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Abstract

Understanding the nature and preservation of microbial traces in extreme environments is crucial for
reconstructing Earth’s early biosphere and for the search for life on other planets or moons. At Rio
Tinto, southwestern Spain, ferric oxide and sulfate deposits similar to those discovered at Meridiani
Planum, Mars, entomb a diversity of fossilized organisms, despite chemical conditions commonly
thought to be challenging for life and fossil preservation. Investigating this unique fossil microbiota
can elucidate ancient extremophile communities and the preservation of biosignatures in acidic
environments on Earth and, potentially, Mars. In this study, we use an innovative multiscale approach
that combines the state-of-the-art synchrotron X-ray nanoimaging methods of ptychographic X-ray
computed laminography and nano-X-ray fluorescence to reveal Rio Tinto’s microfossils at subcellular
resolution. The unprecedented nanoscale views of several different specimens within their geological
and geochemical contexts reveal novel intricacies of preserved microbial communities. Different mor-
photypes, ecological interactions, and possible taxonomic affinities were inferred based on qualitative
and quantitative 3D ultrastructural information, whereas diagenetic processes and metabolic affinities
were inferred from complementary chemical information. Our integrated nano-to-microscale analytical
approach revealed previously invisible microbial and mineral interactions, which complemented and
filled a gap of spatial resolution in conventional methods. Ultimately, this study contributes to the chal-
lenge of deciphering the faint chemical and morphological biosignatures that can indicate life’s pres-
ence on the early Earth and on distant worlds. Key Words: Fossil Biosignatures—Microfossils—
Geomicrobiology—Mars—Rio Tinto—Multiscale—X-Ray Nanoimaging—Ptychographic X-Ray Computed
Laminography—Nano-X-Ray Fluorescence. Astrobiology 24, 721–733.
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1. Introduction

T he search for microbial life on Mars, whether past or
present, is a primary driver of the Mars 2020 mission

and planned Mars Sample Return missions (Farley and
Williford, 2017). Environmental context for in situ and sam-
ple return missions has been established through geological
mapping using orbiters and rovers, and rock cores have been
collected for eventual detailed investigations in advanced lab-
oratories on Earth (Simon et al., 2023). Compared to Earth,
Mars’ surface is dry, cold, and subject to high-radiation and
oxidizing conditions, which limit prospects for extant life and
can also destroy exposed organics. Nevertheless, the lack of
plate tectonics has resulted in less intense metamorphism and
lower diagenesis rates, which associated with the relatively
slower weathering and erosion has allowed sedimentary rocks
that date back to 4 Ga to remain preserved and accessible
today (McMahon et al., 2018). At the time when life began to
flourish on Earth, approximately 4–3.5 Ga (Allwood et al.,
2007; Dodd et al., 2017; Nutman et al., 2016), Mars was
undergoing the so-called Noachian–Hesperian transition
(*3.7–3.5 Ga) from a planet with at least episodically abun-
dant surface water, potentially capable of supporting micro-
bial life, to the dry and hostile environments observable today
(Sauterey et al., 2022). Terrestrial analogs of these terrains,
such as Rio Tinto in southwestern Spain, provide important
insights into the habitability and the potential for biosignature
preservation in rocks similar in environmental settings to
those of Mars. In this context, Rio Tinto provides a reference
analog for Noachian–Hesperian transition deposits epito-
mized by the iron-rich acidic deposits on Meridiani Planum
(Amils et al., 2007; Amils et al., 2014). Rio Tinto deposits
show that, in combination, oxidation of sulfur species and
seasonal evaporation can promote a concentration of iron
oxides, as well as sulfate minerals, such as jarosite and
schwertmannite, typically found at Meridiani (Fernández
Remolar et al., 2005; Rapin et al., 2019).

In addition to providing a geochemical and mineralogical
analog of iron-rich deposits on Mars, studies at Rio Tinto have
revealed an unexpected past and present microbial diversity
despite its extremely acidic conditions (mean pH 2.3) and high
metal concentrations (Fe, Cu, Zn, As) (Fernández Remolar and
Knoll, 2008; González-Toril et al., 2003; López-Archilla,
Marin and Amils, 2001; Zettler et al., 2002) that are found
locally. Partial preservation of biomolecules and body fossils
in the iron-rich deposits of Rio Tinto challenges the perspective
that rocks formed under iron rich, acidic, or oxidizing condi-
tions are unsuitable for the preservation of organic material
(Fenton, 1894; Sumner, 2004), which enhances astrobiological
interest in the iron-rich terrains of Mars (McMahon et al.,
2018). Reports on terrestrial analogs include the preservation
of diverse lipids in acidic streams (Tan, Lewis and Sephton,
2018) and, in Rio Tinto terrains, peptide chains (Colín-García
et al., 2011), large (>600 Da) fatty acids, hydrocarbons, isopre-
noids, alkanols, hopanoids, and steroids (Fernández Remolar,
et al., 2021b). Moreover, a diverse fossil assemblage has been
reported from Rio Tinto sediments that includes insect cuticles,
plant tissues, fungi, algae, and bacteria-like structures (Fernán-
dez Remolar and Knoll, 2008; Preston et al., 2011). The partial
preservation of microbial fossils at up to 2.1 Ma in Rio Tinto
terraces is ascribed to an early mineralization of the organisms

by rapid precipitation of iron oxides from Fe-saturated solu-
tions, generating molds and casts that persist through diagene-
sis (Fernández Remolar et al., 2005).

The study of fossil microorganisms found in 2.1 Ma iron-
rich rocks of Rio Tinto highlights the analytical and interpreta-
tional challenges that will be encountered in the quest for
traces of life in Fe-bearing rocks from Mars. The search for
ancient traces of microbial life relies on an understanding of
how microorganisms and the products of their activity can be
preserved in rocks and how these evolve over geologic time
scales. As in investigations of Precambrian fossils, details of
morphology, ultrastructural features, taxonomic relationships,
and ecological interactions need to be extracted from microme-
ter scale fossils in dense rock matrices (Des Marais et al.,
2008; Javaux, 2019; Lepot, 2020). In Rio Tinto samples, the
already difficult in situ colocalization of organics within fossil-
ized microbial bodies is challenged by the lower preservation
potential of biochemical compounds under acidic conditions
and by the fact that fossils are embedded in iron oxide-bearing
rocks. Assessment of the biogenicity, endogeneity, and synge-
nicity of microbial fossils also requires inspections of the mor-
phological and geochemical features that span scales from
macro to nano. This multiscale picture is necessary for com-
bining subcellular information with inferences about a micro-
bial, geological, and (paleo)environmental context (Lepot,
2020), all crucial for assessing putative traces of life in extreme
environments and in ancient or heavily altered rocks (Cady
et al., 2003). Besides the requirement of multiple lines of evi-
dence for assessing elusive traces of microbial life, their track-
ing in the precious samples to be returned from Mars also
necessitates optimized nondestructive methods as a priority. In
this respect, advancing the investigation of traces of ancient
microbial life on Earth using nondestructive, multiscale, and
multiprobe approaches therefore represents a fundamental step
in preparations for the investigation of samples returned from
Mars (Kminek et al., 2022).

To address these analytical challenges, we combined conven-
tional methods and state-of-the-art X-ray synchrotron nanoimag-
ing in a multiscale and multiprobe study of microfossiliferous
Rio Tinto rock samples. We explored methods well-known in
geobiological studies, such as Raman microscopy, electron
probe microanalysis (EPMA), scanning electron microscopy
(SEM), and time-of-flight secondary ion mass spectrometry
(ToF-SIMS). To push the limits of analysis to nanoscale and
ultra-trace chemical levels, we combined synchrotron nano-X-
ray fluorescence with 3D micro-to-nanoimaging ptychographic
X-ray imaging in a setup adapted to laterally extended samples,
such as petrographic thin sections.

Ptychography, a cutting-edge X-ray nanoimaging tech-
nique (Dierolf et al., 2010; Pfeiffer, 2018), offers a remark-
able avenue for the non-destructive investigation of materials
with subtle absorption contrast, including minerals (De
Boever et al., 2015) and microfossils (Maldanis et al., 2020),
which enables their three-dimensional characterization based
on quantitative electron density contrast. To overcome the
limitations of preparing micrometric cylindrical samples and
enable the investigation of larger areas, this method was
developed in a setup for laminographic nano-imaging (See
methods of Holler et al. (2019), which allows 3D imaging of
laterally extended samples. This approach can improve the
analysis of petrographic thin sections by simplifying sample
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preparation and facilitating the exploration of multiple areas of
interest over large field-of-views and with exceptional 3D nano-
metric resolution. In the present study, we employed Ptycho-
graphic X-ray Computed Laminography (PyXL) to delve into
the rich microfossil diversity of Rio Tinto, taking a comprehen-
sive multiscale approach to unravel the intricate details of indi-
vidual fossils within their geological and environmental contexts.

1.1. Geologic and petrographic context

The analyzed samples were derived from ferric oxyhydrox-
ide deposits of the Rio Tinto Upper Terrace in the Alto de La
Mesa region (Fig. 1). These beds were formed during the

early Pleistocene due to the interaction between alternating
acidic fluvial and lacustrine conditions fueled by acidic
springs that originated from the bio-oxidation of the Cerro
Salomon and Cerro Colorado pyritic ore bodies (Fernández
Remolar and Knoll, 2008). The entire stratigraphic section
(Fig. 1a) exhibits a diverse range of sedimentary facies with
varying levels of ferric mineralization in detrital layers. The
upper sequence (Fig. 1b) commences with conglomeratic and
sandy deposits cemented by iron oxysulfates and oxyhydrox-
ides (Fernández Remolar et al., 2005), culminating in chemi-
cally precipitated sediments.

Our main sample originates from the highest part of a
shallowing upward sequence (Fig. 1c), characterized by the

FIG. 1. Geological context of the 2.1 Ma Upper Terrace of Rio Tinto in the Alto de la Mesa location from where the
sample was collected. (a) General view of the reddish Upper Terrace covering a highly whitish weathered shale to kao-
linite. (b) Detail of the >5-m-thick upper sequence starting with conglomerates (cg), followed with oxyhydroxide
deposits (od) with varying content in detrital materials and plant debris. (c) Topmost of a shallowing sequence in the
Upper Terrace consisting of oxyhydroxide popcorn pseudomorphs replacing original copiapite and containing thin lami-
nated deposits with microbial filaments. (d) Thin section of the upper oxyhydroxide deposits showing mineralized plant
debris. (e) Bacterial branched filaments preserved inside a cryptocrystalline mineral matrix.
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accumulation of thin laminar deposits. These deposits
formed through primary sedimentary processes that generate
a seasonal pattern of precipitation and the mineralization of
ferric compounds in the acidic river and ground waters. Spe-
cifically, the ferric compounds present include nano-phase
goethite and jarosite. During summer months, these com-
pounds undergo recrystallization and transform into goethite
and even hematite (Ferna et al., 2003; Fernández Remolar
et al., 2005). As diagenesis progresses over time the goethite
content of the sedimentary rocks increases, which eventually
leads to hematite formation (Preston et al., 2011) from sul-
fate loss and mineral dehydration (Fernández Remolar, et al.,
2021b). Consequently, microorganisms that reside in the
deposits or penetrate the micro-laminar seasonal structures
become preserved within a bulk or cryptocrystalline matrix
of ferric oxyhydroxides/oxysulfates. During diagenesis,
these matrix materials transform into hematite and goethite,
with residual traces of sulfates (Fig. 1e) (Fernández Remolar
et al., 2005; Fernández Remolar and Knoll, 2008).

Petrographic analysis revealed that the rock comprises a cryp-
togranular matrix of iron oxyhydroxides (goethite and hematite),
with a high density of voids and fenestral structures crosscut by
filaments (Fig. 1d, e). Such a fabric suggests that the sediment
had a high input of plant debris and other biological components
from macro-organisms, which were later degraded by fungi and
bacteria (Fernández Remolar and Knoll, 2008). Filaments occur
as clusters of two to five specimens with brownish color, vari-
able length, and elongated or twisted morphology (Fig. 2a,
Fig. 3a, Supplementary Fig. S1, Fig. S2). Under optical micros-
copy, the filaments appear inside >10-micron massive layers
to <5-micron-thick lamina stacks of cryptocrystalline goethite
(Fig. 2a, Fig. 3a). The lack of transparency of hematite impedes
the recognition of filaments inside this mineral, if present. Other
mineral structures of unknown composition have a dark brown-
ish color and are clearly visible amid the translucent orange of
the goethite matrix.

2. Materials and Methods

2.1. Sample selection and preparation

All analyses were performed on sample AM3-3/c that was
collected at the lower part of the 10-m-thick section of the
Rio Tinto upper terrace in the Alto de la Mesa location
(Fernández Remolar and Knoll, 2008). The upper terrace has
been assigned to the late Pliocene in age, around 2.0 – 0.1
Ma (Fernández Remolar et al., 2005). The sample was sawed
using a diamond blade and polished for a microprobe grade
analysis using a 0.3 lm alumina paste to reduce surface
imperfections. The selection of the filaments of interest was
done by petrographic analysis of the thin section under opti-
cal microscope.

2.2. Nano X-Ray fluorescence

We carried out nano-X-ray fluorescence (XRF) analysis
for mapping the distribution of elements (Z > Na) within the
filaments and their surrounding environment. Nano-X-ray
Fluorescence (nano-XRF) lower-resolution maps were
acquired directly on petrographic 15 mm-thin sections at
the beamline CARNAÚBA (Tolentino et al., 2023), Sirius
synchrotron, Brazil. Experiments were carried out at the
TARUMÃ station, with a 9.75 keV monochromatic beam

KB-mirror focused at 300 nm · 300 nm. Full XRF spectra
were collected using two Vortex four-element silicon drift
detectors.

For the higher resolution nano-XRF, filaments from the
same thin section were extracted in 1–2 mm thick lamellae
by Ga-focused ion beam under an SEM (FIB-SEM). Sam-
ples were prepared at TESCAN Analytics using Ga beams
of 30 kV for the cuts, followed by grazing Ar 5 kV beams
for sample curtaining removal and Ga surface cleaning. Ele-
mental maps were obtained at the ID16B beamline of ESRF-
EBS where spectra are collected in continuous scanning
mode, by raster-scanning the sample in front of the focused
beam while detectors continuously collect spectra. Detectors
used are 3 elements Hitachi Vortex-ME3 SDD 3 · 50 mm2

and 7 elements MIRION SDD 7 · 50 mm2 connected to
XIA xMAP pulse processing electronics. Using the “pink”
beam mode (full undulator harmonic), flux used was 5 ·
1011 ph/s at 17 keV and dwell time was 100 ms.

2.3. Ptychographic X-ray laminography

For the PyXL, regions of approximately 3 · 3 mm2 contain-
ing filaments were cut from the petrographic thin section with
a diamond saw blade. The rock sections were attached to glass
with nonremovable epoxy, so the glass was polished down
until sample achieved a final thickness of 30 mm. The PyXL
was performed with the laminography nanoimaging instrument
(Holler et al., 2019) at the cSAXS beamline of the Swiss Light
Source at the Paul Scherrer Institut, Switzerland. A photon
energy of 6.2 keV was selected using a double-crystal silicon
monochromator. Sample was positioned at an angle h = 61�
with respect to the beam propagation direction, and scan points
followed a Fermat spiral trajectory. The first sample (ROI 1)
was scanned in a far-field ptychography configuration, with
sample positioned downstream of the focal position, with a
beam diameter of 4 mm. An FOV in the sample plane of
85 mm · 85 mmwas scanned with a step size of 2.2 mm follow-
ing the Fermat spiral trajectory and exposure time of 50 ms per
point. A total of 1800 projections were obtained spanning 360�
with an angular step of 0.2�. The second sample (ROI 2) was
scanned in a near-field ptychography configuration, with sam-
ple positioned 5.2 mm downstream of the focal position and
beam diameter of 50 mm. An FOV in the sample plane of
180 mm · 180 mm was scanned with a step size of 5 mm and
exposure time of 100 ms per point. A total of 2000 projections
were obtained with angular step of 0.18�.

The complex-valued laminography projections were recon-
structed using an area of 320 · 320 pixels of the Eiger
photon-counting detector placed 5.234 m downstream of the
samples. For the far-field PyXL, reconstruction was per-
formed using 300 iterations of the difference map (DM) algo-
rithm (Thibault et al., 2008) followed by 300 iterations of a
maximum likelihood (ML) refinement (Thibault and Guizar-
Sicairos, 2012), which resulted in a pixel size of 43 nm. For
the near-field PyXL, 2000 iterations of the DM algorithm that
followed the ML refinement were used, which resulted in a
pixel size of 74.6 nm. All reconstructions were carried out
using PtychoShelves (Wakonig et al., 2020).

Three-dimensional laminographic reconstruction was
obtained after postprocessing and iterative alignment of the
projections (Odstr�cil et al., 2019) using a modified filtered
backprojection method with the filtering kernel multiplied by
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sin(h) to account for the laminography geometry (Helfen
et al., 2011).

The pixel intensity (in gray level) on the laminographic
virtual slices is related to the electron density of the structure,
that is, features that appear darker in the virtual slices present
lower electron densities than those appearing brighter
(Fig. 2b,h, Fig. 3b,h,j,l). However, the laminographic setup
leads to a missing cone of information in reciprocal space

during reconstruction, which can cause halos and prevent this
electron density to be estimated quantitatively, contrary to
PXCT (Holler et al., 2019; Maldanis et al., 2020). PXCT was
able to distinguish organic material (i.e., kerogen) from air
voids and quartz matrices in Precambrian microfossils
(Maldanis et al., 2020). Due to its relatively recent devel-
opment, it is still to be determined whether PyXL would
allow the discrimination of low-density material phases

FIG. 2. ROI 1 imaged by PyXL showing different microbial structures. Yellow arrows indicate putative microbial
structures revealed by PyXL and invisible in optical microscopy (a) Transmitted optical micrograph of the ROI 1 (*70
mm radius) showing twisted and elongated filaments within a cryptocrystalline goethite matrix. (b) Same FOV of
a observed in a PyXL virtual slice with the visible structures rendered in 3D. The botryoidal laminations surrounding
the filaments are visible as darker pixel intensities. (c) Three-dimensional lateral view of the ROI 1 showing the distri-
bution of the microbial structures within the sample volume. (d–g) Detailed views of the regions outlined in (a. d) out-
lined region 1 showing submicrometric rod-like structures associated with filaments. (e) Detailed view of the rod-like
structures. (f) Outlined region 2 showing a thicker filament (visible in a) near a thinner filament with a spheroidal
nodule (not visible in a). (g) Elongated filament (visible in a) and closely associated rod-like structures. (h) Detail of a
virtual laminographic slice showing crosscuts of the filaments, composed of a void-like, low-density material phase,
with no other minerals associated. Scale bars: a–b: 20 mm, and d– f: 5 mm. PyXL, ptychographic X-ray computed
laminography.
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such as air and organics. Further studies simulating the
effects of the missing cone of information on organic fila-
mentous biomorphs compared to casts could resolve this
matter and contribute to the understanding of the limits of
this imaging method.

2.4. Image analysis

Images were segmented using gray level values threshold-
ing on the software Avizo (Thermo Scientific�). Filaments
were identified among other structures of similar electron
density (gray level values) based on their morphology in 3D.

FIG. 3. Diversity of structures observed in ROI 2. (a) Transmitted optical micrograph of the ROI 2 (* 180 mm) that was
imaged with PyXL. Filaments and other features are dark brownish structures, contrasting with the orange goethite matrix.
(b) PyXL 3D virtual slice showing ROI 2 with the regions I-IV outlined in different colors. The gray level is directly related
to electron density, indicating that most of the darker structures seen in a are lower in density than goethite (matrix)
(qg 3.3–4.3 g/cm3 tabulated values), apart from the high-density area on region V (brightest intensity) likely corresponding
to a hematite composition. Botryoidal laminae of goethite are visible as light and dark sequences, with shapes enhanced by
the dashed lines. (c) Three-dimensional rendering of features from the region I, showing the agglomerate of platy crystals
and some associated filaments. (d) Detail of cross-sections of region II (dashed line in b) and (e–f) 3D rendering of the
structures showing filaments crossing the layer of particles. (g) 3D rendering of the high-density structures from region V
superposed with a PyXL virtual slice. The high-density crystals surround low-density (dark pixels in the gray-level virtual
slice) areas, probably holes in the rock matrix. (h) Virtual slice of region IV showing botryoidal laminations and low-den-
sity structures rendered in 3D in red in i, as well as some cross-cutting filaments (in green). (j) Detail of the virtual slice
showing regions II and III. Dashed lines mark the shape of the botryoidal lines that seem to push and shape the cluster of
structures. (k) Three-dimensional rendering of the spheroidal structures from region III and (l) detail of these spheroids in
the virtual slice showing their low-density, nonhollow morphology. The red arrow points to a nucleus of lower density
within one of the spheroids. Scale bars: 20 mm in a–b and 10 mm for c–l.
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To obtain a reproductive process for quantitative morpho-
metric analysis of all the filaments, we refined their segmen-
tation using the following procedure: a morphological
operator of dilation was applied to obtain the matrix sur-
rounding the filaments. Within this new mask, seeds for
watershed were generated for the filaments (based in the
lowest pixel intensity) and matrix (based in higher pixel
intensity and pixels furthest away from the filaments).
Watershed segmentation process was then applied to define
the border between filament and matrix, and the result was
visually inspected for removal of artifacts. The labels were
refined using the Smooth Labels function with a kernel size
of 5 pixels. The diameter of the filaments was determined
with the Euclidean distance transform algorithm using the
BoneJ plugin on ImageJ (Doube et al., 2010), which pro-
vides mean thickness values, standard deviation, and maxi-
mum values. The thickness image maps were generated in
Avizo, using the Thickness Maps function.

3. Results

3.1. On the preservation of microbial traces

Investigations at the subcellular scale of individual filaments
provide a deeper understanding of the composition and means
of preserving these microbial traces. Despite the poor preserva-
tion potential described for acidic terrains (Sumner, 2004), the
microfossils exhibit an exceptional three-dimensional level of
morphological preservation, which shows cylindrical shapes
even for the thinnest specimens (< 500 nm). The relative elec-
tron density of the filaments’ intracellular volume, observed in
the PyXL virtual slices (Fig. 2a, b, h, Suppl. Figs. 1a–c, 2d),
indicates a material phase less dense (darker pixels) than the
matrix, which is composed of goethite (i.e., < 3.3 g/cm3)
(Fig. 3b, Supplementary Fig. S3).

Furthermore, no variations in intensity were detected
within the low-density material phase that composes the fila-
ments, which indicates no preservation of cell envelopes or
intracellular structures. No denser minerals, such as hematite
or pyrite, were observed within the structures or on their outer
surfaces (Fig. 2h, Supplementary Fig. S1c, Sf, Supplementary
Fig. S2d, Supplementary Fig. S4). Further analysis at the
micrometric scale with Raman and ToF-SIMS did not detect

organic contents directly associated with filaments (Supple-
mentary Fig. S3, Supplementary Fig. S5). Such features,
which are suggestive of hollow structures, are consistent with
preservation as microbial casts or microborings.

Detailed chemical analysis of individual filaments was car-
ried out with high-resolution synchrotron nano-X-ray fluores-
cence with 50 nm resolution. Despite the minute detection
limits of the analysis using high photon fluxes and reduced
sample thickness (see Methods) (Lemelle et al., 2017), fila-
ments do not show any particular metal signatures. They are,
however, depleted in Fe and enriched in Ar, an atmospheric
element which reiterates that the structure is hollow, and
therefore filled with atmospheric gases (Fig. 4). The matrix
contains substantial and homogeneous Fe content while dis-
playing lower amounts of V, Cr, Cu, Zn, As, Rb, Pb, and
spots of Ca.

3.2. Inferring a microbiota from qualitative and

quantitative morphology

Two filamentous regions were selected in a petrographic
thin section for 3D imaging at the nanoscale with PyXL (ROI
1—Fig. 2 and Supplementary online data and ROI 2—
Fig. 3). Virtual 3D volumes of filaments and other structures
were reconstructed for qualitative and quantitative analysis.
The filaments display a tubular shape, without large varia-
tions in diameter such as flattened or widened regions.
Besides filaments observable under the optical microscope,
3D nano-images reveal a more diverse association of micro-
bial structures (Fig. 2b–g), including rods and spheroids.
Many of these could not be observed through conventional
microscopy because of their small (submicrometer) size and
surroundings of opaque minerals.

Quantitative morphometric analysis enabled us to recognize
the following three distinct filamentous morphotypes, distin-
guished by cross-sectional diameter (Fig. 5, Supplementary
Table S1): morphotype 1 (; * 750 nm, Fig. 5a–c), morpho-
type 3 (; * 500 nm, Fig. 5d, e), and the gracile morphotype 2
(; * 240 nm, Fig. 5f–h). Regular variations in diameter sug-
gest septation and, therefore, cells rather than simply extracel-
lular sheaths in some specimens (Fig. 5b, c, h).

FIG. 4. Nano-XRF analysis of individual fossil filaments. (a) SEM image of the FIB sample showing the filament ana-
lyzed by nano-XRF. (b) X-ray attenuation map of the area analyzed by XRF showing the full filament morphology and the
area selected for high-resolution mapping. (c) High-resolution map showing Fe (red) distribution in the matrix and Ar
(green) filling the filament area. (d) XRF spectrum of tube and matrix, normalized to number of pixels. Besides Ar (from
air) and Ga (deposited during the FIB preparation), the tube has no elemental signature different from the matrix. SEM,
scanning electron microscopy; XRF, X-ray fluorescence; FIB, focused ion beam.
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Morphological analysis can be taken a step further by
describing filaments’ anatomy, folding levels, ramifications,
and relative distributions. In morphotype 1, for example, both
frequently bending and looping (Fig. 2c–d, f, Fig. 5a) or
roughly linear filaments are observed (Fig. 2g, Fig. 5b, c). In
both cases, the filaments show short ramifications that form
hooks or loops (Fig. 2d, f, g). In contrast to the thick fila-
ments, the gracile filaments of morphotype 2 lack loops but
can exhibit extensive ramification (Fig. 5f). One was
observed to encompass a nodular structure (Fig. 2f). Morpho-
type 3 filaments display a sinuous morphology (Fig. 5d, e)
and commonly crosscut mineral layers (Fig. 3c–f, Supple-
mentary Fig. S6). Besides the filamentous morphotypes, rod-

shaped nanostructures are scattered in 5–10 mm wide clusters,
congregating around the filaments (Fig. 2d–e, g).

The complexity of these morphotypes and, in particular,
the ramified filaments can be compared with the morphologi-
cal traits of various groups of the branched Actinobacteria
abundantly found in the Rio Tinto subsoil (López-Archilla,
Marin and Amils, 2001). The life cycle of these microorgan-
isms includes several stages with very different filamentous
morphologies. In the vegetative stage, the substrate and aer-
ial hyphae are more or less branched, which would explain
the observed morphologies. The nodular structure (Fig. 2f)
resembles reproductive structures or stress-induced cells in
Actinobacteria (Li et al., 2016; Ramijan et al., 2018). Some

FIG. 5. (a–h) Three-dimensional thickness map of distinct filaments detected in ROI 1 and ROI 2 from Rio Tinto
using PyXL segmented data. The colormap refers to the diameter values written above the colors. The gray vertical
lines within the colormap correspond to a frequency histogram for the diameter values. (a–c) Morphologies with thick-
nesses exceeding 700 nm (morphotype 1) present in ROI 1 (a, b) and ROI 2 (c). (d–e) Filaments in ROI 2 ranging
from 400 to 600 nm (morphotype 3). (f– h) Filaments measuring less than 300 nm (morphotype 2) in ROI 1, previously
unnoticed in optical microscopy. (i) Box plots, showing filamentous structures’ thickness ranges, suggest the presence
of three distinct microbial populations. Scale bar: 1 lm.
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species or even spores of these microorganisms can also
display a rod-shaped morphology, such as the rod-shaped
structures observed to be closely associated with filaments
(Fig. 2d, e, g).

In summary, this unique 3D multiscale nanoimaging
allows us to probe the structural complexity of dozens of indi-
viduals, some being invisible or hidden by other structures in
optical microscopy, at the scale of hundreds of micrometers,
with a resolution on the order of 100 nm. This allows straight-
forward statistical analysis and, thus, the identification of
three distinct filamentous morphotypes. The level of morpho-
logical complexity revealed enables us to support the hypoth-
esis that multiple species consistent with Actinobacteria are
preserved in Rio Tinto rocks.

3.3. Ecological and metabolic inferences from
multiscale imaging

Inferences about ecology can be challenging, but in the
first instance, helpful information can be derived by determin-
ing relative population sizes and spatial distributions of
observed morphotypes in the sediments. PyXL provides a
multiscale view, which encompasses larger circular fields-of-
view with 70 lm (Fig. 2) and 180 lm diameters (Fig. 3). The
textural views were complemented by chemical information
obtained from synchrotron nano-X-ray fluorescence maps
and EPMA (Supplementary Fig. S7, Supplementary Fig. S8,
Supplementary Fig. S9).

The close association of filamentous morphotypes I and II
with rod-shaped structures (Fig. 2) points to an assemblage
of at least two to three different species. These specimens
have no preferential orientation and transect light and dark
alternating laminae of the matrix, characteristics of botryoi-
dal goethite.

Filaments of morphotype III are also observed within
tightly packed particle clusters of blob and platy morpholo-
gies (I and II in Fig. 3b, j and Fig. 3c–f). These particles are
Fe-depleted, with Ti-rich spots (Supplementary Fig. S7b, c).
They are less dense than goethite and seem to be markedly
pinched by Fe-richer goethite botryoidal laminae (Fig. 3b, j,
Supplementary Fig. S7b). Within these clusters, filaments
also show no preferential orientation and exhibit a sinuous
aspect. They are never transected by the larger mineral
particles (>5 lm) with which they are closely associated
(Supplementary Fig. S6).

Filaments are also observed in a region of texture interme-
diate between the botryoidal lamination and cluster textures
(III in Fig. 3b, Supplementary Fig. S10c, d). A region that is
thinner and less dense than the abovementioned particle clus-
ters shows anhedral structures of varied morphologies and
sizes that follow the topology of the botryoidal goethite lam-
inae (Fig. 3h, i, Supplementary Fig. S10c–d). It shows spots
depleted in Fe and rich in Ti (Supplementary Fig. S7b,c).

The distribution of these filaments within the rock texture
provides valuable insights about ecological and taphonomic
aspects. The observed clusters, pinched between the botryoi-
dal laminations, indicate that the growth of the botryoidal goe-
thite caused their displacement and rearrangement. Within this
framework, the intermediate texture could represent degraded
organic material from partially displaced mats during the for-
mation of botryoidal lamination. The exceptional three-
dimensional preservation of filaments within the botryoidal

laminations, as well as within the cluster of particles, suggests
that they could not have been present before the spatial recon-
figuration of these textures. Instead, these microbial structures
could only have been preserved after the rearrangement of the
clusters and intermediate textures and during or after the for-
mation of the botryoidal goethite. These filaments could be
interpreted as casts or microborings created by chemohetero-
trophic bacteria that perforate sediments by reducing
Fe3+-bearing minerals. This process has been identified as a
significant driver of carbonate precipitation in the Rio Tinto
(Fernández-Remolar et al., 2012). It can be mediated by Acti-
nobacteria (González et al., 2020), a group containing abun-
dant endolithic microbes (Sajjad et al., 2022) that are also
abundant in the Rio Tinto host rock underground (Amils
et al., 2023). The presence of goethite laminations that con-
centrate organics (Supplementary Fig. S5, Supplementary Fig.
S8, Supplementary Fig. S9) is attractive to endolithic
microbes, as they oxidize organic matter. This would explain
the presence of most filaments within these textures.

Aggregates of contact or near-contact globular and dumb-
bell structures with diameters ranging from submicron to
approximately 3 lm were identified (Fig. 3j–i, Supplemen-
tary Fig. S10e–h). These are nonhollow, with a density lower
compared with the goethite matrix, and are depleted in Fe
and Cu and slightly enriched in Ca (Supplementary Fig. S7),
which is consistent with microbially mediated carbonates pre-
viously observed at Rio Tinto (Sánchez-Román et al., 2007).
Their formation is thought to reflect the activity of heterotro-
phic microbes that couple the reduction of Fe3+ to the oxida-
tion of organic compounds (Fernández-Remolar et al., 2012).
Some spherical structures display inner spots of lower density
(darker areas pointed in Fig. 3i). The possible presence of
microorganisms nucleating these crystals calls for further
investigations.

An Fe-rich texture denser than goethite is observed sur-
rounding voids in the mineral matrix (Fig. 3g, Supplemen-
tary Fig. S7b, Supplementary Fig. S10 a,b,). It is consistent
with hematite, which could have formed locally by the circu-
lation of fluids through the voids. No filamentous structures
were preserved in this mineral texture, which suggests that
the hematite formation might have been sufficiently disrup-
tive to erase biological traces.

4. Discussion

4.1. Assessing biogenicity from microstructures

Our Rio Tinto study illustrates some of the analytical chal-
lenges potentially expected for other extreme environments,
including Noachian–Hesperian rocks on Mars. The submi-
crometer size of the Rio Tinto microfossils, associated to their
low organic content within a Fe-rich matrix, poses problems
for the colocalization of morphological traces and organic
compounds using classical methods, such as micro-Raman,
EPMA, and ToF-SIMS. Discerning whether possible organ-
ics traces are present below the detection levels of these
methods or whether these structures represent casts would
require nanoscale analytical methods with sensitivity down to
ultra-trace levels. Our nano-X-ray Fluorescence (XRF) analy-
sis confirmed the absence of metal signatures associated with
the filaments, discarding possible preservation of metallome
elements (Hickman-Lewis et al., 2020). Nanoscale analysis
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of the metal contents down to ultra-trace levels did not iden-
tify any elemental signature suggestive of the preservation of
a cell envelope or intracellular features and instead revealed
the empty-cast nature of the microfossils. This finding supports
the hypothesis that only goethite or its precursor iron precipitates
played a major role in preserving these fossilized structures.
During diagenesis, possible original organics, including potential
cell-wall remnants, would undergo leaching and decay within
the tubes. Other studies suggest that these organics could be
eventually trapped and partially preserved as biomarkers within
the surrounding matrix (Fernández Remolar, Carrizo, et al.,
2021a; Fernández Remolar, et al., 2021b).

The colocation of organics and microbial structures, particu-
larly if indicating the preservation of a cell envelope enclosing
a hollow structure, is often regarded as a reliable criterion for
supporting the biogenicity of putative microbial fossils (Buick,
1990; McMahon and Jordan, 2022; William Schopf et al.,
2010). However, this cannot be applied to structures preserved
as casts or molds, such as in Precambrian rocks (Dodd et al.,
2017) and hydrothermal deposits (Parenteau and Cady, 2010;
Little et al., 2021). Despite the lack of organic envelopes, the
multiscale examination of 3D morphologies of Rio Tinto
microstructures provides a suite of converging and mutually
supportive indications of their biogenicity. By imaging large
volumes that contain multiple specimens, aspects related to the
occurrence, abundance, and behavior of the microorganisms
were obtained: the different filamentous morphotypes are
immersed in the rock matrix and coexist in an abundant, multi-
species assemblage. They are also closely associated with other
rod-shaped, possibly microbial structures or microbial remains,
supporting a community-like structure. Details of morphology
down to the nanoscale reveal several characters that are also
supportive of their biogenicity, such as (a) sizes compatible
with bacterial morphologies, (b) morphometry differences that
suggest multispecies assemblages, (c) consistency of cross-
sectional cylindrical shapes along the entire lengths of the fila-
ments (i.e., absence of flattened or largely deformed areas),
(d) narrow range of diameter within individual specimens,
(e) hollow structures, and (f) signs of taphonomical degrada-
tion. The possibility of combining these micro- and nanoscopic
traits with the ecological and mineralogical contexts of many
specimens strengthens the interpretation of their biogenicity.
This multiscale approach also elucidates taxonomic, tapho-
nomic microbial–mineral interactions associated with the Rio
Tinto microbiota. Filaments are interpreted as casts or micro-
borings of chemoheterotrophic bacteria, possibly belonging to
the diverse group Actinobacteria. Then, as now, local primary
producers included land plants and algae, preserved locally in
Rio Tinto terraces (Fernández Remolar and Knoll, 2008).
Extending the exploration and analysis of microfossiliferous
rocks from petrographic optical microscopy to 3D multiscale
nano-imaging by PyXL brings important advances in the study
of fossil biosignatures. In particular, it enhances the possibility
of obtaining 3D ultra-cellular morphological information for a
large number of specimens, and under different mineral set-
tings, even when they are invisible to optical microscopy.

4.2. X-ray analytical methods in the context of
extraterrestrial samples

The search for microfossils in 2.1 Ma iron-rich fossiliferous
samples of Rio Tinto illustrates the essential role of laboratory

state-of-the-art techniques to diagnose challenging microbial
traces compared to portable instruments already deployed or
planned for Mars missions (Azua-Bustos et al., 2023). Novel
state-of-the-art synchrotron X-ray 2D and 3D nanoimaging pro-
vides highly sensitive probes that are nondestructive while pen-
etrating deeply into the substrate. Such capabilities can provide
decisive information at several stages of the analytical chain
deployed to search for life traces.

Combinations of tomographic techniques with hard X-rays
have been explored in recent decades for the purpose of
detecting signs of aqueous alteration in submillimeter rock
samples, potentially even when confined within a container
such as a tube returned from Mars (Lemelle et al., 2003,
2004, 2007). Because water is essential for life, these meth-
ods would be advantageously applied during the initial exam-
ination phase to identify rock samples that exhibit indications
of water infiltration.

Hard X-ray nanoimaging is also uniquely able to probe
complete microfossils embedded in opaque rocky matrices.
Nano-XRF imaging relies on the detection of trace contents
of the elements of high atomic number (Z). This nanoscale
imaging necessitates scaling down the sample size to match
that of the microorganisms themselves (Cavalazzi et al.,
2021; Lemelle et al., 2017). Other methods such as scanning
transmission X-ray microscopy have been explored for
obtaining chemical speciation and distribution of light ele-
ments at the nanoscale (Cosmidis et al., 2013; Miot, Benzer-
ara and Kappler, 2014). These soft X-ray methods require
samples to be reduced to thicknesses in the nanometer range
and offer valuable insights into the intricate structures and
elemental composition of microbial systems, enhancing our
understanding of their unique characteristics.

The advancement of coherent X-ray imaging techniques in
synchrotron sources, particularly those based on quantitative
electron density contrast, can bring important perspectives to
nanopaleontology. Methods such as ptychographic X-ray com-
puted tomography (PXCT) (Holler et al., 2014) offer a unique
possibility for distinguishing organic and mineral phases within
full specimens nondestructively in 3D, advancing the under-
standing of microfossils’ composition and taphonomic proc-
esses at the nanoscale (Maldanis et al., 2020). These techniques
would be advantageously applied before the analyses that
involve the preparation of electron-transparent samples,
which typically involve irreversible and destructive sam-
pling of microfossils.

PyXL nanoimaging (Holler et al., 2019) applied in this
study also extends the possibility of imaging microfossils
directly within petrographic thin sections. This also allows
the exploration of multiple areas of interest accessible over
millimeter-scale areas, with a field of view of up to hundreds
of micrometers and nanometric resolution. A drawback com-
pared to PXCT is the lack of quantitative electron density. In
a thorough and comprehensive analytical strategy, this
method can be applied on rock thin-sections, bridging a gap
in resolution and field-of-view that currently exists between
optical and electron-based methods.

In addition to resolution, the effectiveness of an imaging
method in distinguishing objects depends on the presence of
sufficient contrast between the feature of interest and its back-
ground. In the case of visible light microscopy, contrast is
derived from variations in intensity and color, as well as the
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transparency of the matrix allowing for light transmission.
These factors collectively contribute to the successful visual-
ization and differentiation of objects under examination, ena-
bling researchers to explore intricate details within the
sample. When studying iron-rich rocks such as Rio Tinto and
potentially other similar formations, the presence of opaque
iron-oxides, notably hematite, poses an additional challenge
to the investigation of microbial fossils. The identification of
these fossils is limited to regions where optically transparent
minerals like jarosite and goethite are found. This challenge
is likely to be encountered with hematite-rich samples from
Mars as well, which reinforces the importance of 3D X-ray
methods to conduct accurate examinations of microbial
biosignatures.

5. Conclusions

The investigation of microbial biosignatures from extreme
environments like Rio Tinto, as well as those preserved in
some Precambrian rocks, poses considerable challenges. Over-
coming these challenges, however, can provide insights into
both the difficulties and the possibilities that will be entailed in
the quest for ancient microbial signatures in martian rocks. To
gain a deeper understanding and resolve these intriguing pieces
of evidence, it is crucial to embark on comprehensive explora-
tion that utilizes advanced and state-of-the-art imaging meth-
ods at multiple scales. This endeavor not only enhances our
comprehension of ancient life on Earth but also serves as a
stepping stone for the development of robust methodologies in
the analysis of martian samples. By doing so, we hope to help
pave the way for future discoveries and the development of
analytical tools up to the task of probing astrobiological sam-
ples from Mars and potentially elsewhere that will, in time, be
returned to Earth.
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