −0.54‰) are con-
sistent with the fractionation expected between 
the observed iron minerals and Fe3+

(aq) (Fig. 3C), 
with no clear difference in abiotic and biologi-
cal systems (Balci et al., 2006; Whitworth et al., 
2020). For comparison, Fe isotope fractionation 
in low pH environments of the Ottery Mine in 
eastern Australia showed a much larger range 
in Δ56Fe(III)solid-aq along the flow-path (∼5.2‰; 
Burton et al., 2022). Thus, Fe isotopes in Río 
Tinto provide no clear evidence of direct micro-
bial involvement in microbialite formation.

Potential Biosignatures Associated with 
Iron Microbialites

Several lines of evidence observed in the iron 
microbialites can be attributed to biological pro-
cesses: (1) non-isopachous layering, (2) high 
growth rate, and (3) the presence of microorgan-
isms that likely promote iron mineral precipita-
tion. However, many other features are ambigu-
ous, including mineralogical distribution, TOC 
contents, and δ56Fe values. Problematically, 
high-confidence biosignatures (e.g., microbial 

cells and DNA; growth rates) cannot be reli-
ably inferred or detected either in the geological 
record or by Mars rovers, while layered struc-
tures can also form abiotically.

Laminated and dome-shaped stromatolite-like 
structures were also reported from other low pH 
environments such as the Carnoulès acid mine 
drainage in France (Leblanc et al., 1996). These 
deposits consist of abundant poorly crystal-
line Fe(III) (oxyhydr)oxides, including As-rich 
schwertmannite (Maillot et al., 2013), and they 
were found to be associated with living Thioba-
cillus-type bacteria (Leblanc et al., 1996). This is 
very different to the Río Tinto microbialites ana-
lyzed herein, where schwertmannite was below 
the detection limit of Mössbauer spectroscopy 
and µXRD or even absent. One possible expla-
nation is a rapid transformation of potential ini-
tial schwertmannite to jarosite, perhaps driven 
by Acidithiobacillus (Wang et al., 2006).

The iron microbialites analyzed in this study 
also exhibited textural and chemical features 
that are somewhat similar to modern Fe(III) 
(oxyhydr)oxide deposits observed in deep-sea 
hydrothermal vent fields in the Norwegian-
Greenland Sea (Moeller et  al., 2014). More 
specifically, both deposits consist of centime-
ter-scale Fe(III) (oxyhydr)oxide layers that 
are locally porous and show low δ56Fe val-
ues (deposits from hydrothermal vent fields: 
−2.09‰ to −0.66‰; iron microbialites from 
Río Tinto: −0.91‰ to −0.83‰). However, in 
contrast to the Río Tinto microbialites, these 
deposits formed under circumneutral pH condi-
tions. Considering that Fe(III) (oxyhydr)oxide 
formation under such conditions can be driven 
by microaerophilic Fe(II)-oxidizing bacteria 
(Picard et  al., 2015), iron microbialites with 
similar geologically stable key features may 
form under conditions different from Río Tinto. 
This means that iron microbialites not only 
provide targets for the astrobiological explora-
tion of Mars, but to a wide range of iron-rich 
environments teeming with prokaryotic life—
including ancient hydrothermal sulfide sys-
tems, which are widely considered critical for 
the emergence of prokaryotic life (Martin et al., 
2008; Georgieva et al., 2021).

Significance for the Search for Life on Mars

Mars is a prime target for astrobiological 
studies. Within the next two decades, Martian 
samples might be returned to Earth (Beaty et al., 
2019; Kminek et al., 2022; Hou et al., 2024). 
Earth-based analog studies are central to the 
critical analysis of any samples from these mis-
sions (Amils et al., 2014; Kaplan et al., 2016; 
Ruff and Farmer, 2016; Hays et al., 2017; Cava-
lazzi et al., 2019).

Our results demonstrate that diverse micro-
bial communities flourish under environmental 
conditions that might have persisted at Meridi-
ani Planum on Mars (Fernández-Remolar et al., 
2005). Various prokaryotes in these commu-
nities promote the formation of jarosite and 
Fe(III) (oxyhydr)oxides, such as goethite. Com-
pared to the analyzed microbialites, Meridiani 
Planum deposits contain higher proportions of 
jarosite and abundant hematite (Figs. 1E and S4; 
Fernández-Remolar et al., 2005; Morris et al., 
2006). While some of the hematite and jarosite 
in Meridiani Planum deposits may derive from 
mineral transformation processes under arid 
conditions, their Fe(III) (oxyhydr)oxide precur-
sors are thought to have formed under poten-
tially habitable aquatic conditions (Elwood 
Madden et al., 2004, 2012; Knoll et al., 2005; 
Barrón et al., 2006; Bibring et al., 2006). It is 
also important to keep in mind that the forma-
tion of Fe(III)-bearing minerals in some regions 
of Mars can be mediated by a variety of abiotic 
oxidation processes (e.g., UV rays and reactive 
chlorine species; Lasne et al., 2016; Mitra et al., 
2020; Chan et al., 2025; Viúdez-Moreiras et al., 
2025; Mitra, 2025). So far, rover data have not 
been sufficient for identifying microbial activity 
in these deposits. Thus, our study reinforces pre-
vious recommendations for the return of Meridi-
ani Planum rocks to Earth (Knoll et al., 2005; 
McSween and Thiemens, 2025).

We have reinforced the utility of layered iron 
microbialites as a target for the search for life 
on Mars. However, most individual character-
istics analyzed in this study were inconclusive 
in determining biogenicity. For instance, in situ 
observable features such as non-isopachous lay-
ering can also form abiotically. At the same time, 
many high-confidence biosignatures associated 
with the iron microbialites (e.g., microbial cells 
and DNA, growth rates) cannot be inferred or 
detected by current Mars rovers. This ambiguity 
increases the risk of false negatives in extrater-
restrial life detection (McMahon and Cosmidis, 
2022). To reduce this risk, in situ observable 
features that qualify rocks for sample return 
missions must be thoroughly constrained. Cru-
cially, multiple lines of Mars- and Earth-based 
evidence must then be carefully weighed and 
integrated into a coherent model that aligns with 
microbial processes. Learning to use terrestrial 
analogs to build plausible, testable models is 
therefore essential for supporting in situ rover 
missions and sample return campaigns.
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