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We report a new Fossil-Lagerstatte at the Cretaceous hydrothermal field of
Sanagasta, La Rioja, northwestern Argentina, which opens a window into the
paleobiology of an exceptionally preserved fossil ecosystem. Active geothermal
systems harbor a diverse microbial life that thrive in high temperature, unique
mineral composition and fluctuating pH. These environments are dominated by a
meso- and hyperthermophilic community, including bacteria and archaea, that
proliferate around the hot springs and geysers. In these environments,
fossilization occurred rapidly by abiotic factors and through biomineralization—
chiefly biosilicification. This process is mediated by thermophilic microorganisms,
mainly cyanobacteria, allowing for the exceptional preservation of the biota. Here,
we describe an ~80 million-year-old fossil extremophile biocoenosis encrusted
within microbialites from the Sanagasta paleohydrothermal field. The core of the
microbialites was explored using petrography, Scanning Electron Microscopy
(SEM) and Energy-Dispersive Spectroscopy (EDS) analyses in SEM. These
microbialites exhibit remarkable three-dimensional preservation of
microorganisms through extensive biosilicification, directly mediated by the
extremophile communities. The taxonomic range of the sinterized assemblage
encompasses the three domains: a noteworthy array of thermophilic ‘prokaryotes’
(chiefly bacteria and archaea), along with a rich diversity of eukaryotic ‘protists’
microorganisms (i.e.,, amoebozoans, myxomicetes, red algae, diatoms, and
alveolates), green algae, plant remains, fungi and a variety of arthropod remains,
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all preserved in notable microanatomical details. The Sanagasta GeoPark contains
one of the most diverse and exquisitely preserved records of microfossils known
to date, illuminating a complex inland ecosystem within the first documented
Cretaceous terrestrial hydrothermal environment.
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extremophiles, hydrothermalism, La Rioja, lagerstatten, late Cretaceous, Sanagasta,

silicification

1 Introduction

Rothschild and Mancinelli stated that there is life wherever
there is liquid water on Earth regardless of environmental
conditions (Rothschild and Mancinelli, 2001). Modern
hydrothermal environments in active geothermal fields foster a
considerable diversity of extremophile communities and other
microorganisms that thrive in harsh conditions in high
temperatures, mineral compositions, and extreme pH (Brock,
1985; Reysenbach and Cady, 2001; Rothschild and Mancinelli,
2001; Benning et al., 2005; Renaut and Jones, 2003, 2011; Power
et al., 2018; Colman et al., 2019; Rasmussen et al., 2023). These
unique ecosystems, where extremophiles flourish, have shed light
on early life on Earth, the search for life beyond it and even the
possibility of panspermia (Stetter, 1996; Farmer, 2000; Reysenbach
and Cady, 2001; Rothschild and Mancinelli, 2001; Kazmierczak and
Kremer, 2002; Pinti et al., 2009; Brasier et al., 2015; Dodd et al,,
2017; Des Marais and Walter, 2019). Hot springs and geysers are
“end members” of the final surface expression in complex terrestrial
hydrothermal fields. Hot springs discharge and preserve micro and
macro-structures in areas on the Earth’s surface that are under the
influence of geothermalism through an intricate underground
plumbing network (Renaut and Jones, 2003, 2011; Jones and
Renaut, 2011). These extreme environments were key in the
origin and evolution of life on early Earth (Rothschild and
Mancinelli, 2001; Pirajno and Van Kranendonk, 2005; Pinti et al.,
2009; Brasier et al., 2015; Dodd et al., 2017; Des Marais and Walter,
2019). Current evidence strongly suggests that the Last Universal
Common Ancestor (LUCA) was a thermophile and, therefore, it is
no coincidence that the most basal groups of Bacteria and Archaea
are thermophiles -i.e. Thermotogales, Aquificales, Pyrodictiales,
Thermoproteales, and so forth- (Stetter, 1996; Reysenbach and
Cady, 2001; Di Giulio, 2003; Colman et al., 2016; Gogarten and
Deamer, 2016; Hug et al., 2016; Weiss et al., 2016, Weiss et al., 2018;
Morales and Delaye, 2020; Moody et al., 2024).

Hydrothermal ecosystems support a vast biological diversity
that consists chiefly of microbial organisms (Stetter, 1996;
Reysenbach and Cady, 2001; Rothschild and Mancinelli, 2001).
These environments are dominated by a substantial and diverse
community of meso- and hyperthermophiles: chemo- and
photoautotroph archaea and cyanobacteria, proliferate around

Frontiers in Ecology and Evolution

and close by hot springs and geysers, often forming conspicuous
photosynthetic microbial mats and biofilms (Rothschild and
Mancinelli, 2001; Stetter, 2006; Colman et al., 2019; Rasmussen
et al,, 2023; Sriaporn et al., 2023). Moreover, these environments
support a great diversity of basal eukaryotes (e.g. protozoan),
photosynthetic stramenopiles members of the SAR supergroup
(e.g. diatoms, golden and brown algae), photoautotrophic
archaeplastids (e.g. green algae and some plants), coupled with a
notable microscopic assortment of fungi and animals (Reysenbach
and Cady, 2001; Rothschild and Mancinelli, 2001; Lopez-Garcia
et al.,, 2003; Brown and Fritz, 2019; Silva et al., 2021; Pop et al., 2023;
Rappaport and Oliverio, 2023).

Hot springs and geysers are found presently on every continent,
including mainland Antarctica (Jones and Renaut, 2011; Renaut
and Jones, 2011; Noell et al.,, 2025). The most iconic and best-
known modern geothermal fields are the Yellowstone National Park
(USA), El Tatio in the Andes in Chile, the Taupo Volcanic Zone in
New Zealand, the Kronotski National Park in Kamchatka (Russia),
Tengchong in China, and the Haukadulur Valley in Iceland (Renaut
and Jones, 2003, 2011; Pirajno and Van Kranendonk, 2005; Cowan
et al,, 2012; Jones, 2021; Gong et al., 2022). In these environments,
fossilization of the biological community results from a
combination of abiotic components: occur rapidly, influenced by
water mineral concentration -i.e., saturation of SiO,-, pH, and
temperature; however, it also occurs by biotic factors through
biomineralization -i.e., biosilicification- which produces a rapid
and exceptional preservation of the living biota (Cady and Farmer,
1996; Farmer, 2000; Reysenbach and Cady, 2001; Yee et al., 2003;
Benning et al., 2005; Channing et al., 2005; Campbell et al., 2015a;
Iniesto et al., 2016; Liesegang and Gee, 2020; Jones and Renaut,
2021; Rasmussen et al., 2023). Although biosilicification is a
common biological process used by many organisms (e.g., for
skeletons and shells), it is particularly prevalent in hydrothermal
environments. In such environments, biosilicification is mediated
by thermophilic microorganisms—mainly cyanobacteria—and this
process has been extensively studied for decades (Ferris et al., 1986;
Jones et al., 1997, 1998, 2003, 2004b, 2005; Phoenix et al., 1999,
2000, 2001, 2002, 2003; Toporski et al., 2002; Guidry and Chafetz,
2003; Jones and Renaut, 1996, 2003, 2021; Konhauser et al., 2003,
2004, 2008; Yee et al., 2003; Benning et al., 2004, 2005; Lalonde
et al., 2005; Phoenix and Konhauser, 2008; Doi and Fujino, 2013;
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Campbell et al., 2015b; Tkeda, 2021; Jones, 2021). As these previous
studies have shown, it is important to note that silicification in hot
spring settings occurs incredibly rapidly, even while the microbes
are still alive (Guidry and Chafetz, 2003). Thus, silicification in
hydrothermal environments has proven to be an extraordinary
process for preserving micro- and nanostructural features in
fossils and soft tissues, in addition to highlighting the diagenetic
resilience of silica (Rasmussen et al., 2023, 2024). Nevertheless,
reports of fossil preservation on continental hydrothermal
paleoenvironments remain seldom, aside from a few world-
famous fields of Archean, Devonian, Jurassic, and Miocene ages,
as well as several near-modern Quaternary records (Rice et al., 2002;
Channing et al., 2007; Guido et al., 2010; Campbell et al., 2015b,
2019; Djokic et al.,, 2017; Des Marais and Walter, 2019; Garwood
et al., 2019).

Among the paleohydrothermal sites documented worldwide,
the Sanagasta GeoPark (SGP) in La Rioja Province, northwestern
Argentina, is the only one dated to the Cretaceous period (Grellet-
Tinner and Fiorelli, 2010; Fiorelli et al., 2012). This site (Figure 1)
constitutes the first fossil evidence of coeval geothermal activity and

10.3389/fevo.2025.1678418

Cretaceous dinosaur nesting behavior, as indicated by the discovery
of more than 90 titanosaur egg clutches associated with fossilized
hot springs and geysers (Grellet-Tinner and Fiorelli, 2010; Fiorelli
et al., 2012; Grellet-Tinner et al., 2012; Hechenleitner et al., 2015;
Leuzinger et al., 2021). Several investigations focused on
paleobiological aspects of the titanosaur eggs and nesting
behavior, such as the gas conductance or the adaptations of eggs
and eggshells to the harsh thermal environment (Grellet-Tinner
et al., 2012; Fiorelli et al., 2013; Hechenleitner et al., 2016a,
Hechenleitner et al., 2018a; Leuzinger et al., 2021). However, no
study has addressed yet the extremophilic fossil microbiological
community of this Cretaceous paleohydrothermal field.

Here we describe an exceptional Late Cretaceous (ca. 80-my-
old) fossil microbial community encrusted in microbialites from
paleogeysers and hot-springs at SGP (Figure 1). The
microorganisms in this paleoenvironment underwent a
phenomenal silicification, yielding some of the most exceptionally
well-preserved and diverse micro and nanofossils known worldwide
to date. Microorganisms show an exquisite preservation in three
dimensions within siliceous cast sinter deposits by abiotic SiO,
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precipitations (poikilotopic silica) and biotic-induced silicification
mediated by extremophiles. The microfossils show exceptional
diversity, encompassing prokaryote-like forms and eukaryotic
groups such as ‘protists’, algae, fungi, plants, and arthropods.
Exceptional preservation includes fine anatomical details and
nanostructures, offering a unique window into the biological
diversity and paleoecology of the first known Cretaceous
hydrothermal terrestrial environment. The site is indeed a
Konzentrat and Konservat-Lagerstitten revealing a complex Late
Cretaceous microecosystem.

1.1 Institutional abbreviations

CRILAR-MNP: Micro and Nanopaleontology Collection,
Centro Regional de Investigaciones Cientificas y Transferencia
Tecnologica de La Rioja, Anillaco, La Rioja Province, Argentina.

2 Materials and methods
2.1 Fieldwork and samples collection

All analyzed samples are microbialitic rocks and were collected
in the Sanagasta Geological Park at the main nesting site during
several fieldtrips. Unexposed deep samples were collected from
outcrops near the park tourist center (site A; Figure 1) (Fiorelli et al.,
2012). Specimens were taken in the Permian-Cretaceous strata
contact conduits and proximal hot-spring vent facies from the
Cretaceous egg-bearing level (Figure 2) (Grellet-Tinner and
Fiorelli, 2010; Fiorelli et al., 2012; see Geological Setting and
Supplementary file for more information). The samples were
processed and mechanically broken in the laboratory. Small
(<1 cm) internal fragments were used for the SEM analyses
(Figure 3) while larger pieces (~5 cm) for petrographic thin
sections (Figure 4).

2.2 Rock and paleontological samples
repository

All microfossil specimens (Bacteria, Archaea, and Eukarya)
described in this study are preserved within samples of
hydrothermal microbialites (Figures 2, 3). These rock samples
with fossils and primary thin sections are housed in the Petro
Laboratory and Micro- and Nanopaleontology Collection at
CRILAR (Centro Regional de Investigaciones Cientificas y
Transferencia Tecnologica de La Rioja, Anillaco, La Rioja
Province, Argentina), under the acronyms CRILAR-MNP 001
and CRILAR-MNP 002.

CRILAR-MNP 001 corresponds to brecciated silica sinter from
the boundary between the Permian Los Sauces Formation and
Cretaceous levels of Los Llanos Formation (Supplementary Figure
S4). CRILAR-MNP 002 corresponds to brecciated calc- and silica
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sinter containing botryoidal geyserite veins from the lower levels of
the Cretaceous Los Llanos Formation (Grellet-Tinner and Fiorelli,
2010; Fiorelli et al., 2012) (Supplementary Figure S4). Both samples
were subdivided into smaller fragments identified with subnumbers
(e.g., CRILAR-MNP 001/1, CRILAR-MNP 001/2, etc.
Supplementary Figure S3), which were analyzed using SEM and
EDS techniques. See the Supplementary Data Sheet 1 for
more details.

2.3 Petrographic thin sections

Microbialite thin sections were made at the CRILAR
Petrographic Laboratory using the following protocol: specimens
were washed with distilled water and cut with PetroThin, dried at
42°C in an oven during 24 hours, and subsequently glued with
compound glue (Araldit CY 248 and hardening HY 956) on glass
slides of 1.8 mm. All thin sections are housed in the paleontological
and geological collection of the CRILAR. Thin section observations
were made with a stereoscopic microscope (Leica MZ12), Leica DM
LB light, and petrographic DM2500P microscopes.

2.4 Scanning electron microscopy and
energy dispersive spectrometry

The scanning electron microscopic (SEM) analysis and
preparation of the rock samples following the standard methods.
Microbialite samples were mechanically broken and tiny fresh
fragments were immediately used for the analyses. Each specimen
was mounted on an aluminum stub and coated immediately with
gold using a Quorum QI150R Plus Series Coaters. The metallized
samples were instantly introduced into the electron microscope.
The SEM analyses were carried out with a field emission electron
microscopic (FE-SEM) Zeiss Sigma 560 VP at the CRILAR
Advanced Microscopy Laboratory, Anillaco, La Rioja, Argentina.
For the SEM control was used the SmartSEM software, work in high
vacuum, with a standard aperture size (Ap) at 30 pm for images,
and determinate working distances (WD) between 8 and 12 mm.
The analyses were conducted at variable keV's (for SEM images at 3
to 7 keV and EDS at 15 to 20 keV). We use inLens, secondary
electron (SE) and backscatter (BSD) detectors. The images were
taken with scan speed +7 and store resolution of 4096x3072 pixels.
Elemental analyses were carried out with an energy-dispersive X-
ray spectrometry detector UltimMax40 (by Oxford Instruments)
and the AZtec software to process the data.

2.5 Image and graphics design
Core]DRAW Graphics Suite 2020 and Adobe Photoshop CC14
were used for storage and processing of the images, and final design

of the figures. All photos and drawings were taken and drawn by
the authors.
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3 Geological setting and
paleoenvironment of the Sanagasta
GeoPark

The Sanagasta paleohydrothermal field is located in the SGP, La
Rioja Province, Northwestern Argentina (Figure 1), where a large
titanosaur colonial nesting site was first discovered (Grellet-Tinner
and Fiorelli, 2010). The SGP is confined to the Los Llanos
Formation (LLF), an Upper Cretaceous unit exposed with several

Frontiers in Ecology and Evolution

outcrops (2-20 km?) in the central-east region of La Rioja province,
Western Argentina (Grellet-Tinner and Fiorelli, 2010; Fiorelli et al.,
2012; Basilici et al., 2017) (Supplementary Data Sheet I,
Supplementary Figure S1). The LLF usually rests unconformably
on different Permian units of the Paganzo Basin and is characterized
mostly by a succession of cumulative paleosol profiles with a typical
Gondwanan vertebrate fauna (Fiorelli et al., 2012, 2016;
Hechenleitner et al., 2016b, 2018b; Basilici et al., 2017)
(Supplementary Data Sheet 1). However, at SGP, the LLF is
featured by a few meters thick of entirely paleohydrothermal
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deposits (Supplementary Data Sheet 1) with numerous titanosaur
egg-clutches (Figure 1) (Grellet-Tinner and Fiorelli, 2010; Fiorelli
et al., 2012). Here the unit is characterized by a complex
depositional system, dominated by large sedimentary structures
and microfacies typical of a geothermal environment (Figure 2B,
Supplementary Figure S2): brecciated network of conduits and
pipes cutting the horizontal beds, long horizontal calcite veins,
calcite and silica sinters such as pseudotravertines and geyserites
(Fiorelli et al., 2012). The microfossils described here are embedded
in poikilotopic silica formed by silicon dioxide-rich fluids that filled
the rock cavities during the active life of the thermal system
(Figures 2, 3).

10.3389/fevo.2025.1678418

The brecciated microbialitic samples (Figure 2) were collected
from the interior of the main outcrop of the SGP to avoid
potential modern contamination. It is important to emphasize
that these samples represent proximal facies of the
paleohydrothermal environment and correspond to the same
stratigraphic level as the titanosaur egg clutches (Grellet-Tinner
and Fiorelli, 2010; Fiorelli et al., 2012), which were discovered
from distal facies (Figure 2B). Nevertheless, some differences
between these locations are expected due to the temporal and
spatial variability of the paleohydrothermal system. The concept
of stratigraphic overlap of facies (Walther’s Law of Facies) plays a
key role in this context (see Middleton, 1973; Miall, 1997).

&

FIGURE 3

intraclasts. si, silica.

Microbialite samples from SGP. (A) The three hand-size samples from the P-K boundary and lower Cretaceous levels with silica cements
-poikilotopic-. (B) One of the small broken brecciated pieces with microbotryoid facies used for SEM and EDS analyses. (C-H) Poikilotopic and
botryoidal silica microfacies and microcavities encompassing the full diversity of recorded fossil microorganisms. fsi, nano-fibrous silica. ic,

Frontiers in Ecology and Evolution

06

frontiersin.org


https://doi.org/10.3389/fevo.2025.1678418
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org

Fiorelli et al.

According to this principle, the vertical superposition of facies
observed in the Sanagasta sedimentary column (Figure 2) reflects
the lateral succession of depositional environments. This process
has been documented in modern hydrothermal settings (e.g.,
Fouke et al., 2000; Campbell et al,, 2015b). In the Sanagasta
paleohydrothermal field, lateral migrations of facies produced
spatial arrangements in which eggs and clutches occur at the
same stratigraphic level as the sampled microbialites. However,
the egg clutches are restricted to the distal facies of the system
(see Figures 2B). Dinosaurs that nested at Sanagasta laid their
eggs in facies where temperatures were suitable for incubation
(between 35 and 40°C; see Hechenleitner et al., 2015; Leuzinger
et al.,, 2021), namely the distal facies. Thus, Sanagasta dinosaur
avoided oviposition in intermediate and proximal facies, where
higher temperatures would have rendered nesting biologically
unviable (Figure 2B).

10.3389/fevo.2025.1678418

The Late Cretaceous hydrothermal fluids, related to the regional
Gondwanic extensional cycle, partially altered the Carboniferous
Sanagasta granite and the upper levels of the pre-existing lower red
Permian strata of the Sauces Formation (Figure 2) (Fiorelli et al.,
2012). The earliest Cretaceous thermal sediments were deposited
over the Permian host rock. They are characterized by prominent
vertical and horizontal calcitic conduits and siliceous sinters
(Grellet-Tinner and Fiorelli, 2010; Fiorelli et al., 2012) (Figures 2,
3, Supplementary Figure S2). On the surface, conspicuous large
domed paleogeysers and hot spring structures, terraced mounds,
fossil ponds and pools, apron and discharge channel facies, mini-
dams, and fossil mud drainages and runoffs are readily visible and
conspicuous (Supplementary Data Sheet 1, Supplementary Figure
S2) (Grellet-Tinner and Fiorelli, 2010; Fiorelli et al., 2012, 2013). All
these structures display distinctive hydrothermal mineral facies and
fabric crystallizations (e.g., “dogtooth” crystals, stromatolite-like

FIGURE 4

Photomicrographs of microbialite samples thin sections from SGP bearing some microfossils. (A, B) Thin section from the P-K boundaries showing
poikilotopic and botryoidal silica microfacies with pseud-stromatolitic laminations -black arrows- and cavities -white arrows- in which
microorganisms are preserved. (C, D) Thin sections of the hydrothermal sediments with micritic and silica matrix containing numerous silicified
microfossils, such us laminated pseud-stromatolites -white arrows-, dense clustering of pennate diatoms -yellow arrows- (diatomaceous matrix)
and filamentous microbes in cross section -red arrows-. (E, F) The same sample with large and silicified filamentous microbes (cyanobacteria)?
-yellow arrows- between microbes in cross section -red arrows- and some pennate diatoms -black arrows-. Modified from Fiorelli et al., 2012.
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structures, tuffed, palisade in terracetes, and pseudotravertines) (see
Fiorelli et al., 2012). Some structures exhibit microbialite facies
dominated by brecciated carbonate microfacies, sinterized
microbotryoids and cavities filled by poikilotopic silica
(Supplementary Figures S2-S4). Other microsections of the rock
display a microbially induced sedimentary structure (MISS,
according to Noffke et al, 2001; Stal, 2012). Thin sections of
proximal slope microfacies and microbial framestones exhibit
silicified, layered, and laminated, crust-like microstromatolites,
along with filamentous microorganisms—such as cyanobacteria—
embedded in a diatomaceous matrix composed of pennate diatoms
(Figure 4; Supplementary Figures S5-S7) (Fiorelli et al., 2012). These
brecciated, microbotryoidal and silicified microbialites display all
the sampled microfossils below-described (Figure 3).

The Late Cretaceous age for the LLF and the SGP outcrops is
based on the discovery of several reptile fossil remains typical of
other Cretaceous Gondwanan associations, including different
species of titanosaur nesting sites —both in the type locality of
Tama and SGP-, titanosaur and theropod bone remains, turtle
bones fragments, the abelisaurid Vitosaura and the notosuchian
Llanosuchus (Grellet-Tinner and Fiorelli, 2010; Fiorelli et al., 2016;
Hechenleitner et al., 2016b, 2018b; Jiménez Velandia et al., 2025).
More precisely, an association of microfossils in palustrine muddy
facies of the Tama pedotype at the type locality (see Basilici et al.,
2017), including charophytes and several freshwater ostracodes
(Carignano et al., 2013; De Sosa Tomas et al., 2017), strongly
suggest a Campanian age for the Los Llanos Formation. Instead,
at the SGP locality, the Late Cretaceous age is substantiated not only
by the exceptional and indisputable titanosaur nesting site—
comprising over 90 egg clutches, some of them with up to 30
complete eggs—(Grellet-Tinner and Fiorelli, 2010; Fiorelli et al.,
2012), but also by the hydrothermal event temporally associated
with the Gondwanan extensional tectonic active cycle during the
Cretaceous in the central-west region of Argentina (Rapela and
Llambias, 1999; Mutti et al.,, 2005; Fiorelli et al., 2012). This
extensional phase gave rise to hydrothermal fluid circulation
characterized by distinctive mineralogical assemblages and unique
geochemical signatures, which have been documented at SGP and is
temporally coeval with the late Cretaceous dinosaur nesting activity
(Grellet-Tinner and Fiorelli, 2010; Fiorelli et al., 2012; Leuzinger
etal, 2021). A comprehensive and detailed geological description of
the SGP and LLF has been already published in previous
contributions (Fiorelli et al., 2012, 2013, 2016; Hechenleitner
et al., 2016b, 2018b; Basilici et al., 2017; Jiménez Velandia et al.,
2025). See the Supplementary Data Sheet 1 for more details on
geology, rock petrography, taphonomy, and EDS analyses.

4 Results

4.1 Fossil microbiota assemblage of the
SGP - generalities

Environmental niches in geysers and hot springs are temporally
limited and spatially variable, furthermore the magnitude, duration,
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temperature, chemistry and pH of heated water vary and control the
distribution of the microenvironmental niches and foster a complex
biota (Rothschild and Mancinelli, 2001; Campbell et al., 2019).
Spring systems in modern hydrothermal environments display a
diverse biota including photosynthetic and chemosynthetic
bacteria, heterotrophic bacteria, archaea, protozoa, algae, mosses
and vascular plants, fungi, arthropods and vertebrates (Rothschild
and Mancinelli, 2001; Jones, 2021). Therefore, and depending on
the geological age and biological evolution over time, a similar
diversity of taxonomic groups should be expected in fossil
hydrothermal environments. As such, the fossil hydrothermal
assemblage in the Sanagasta microbialites shows morphotypes
with similarities to organisms belonging to the three domains:
Bacteria, Archaea and Eukarya (Figures 4-13). The microbialites
exhibit a great diversity of bacterial morphotypes, eukaryotic
microorganisms (‘protists’) and microscopic remains of the large
groups (plants, fungi and animals). Most microfossils are encrusted
in sinterized microbialites (Figures 3, 4) and extraordinarily
preserved in 3D with their original parts. Some specimens are
interpreted as fossil agglutinations, organic precipitated cores and/
or pellets. Furthermore, ubiquitous indeterminate microorganisms
of intermediate size between bacteria and ‘protists’ are represented
at the samples. Fossil microbial communities were observed
incrusted into the interstices and microcavities of the host rock
within poikilotopic silica, in between microbotryoids (Figures 3, 4).

4.2 'Prokaryotes’ from SGP—bacteria and
archaea

The hydrothermal rocks at SGP reveal a huge diversity 1-2
micron microbe morphotypes (Figures 5-7; Supplementary Figures
$10-17), which coincide with the sizes and shapes of current
prokaryotes. Fossil bacteria and archaea do not permit genetic
comparisons for taxonomic assignment. However, the exceptional
3D preservation of the Sanagasta microfossils enables
micromorphological comparisons with previously described forms
and thermophilic bacteria and archaea inhabiting modern
continental hot springs (e.g., Stetter, 1996; Reysenbach and Cady,
2001; Silva et al., 2021; Sriaporn et al., 2023). The fossil microbes
recorded at Sanagasta exhibit high morphological diversity in shape,
size, and organization, occurring as single cells, complex biofilms, or
extensive microbial mats composed of multiple morphospecies and
their silicified extracellular polymeric substances (EPS) (Figure 5;
Supplementary Figures S10-S16; see EDS analyses). Microbial mats
prominently develop on the surface of geyserite botryoids within
microbialites. These botryoids are characterized by an intricate
network of silica nanofibers interwoven with bacteria and
microbial mats, which induced biosilicification (Figures 3H, 4C,
D, G, 6B). The most abundant microbes are ~1-2 um long, kidney-
shaped bacterial morphotype, such as vibrio and bacillus
(Figures 5-7; Supplementary Figures S11-S17). They number in
the thousands per square millimeter, generally encapsulated and
surrounded by a sheath-like envelope (Figures 5F, 7A). Cocci,
diplococci (even encapsulated), staphylococci, and streptococci
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FIGURE 5

sh, sheath; si, silica; vi, vibrios.

Fossil prokaryotes from the SGP. (A) Phromidium-like filamoentous cyanobacteria over amorphous fibrous silica matrix. (B) Accumulation of vibrios-
together with some isolated actinomycetes-like forms; arrows indicate fully encrusted vibrios (magnify the image). (C) Dense colonies of tiny
actinomycetes-like bifidobacteria over the fibrous botryoidal silica. (D) A diversity of several kind of prokariotes (including many cyanobacteria) on a
silicified microbial mat. (E) Colony of bacteria growing on the encrusted remains of an arthropod'’s exoskeleton. (F) Magnification of E with encrusted
vibrios-like bacteria showing encapsulated cells and cocci. (G) Silicified clusters of bacilli, diplobacilli and cyanobacteria over the fibrous silica of a
botryoid. (H) A community of small, rounded cocci-like microbes, living on a high density of bacilli and diplobacilli partially encrusted on silica. (1)
Cluster of partially entombed diplobacilli displaying extraordinary details of the cell wall and cytoplasmatic membrane; note the medial division
between both bacilli -red arrows-. (J) Silicified community of cyanobacteria; some broken cells with their interior empty can be seen -red arrows-.
ba, bacillus; bi, bifidobacteria; ce, cells; co, cocci and streptococci; cy, cyanobacteria; eps, silicified extracellular polymeric substances; pa, palisade;

are abundant in some microbiofacies of these microbialites; in some
microfacies the cellular type with sarcinal morphology
predominates. A similar pattern is observed with the bacillus
group, presenting themselves individually, diplobacilli,
streptobacilli, palisades-like configurations and complex nets of
bacillus mats. Streptobacilli and filamentous bacteria occur mostly
associated with fungi coating and other structures or fossil remains
(e.g. over arthropods) (Figures 5E, F, 7C, Supplementary Figures).
Some filamentous microbes which display broken transverse
sections and show an open lumen of ~2 um (Figures 5A, 6D),
resemble to Phormidium and Chloroflexus (Jones et al.,, 2004a).
Other micromorphologies are similar to Bifidobacterium, displaying
typical branching features characterized by a Y-shaped morphology
and hyphae-like structures (Figures 5C, 6A). As such, we noted very
dense colonies of minute bacteria with an extensive type of
mycelium present similar features to the Actinomycetota (the

Frontiers in Ecology and Evolution

actinomycetes) or Myxococcota phylum (Figures 5B-C;
Supplementary Figures S16d-S18c). Coccobacillus, ovate-shaped
bacteria (e.g., cyanobacteria-like), characterized by binary division
are superabundant and conspicuous in the MISS; Cyanobacterium-,
Gloeothece-, Cyanobium-, Synechococcus-, Cyanothece-, and
Synechocystis-like bacteria, and hydrogenothermaceae-like cells
are abundant (Figures 5-7; Supplementary Figures S10-16). Many
of these cyanobacteria form cell clusters in platelike colonies and
display cell division with perpendicular binary fission -pinching-
like- and someone slightly keritomized or markedly lengthwise-
striated cell walls (Figure 6F; Supplementary Figure Sl6c). The
striated cell walls of living cyanobacteria result from the parallel
position of photosynthetically active thylakoid membranes that are
surrounding the cytoplasm (Komarek, 2003). Some morphotypes,
chiefly vibrios and cocci, encapsulated in silica, presenting cells with
a polysaccharide-like capsule or sheath and an external biofilm-like
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FIGURE 6

More prokaryotes from the SGP. (A) A tiny partially encrusted colony of actinomycetes-like bifidobacteria -white arrows- and some isolated
diplobacilli -red arrows- (magnify the image). (B) Some isolated differentiated bacteria morphotypes -arrows- in association with a dense colony of
diplobacilli over the amorphous fibrous silica. (C) High diversity of bacteria -arrows- over the fibrous silica. (D) Diversity of prokaryotes -arrows- over
a community of vibrios-like bacteria on fibrous silica; note the chains of streptococci -yellow arrows-, Pseudanabaena-like filamentous bacteria
-blue arrows-, large cyanobacteria -magenta arrow-, archaea-like forms -red arrows- and a dense microbial mat -green arrow-. (E) Silicified
cyanobacteria microbial mats - yellow and green arrows- in a botryoid cavity; observe in the broken section -green arrow- the deep silicification
with amorphous silica replacing completely the cells and their inner cytoplasm. (F) Artificial colored group of three large cyanobacteria with striated

cell walls—keritomization.

matrix similar to the EPS (Stal, 2012). Comparable configurations of
microbes and EPS have been described in modern hot spring
sediments (Jones et al., 2003; Jones and Renaut, 2017; Jones,
2021; Sriaporn et al., 2023). Most fossil bacterial cells are smooth,
however, there are few indeterminate microbial mats of
bifidobacteria-like and biofilms with rough cells, as well as cells
with distinct transversal and longitudinal ornamentation
(Supplementary Figure S16¢). The wall or capsule of some of the
cells shows a dot and dimple ornamentation, while exhibiting a
micronodular and granular/tuberculate sculpture (Figure 6A,
Supplementary Figure S12). This appearance could be due to the
deposition of opal nanospherules but also to nanostructures on the
cytoplasmic membrane (e.g., pili, macromolecules, or
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bacteriophages). Partially silicified encrusted coccoidal
morphologies form abundant thread-like or knobbed appendages
joining cells in chains—putative F-pilus—suggesting bacterial
conjugations (Figures 5E, I, 6D; Supplementary Figures S14-S16)
(Patkowski et al., 2023). The conjugation is the transmission of
plasmids that occur in bacteria and archaea (Catchpole et al., 2023).
In addition to cyanobacteria, many microbes have the shapes and
morphologies similar to the basal phyla Thermotogota and
Aquificota, as well as with some basal archaea groups (e.g.,
Pyrodictium and Thermoproteus) typical from active geysers and
modern hot spring environments (Figures 5H, 7F; Supplementary
Figures S11, S16) (Stetter, 1996; Lalonde et al., 2005; Kysela et al.,
2016). Some microbial mats show similarities with round flat and
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FIGURE 7

alleged rounded monotypic archaea.

Association of prokaryotes from the SGP. (A) Some vibrios-like bacteria -green- showing encapsulated sheath cells associated with a large cell -in
red- of a suggested red alga; artificial colored. (B) Dense monotypic community of bacteria in a palisade configuration over the fibrous silica. (C)
Different types of bacteria -red arrows- near the remains of a partially encrusted mite -yellow arrows-. (D) Remarkable diversity of hundreds silicified
bacteria with more than eight different morphotypes in almost 20 um?. (E) Some vibrios and diplobacilli with an extraordinary preservation; observe
de sheath -red arrows-, cell division -yellow arrows-, and surface marks of possible internal organelles -green arrows-. (F) Dense microbial mats of

long palisades archaea (i.e., Sulfolobales, Desulfurococcales,
Thermoproteales. Supplementary Figures S15, S16). The
remarkable preservation of fossil alleged prokaryotes at the SGP
renders the site globally unique, exhibiting an extensive and
distinctive diversity of 3D cellular morphologies.

4.3 Eukaryotic microorganisms ('protists’)

The origin, evolution and systematics of eukaryotes is extremely
complex and a topic of scientific debates in recent years (Butterfield,
2015; Adl et al,, 2019; Burki et al.,, 2020; Eme et al., 2023; Vosseberg
et al,, 2024; Kay et al., 2025; Porter et al,, 2025; Williamson et al.,
2025). Microbial eukaryotes are ubiquitous in many environments,
yet their diversity in hot springs has not been comprehensively
addressed (Oliverio et al., 2018; Rappaport and Oliverio, 2023,
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2024). Only recently, the diversity and ecology of ‘protists’ have
been summarized for extreme environments such as hot springs
(Rappaport and Oliverio, 2023). Despite the vast diversity of
prokaryotes, the eukaryotic microorganisms are also extremely
abundant and diverse in some sections of the samples from the
Sanagasta hydrothermal field (Figure 8, Supplementary Figure S18).
There are some remarkable specimens associated with
microremains of algae, arthropods, and prokaryotes that looks
like lobosea amoeba of 5 to 10 um (Tubulinea- or Discosea-like
forms), sharing similar size, shape and structures (i.e., organelles,
pseudopods) (Figure 8A). Indeterminate flat and circular non-
ciliated ‘protists’ of approximately 25 um in diameter, display
structures similar to internal organelles; these microorganisms are
also comparable to amoebas. Abundant remains of myxogastroid
mold (Supplementary Figure S18D) were silicified and also
recorded, covering large surfaces of some microbotryoids. These
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FIGURE 8

Fossil ‘protists’ from the SGP. (A) Silicified amoeba-like microbe. (B) Indeterminate eucaryotic parasite-like microbe -yellow arrow- and microcyst
-red arrow-. (C) Indeterminate tiny microbe. (D) Extraordinary preserved raphid -yellow arrow- pennate diatom partially covered by silica -red
arrow-. (E-G) Filamentous microthallos corresponding to silicified colonial-like chrysophytes; red arrows: bacteria. (H) Rounded stomatocysts
-endogenous silicified cysts- of possible chrysophyte. (I) Rounded cell of cyanidial red algae or a myxoamoeba-like form.

specific microfacies exhibit various stages of the vegetative and
reproductive cycle of myxomycetes, including minute
myxoamoebozoan forms, protoplasmodia, plasmodia with
pseudopodia, developing stipitate sporangia, and possibly mature
sporangia containing spores and capillitia.

The rock samples display some between ~20 pum long parasite-
like microbes showing an ornate, rough surface and a smooth apical
end (Figure 8B); these tiny organisms are similar to some
apicomplexan-like alveolates. There are other indeterminate ~15
pum in size, ribbon-like microorganisms (Supplementary Figure
S22b) with a micro-reticulated sculpture on a smooth surface
mixed with pellets and precipitated nucleus—many agglutinated
microfossils. Some indeterminate prokaryote of ~5 um in size
possess an ornate external cell membrane with reticulated or
nodose-globular surfaces. Many other microorganisms in the
microbialite samples are currently undetermined and could be
classified as basal eukaryotes (i.e., ‘protists’ grade) but they lack
key features to assign them to a definite clade, Cryptophyte-,
euglenid-, eustigmatophyceae- or alveolate-like microbes
(Figures 8B, C; Supplementary Figures SI8E, F). It is well
established that high-temperature springs harbor substantial
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protist diversity (Oliverio et al., 2018; Adl et al., 2019; Rappaport
and Oliverio, 2023), and the Cretaceous Sanagasta hydrothermal
field appears to be no exception. This site reveals a remarkable
variety of protists and may represent one of the most significant
paleontological locations for the exceptional preservation of
fossilized microeukaryotes. However, the observed diversity may
be incomplete due to potential taphonomic and sampling biases, as
well as the specific locations from which samples were collected. In
particular, the documented microeukaryotic diversity at Sanagasta
may be influenced by sampling limited to the proximal slope facies,
despite the fact that geysers and hot springs are known to support
distinct and diverse protistan communities (Rappaport and
Oliverio, 2023).

4.4 Stramenopiles
4.4.1 Diatomista (Bacillariophyceae)
Diatoms are unicellular eukaryotic organisms, that live as

solitary cells or in colonies, with unique external walls—frustule
highly patterned consisting of two parts and composed of
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FIGURE 9

tracheids and pollen surfaces.

Some fossil plant remains from the SGP. (A-D) Several gymnosperm tracheids with characteristic areolated pits -secondary xylem elements-
embedded in a pellet. (E, F) Angiosperm pollen grains encrusted in silica -si- displaying a fragmentary pollen grain with semitectate, columellate,
microreticulate exine (E) and a periporate pollen grain with tectate and granulate exine (F). Note the different hyphae and conindia that cover some

amorphous silica [(SiO2)n(H20)] (Brinkmann et al., 2011). They
are photosynthetic, species-rich algae found in fresh and marine
waters worldwide, and similarly in damp terrestrial habitats (Mann
et al,, 2017), and markedly diverse in continental hydrothermal
environments (Owen et al., 2008; Brown et al., 2019). With
enormous biases in the fossil record, diatoms first appeared in the
Jurassic, diversified in the Early Cretaceous, and became abundant
in the Cenozoic (Sims et al., 2006; Medlin, 2016; Mann et al., 2017;
Westacott et al., 2021; Brylka et al, 2023, 2024), while raphid
diatoms emerged in the Paleocene (Medlin, 2016; Mann et al.,
2017). However, in line with some Maastrichtian pennate diatoms
from India (Singh et al., 2006), some authors suggest an earlier
origin for these derived Bacillariophyta (Medlin, 2016; Brylka et al.,
2023, 2024). More interesting, Late Cretaceous -Maastrichtian-
pennate diatoms from non-marine chert deposits from Mexico
were reported (Beraldi-Campesi et al., 2015). Although showing
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large inconsistencies, molecular clocks suggest that diatoms
originated near the Triassic-Jurassic boundary (Nakov et al,
2018; Brylka et al., 2023). According to a recent pivotal study, the
evolutionary history of diatoms may have been more complex than
previously understood: pennate diatoms originated in the middle
Jurassic, whereas raphid diatoms were already present by the
middle Cretaceous (Alverson et al., 2025). Putative pennate
diatoms at SGP were previously mentioned as diatomaceous
matrix in thin sections (Fiorelli et al., 2012), but unverified with
conclusive fossils (Figures 4C, D). Now we confirm here the
presence of several species with remarkable exceptional
preservation and the unequivocally oldest Late Cretaceous raphid
diatoms record worldwide (Figure 8D; Supplementary Figures
S18A, S19).

Overall, there are several broken fragments of diatoms partially
entombed in the botryoidal silica, such as rod shape kind of
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FIGURE 10
Fossil fungi from the SGP. (A-C) Very fine coenocytic hyphae with sparse branching -yellow arrows- belonging to Mucoromycotina clade that cover
decomposing remains of arthropods and bacteria -red arrows-; note the fine partially encrusted hyphae -yellow arrows- and arthropod remains
-red arrows- with fluorite (CaF,) in (B, D) Large branched and septate hyphae -yellow arrows- partially cover by rock matrix -blue arrow-. (E, F)
Larger and regularly septate hyphae of ascomycete fungi display branching as well as structures such as arthrospores and conidia -arrows-; these
kinds of hyphae grow mainly on plant debris (pollens and tracheids).

rhizosoleniineae or raphid diatoms and also other associated
araphid pennate fragments encrusted or agglutinated in pellets
and precipitated cores. However, some nearly complete specimens
display similar features to raphid pennate rhopalodiaceae and
cymbellaceae diatoms with a typical areolae ornamentation. Most
preserved diatom specimens are partially embedded in amorphous
silica and measure between 5-10 um, but some can reach up to 40
pm. The more diverse are generic diatom specimens with a raphe
system medially placed quite similar to some genera of Naviculales
such as Pinnularia and Navicula (Figure 8D), while others suggest a
resemblance to Planothidium, Craticula or Gomphonema. Other
specimens display a raphe laterally located that resemble Nitzschia.
There are some elongated fragments that resembling Aulacoseira
(Supplementary Figure S19). Besides, some remains display two
lunate valves with an eccentric raphe, and a visible canal, positioned
along the ventral margin and each branch is arched toward the
dorsal margin, characteristic of rhopalodiaceae diatoms
(Supplementary Figure S18A). Some of these specimens show
both thecas and the cingulum well-preserved with their epitheca
overlapping the hypotheca. Internally, in broken specimens, the
epitheca displays large, transapical costae or fibulae and the internal
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raphe opens into a porate canal with circular holes. Several silicified
bacteria can be observed encrusted in the frustule surfaces of
various species. The sampled diatoms in SGP are not abundant
but show considerable diversity, which may be biased by lateral
variations in the paleohydrothermal microfacies. However, they
show some resemblance to the diversity of diatoms in modern
hydrothermal environments (Owen et al., 2008; Brown et al., 2019;
Roy et al., 2020). The occurrence of these pennate diatoms in ~80
My old hydrothermal sediments has tremendous implications for
the evolutionary history of Bacillariophyceae, which will be
discussed later.

4.4.2 Chrysophyta algae

Hot springs discharge groundwater on the surface and form
very diverse microhabitats in which many algal communities
develop. Chrysophyceae are one of the most common groups of
microalgae in freshwaters, including lakes, wetlands, streams, rivers
and hot springs (Nicholls and Wujek, 2015; Kristiansen and
Skaloud, 2017). Overall, the fossil record of chrysophytes is still
quite incomplete and poorly understood; their evolutionary origin
and diversification are mostly based on molecular clock calculations
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FIGURE 11

Fossil arthropods in 3D from the SGP. (A) Broken remains of an alleged mite. (B) Partially entombed broken exoskeleton of a mite, with the
characteristic dorsal cuticle -yellow arrow-; note the plumose setae and pits -magenta arrows-. (C) Exoskeleton of a springtail heavily encrusted in
silica displaying several articular setae over its particular hexagonal and superhydrophobic cuticular pattern. (D) Other section of the same springtail
with their exoskeleton exposed and exhibiting exceptional preservation. (E) Two perfectly preserved springtail scales (next to the springtail in D). (F)
Double setae of an indeterminate arthropod partially encrusted in carbonate and silica.

(Kristiansen and Skaloud, 2017). Although there is a record of fossil
chrysophytes from the Paleogene inland environments,
stomatocysts are known from lower Cretaceous marine sediments
(Kristiansen and Skaloud, 2017; Channing and Wujek, 2010).
Despite limited samples, several fragmentary algal remains have
been recorded in the Sanagasta microbialite that most seemingly
belong to the group of yellow-brown pigmented golden algae
(Figures 8E-G; Supplementary Figure S18B). There are some
fragmentary silicified colonial-like chrysophytes, such as
encrusted filamentous microthalli that fits well with the colonial
-lorica- protective forms, analogous in size and morphology with
Dinobryaceae or Phaeothamniales (Nicholls and Wujek, 2015).
These specimens resemble rarer Epipyxis or Dinobryon-like
chrysophytes and display 10 to 15 pum-in-diameter thalli with an
alternating structure, where single cells in cup-like shells were
inserted. The sample also exhibits some rounded and isolated
stomatocysts—endogenous silicified cysts with an average
diameter of 20 pm. Cyst formation involves autogamic processes
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(fusion of nuclei formed by mitosis) or gametic fusion of cells of
chrysophyte loricate colonies (Kristiansen and Skaloud, 2017).
Other microremains of indeterminate calcareous algae are
observed, even putatively desmidials and sphaeropleals green
algae fragments agglutinated between pellets and precipitated
cores. Like diatoms, these chrysophyte remains from the
Sanagasta hydrothermal field shed light on the evolution and
adaptation of the group to inland environments.

4.5 Archaeplastida

4.5.1 Rhodophyta—Cyanidiophyceae

Hot springs and acidic environments around the world are
successfully inhabited by mixed communities of Cyanidiophyceae, a
unique unicellular group of extremophilic rhodophyte red algae
(Yoon et al., 2006; Hirooka et al., 2022; Cho et al., 2023; Rappaport
and Oliverio, 2024). These photosynthetic eukaryotes are exclusive
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FIGURE 12

EDS analysis of the SGP microbialite. (A) The EDS analysis carried
out on an encrusted bacterial community in the microbialite taken
from the lower Cretaceous levels; the yellow arrow indicates the
analyzed spot over a large diplobacilli. (B) Analysis result of the spot
in A; despite the extraordinary preservation, observe the deep
silicification of the microbes. See the Supplementary Data Sheet 1
for further EDS analysis on the Sanagasta samples.

to hot springs and capable of thriving in extreme pH conditions and
high temperature (Cho et al., 2023; Van Etten et al., 2023).
Furthermore, these extremophiles form biofilms in association
with other extremophilic prokaryotes in the springs and can
establish endolithic populations within the surrounding rocks
(Van Etten et al., 2023).

Highly silicified microfacies of the SGP contain numerous
fossilized unicellular microorganisms that bear a striking
resemblance to Cyanidiophyceae red algae (Figures 7A, 8I;
Supplementary Figures S18C, S20). In general, these fossil
remains are associated with silicified biofilms of vibrios and bacilli
and exhibit rounded cells with average diameters of 4 to 5 pm.
Certain putative cyanidial cells on the silica nanofibers show
ornamentations and notorious structures that may represent
internal organelles of the cytoplasm, such as vacuoles, vesicles,
nuclei, and/or mitochondria (Supplementary Figure S20). Other
well-preserved cells display a rounded edge, a structure suggestive of
the characteristic arrangement of internal single plastids and
thylakoids in cyanidials. While there are several fossil records of
red algae, including some representing the oldest known eukaryotes
(Bengtson et al., 2017a), no fossilized cyanidials have been
documented to date. These fossils from the Sanagasta
hydrothermal field could thus represent the first and only fossil
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evidence of this distinctive group of extremophilic unicellular
red algae.

4.5.2 Spermatophytes—plant remains

Although macroscopic plant specimens are common in modern
hot spring environments due to a rapid silicification process
(Channing and Edwards, 2009, ChanningEdwards, 2013), no
macroscopic silicified plants are presently recorded at SGP (see
Discussion) (Grellet-Tinner and Fiorelli, 2010; Fiorelli et al., 2012).
However, few microfragmentary plant remains are now visible
partially encrusted in amorphous silica or in pellets and organic
precipitated cores; these plant remains consist essentially of two fossil
types (Figures 9A-D; Supplementary Figures S21, S22, S25): isolated
woody tracheary elements and pollen grains. Tracheids are observed
singly or in pairs, and possess areolated pits, characteristic of
secondary xylem elements of gymnosperms (Philippe, 1995; Boura
etal, 2021) (Figures 9A-D; Supplementary Figure S21). Observed pits
are uniseriate, circular to slightly flattened, and spaced (i.e.,
abietinean). A single fragment preserves contiguous flattened pits
(i.e., araucarian), also showing a biseriate alternate disposition, which
probably represents a different taxonomic group. Although
fragmentary, the tracheid remains are well preserved also in 3D.

Fragmentary angiosperm pollen grains were also identified as
part of pellet-like structures or partially encrusted in silica. They
exhibit semitectate, columellate, and microreticulate exine, psilate
muri and irregular to subcircular/subpolygonal lumina. One type of
pollen grain, represented by several fragments, presents
homobrochate reticulum and muri having widths similar or
narrower than lumina (Figures 9E, F; Supplementary Figures S21,
S22). Another morphotype, represented by a single fragment,
presents a heterobrochate reticulum, with a lumina decreasing in
size towards the periphery of the preserved element, and muri having
widths typically wider than lumina (Figure 9E). In both types, the
structure of the wall allows to recognize them as angiosperms, but
their fragmentary preservation and the absence of apertures are
challenging to formulate a more specific identification.

Other abundant angiosperm remains consist of periporate
pollen grains with tectate, columellate, and granulate exine, with
more than 20 pores circular or nearly (1-2 pm in diameter),
regularly distributed over the whole surface, and having
sculptured pore membranes (Figure 9F; Supplementary Figures
S21A, B, S22). These pollen grains can be attributed to the genus
Chenopodipollis, a taxon commonly interpreted as a representative
of the Chenopodioidea of the Amaranthaceae, a plant clade
typically present in dry, saline or disturbed habitats of both
hemispheres (Kadereita et al., 2005). Chenopodioidea are
recorded from the Upper Cretaceous strata (Nichols, 2002;
Yoshino et al., 2017).

4.6 Opisthokont
4.6.1 Holomycota—fossil fungi

The fungal fossil record is meager compared to other major
organism groups, making their evolutionary history challenging to
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FIGURE 13

Schematic reconstruction of the fossil-Lagerstétte of Sanagasta and the titanosaur nesting site in the first Cretaceous inland geothermal field. (A)
Detail of different nesting environments and nesting strategies of titanosaurs (modified from Hechenleitner et al., 2015). (B) Schematic cross-section
reconstruction of the Sanagasta hot spring deposits showing different facies and localization of microbialites at proximal facies and titanosaur egg-
clutches at distal facies (based on Campbell et al., 2015b). (C) Overview of the microcosmos recovery from the microbialite sample of the Sanagasta
GeoPark, showing a high diversity of prokaryotes and a variety of eukaryotes: c1, some morphotypes of bacteria and archaea; c2, amoeba and
myxamoeba; c3, diatoms; c4 and c5, golden and red algae; c6, plant remains; c7, mucoromycotine fungi; c8, dikaryan fungi; c9, mites; c10,
springtails. Image not in scale.

reconstruct (Bengtson et al., 2017b; Loron et al,, 2019; Gan et al.,  Massif hot spring (Channing et al., 2007; Garcia Massini et al., 2012;
2021). Fossil fungi from hydrothermal environments are even  Campbell et al., 2015b). However, the SGP preserves numerous
scarcer, documented only in the classic Devonian Rhynie Chert,  fungal specimens and hyphae of uncertain affinity (Figures 9, 10;
known for its high diversity (Krings et al., 2017; Garwood et al., ~ Supplementary Figure S21). The hyphae occur over the
2019; Strullu-Derrien et al., 2023), and the Late Jurassic Deseado ~ microbotryoid surfaces between the interstices of the rock
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covering other decayed organic remains, on pellets, and are
associated mostly with plants and arthropod exoskeletons. Two
predominant hyphal morphotypes are observed: i) fine coenocytic
hyphae (0.2 um wide) with sparse branching, which could belong to
the mucoromycotine clade because of their morphological
characters and their putative saprophytic habit (Figures 10A-C);
if) another common morphotype in the specimens fits well with the
morphological characters of ascomycete fungi (Figures 9, 10D-F):
hyphae with regular septa (~0.5 um wide), with abundant
branching, resistance and dispersal structures such as
arthrospores and asexual reproductive structures such as
conidiophores and conidia (Figure 10F). The growth pattern of
the fungal mycelia denotes their saprophytic habit on woody
tracheids, pollen grains and arthropods (Supplementary Figure
S21). Some of these fungi, in particular the mucoromycotines,
could be entomopathogenic (Aratjo and Hughes, 2016). It is
important to mention that some species of hydrothermal
mesophilic fungi can grow near pH 0 (Rothschild and
Mancinelli, 2001).

4.6.2 Holozoa—extremophilic arthropods
Hydrothermal environments could represent an ecological
refuge for plants and animals. Hot springs also preserve elements
of the local ecosystem, chiefly arthropods that are usually abundant
in mesophile hydrothermal environments such as insects that could
tolerate temperatures up to 50°C and pH 2.5 (Pritchard, 1991;
Williams, 1991; Rothschild and Mancinelli, 2001; Jones, 2021;
Santos et al., 2022). Similarly, the SGP microbialitic samples
display several arthropods partially encrusted in the siliceous
matrix (Figures 10A-B, 11; Supplementary Figures S23, S24). In
soil environments, the most abundant microarthropods groups are
springtails (Hexapoda) and mites (Chelicerata: Arachnida) (Gorres
and Amador, 2021). Overall, the fossil mites and springtails are
collapsed yet display a fine preservation with microscopic life-like
cuticle structures (Figure 11). Mite specimens consist chiefly of
parts of the main body exoskeleton (with the characteristic
micromorphology of the dorsal cuticle composed of annuli
having a whorl of microtubercles along them, typical of some
mites) and partial fragments of articulated limb (tarsi and claw)
(Supplementary Figure S23A). Cuticles unusually exhibit plumose
setae and trichobothria (Figures 11A, B). With respect to springtails,
we observe several encrusted integuments with a typical geometric
pentagonal or hexagonal interconnect ridges pattern in addition to
several cuticular outgrowth structures (i.e. setae and scales)
(Figures 11C-E). This characteristic hexagonal cuticular pattern is
exclusive of some hydrophobic exoskeleton of springtails (Hopkin,
1997; Gundersen et al., 2014) (Figures 11C, D; Supplementary
Figure S23C). Isolated setae and hairs are also very commonly
encrusted in the silica or covered by amorphous fluorite
(Figure 10B; see Supplementary Data Sheet 1, Supplementary
Figure S30). In wetland environments, like hot springs, mites
primarily feed on fungi and plant debris, but may also consume
small arthropods and nematodes. In contrast, springtails are
omnivorous, feeding mainly on bacteria, fungi, nematodes, algae,
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and decaying plant material (Walter and Proctor, 2013; Gorres and
Amador, 2021).

4.6.3 Vertebrate—dinosaurs

The Sanagasta nesting site has yielded to date over 90 titanosaur
egg clutches, some with up to 30 complete eggs, associated with
hydrothermal structures at the geothermal field (Figure 2;
Supplementary Figures S2, S5) (Grellet-Tinner and Fiorelli, 2010;
Fiorelli et al., 2012, 2013). The nesting and reproduction of the
Sanagasta titanosaur were well adapted to this particular
hydrothermal paleoenvironment, by their egg, eggshell anatomy,
pore system morphology, and the water vapor conductance
(Grellet-Tinner et al.,, 2012; Hechenleitner et al., 2015, 2016a,
2018a; Leuzinger et al., 2021) Indeed, the eggshell displays several
synchronous hydrothermal alterations, recrystallization of calcite
and more notably silicification into opal (Fiorelli et al., 2012, 2013).
The calcite recrystallization was produced by acidic hot spring
solutions, while silicification is ubiquitous, recrystallizations
indicate alterations under exceptional conditions mediated by
cyanobacteria (Benning et al., 2005; Fiorelli et al.,, 2013). A few
indeterminate bony fragments have been discovered at the main
nesting site, unlike the numerous, partially articulated remains of
several large dinosaurs found in other localities of the Los Llanos
Formation (Hechenleitner et al., 2018b). These fossils seem to
belong to a small, few meters long vertebrate, possibly a juvenile
titanosaur dinosaur.

4.7 Pellets/precipitated cores

Fecal micropellets among other specimens are preserved in the
microbialite (Figure 9A; Supplementary Figures S22, S25) partially
encrusted in a silicate or carbonate matrix but always associated
with fungal hyphae and bacterial biofilms. They were produced by
micropredators and phytophagous—e.g. mites and springtails. These
micropellets and other fossil organic remains form partially
encrusted precipitated cores over the bothryoids of silica from the
small cavities of the rock, as in hydrothermal settings, opal-A
rapidly precipitates over organic remains, thus commonly
produces well-preserved silicified biota (Jones, 2021).

5 Discussion

5.1 Sanagasta paleohydrothermal field: a
Fossil-Lagerstatte

The discovery of titanosaur egg clutches in Sanagasta 20 years
ago (Grellet-Tinner and Fiorelli, 2010) highlighted a monospecific,
communal nesting site of paramount paleobiological interest.
Subsequent studies suggest that these titanosaurs repeatedly
utilized the Cretaceous Sanagasta hydrothermal site, where
geothermal activity likely facilitated egg incubation,
demonstrating a species specific adaptation and abaptation
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(Grellet-Tinner and Fiorelli, 2010; Fiorelli et al., 2012, 2013; Grellet-
Tinner et al., 2012; Hechenleitner et al., 2015, 2016a, 2018a;
Leuzinger et al., 2021). Modern dinosaurs, like the megapode
birds, nest in active geothermal environments and incubate their
eggs by thermodynamics (Grellet-Tinner and Fiorelli, 2010;
Hechenleitner et al., 2015). The Mesozoic dinosaurs at Sanagasta,
like their modern counterparts (i.e., the endemic Polynesian
megapode, Megapodius pritchardii, Goth and Vogel, 1997), chose
specific nesting sites for ovideposition. Sanagasta titanosaurs used
geothermalism to incubate their eggs through a low enthalpy
geothermal system of tectonic origin without magmatic influence
(Grellet-Tinner and Fiorelli, 2010; Hechenleitner et al., 2015;
Leuzinger et al., 2021). Therefore, the appropriate selection of a
nesting site becomes a critical factor for the species’ reproduction
and survival (Hechenleitner et al., 2015). That discovery represents
the first confirmed symbiotic/commensalism relationship between
Mesozoic dinosaur nesting behaviors and a geothermal field
(Grellet-Tinner and Fiorelli, 2010; Fiorelli et al., 2012).

Terrestrial hot spring systems can support a highly diverse
microbiota with potential exquisite taphononic and diagenetic
preservations (Cady and Farmer, 1996; Rothschild and
Mancinelli, 2001; Renaut and Jones, 2003; Yee et al., 2003;
Benning et al., 2005; Des Marais and Walter, 2019; Jones and
Renaut, 2021; Rasmussen et al., 2024). The biota in thermal
ecosystems is fossilized in sinters and has been documented in
the geological record in rocks dating back to 3.5 Ga (Pinti et al.,
2009; Brasier et al., 2015; Djokic et al., 2017; Dodd et al., 2017; Des
Marais and Walter, 2019). However, occurrences of paleo-
hydrothermal geyserite settings preserving fossils are rare prior to
the Cenozoic (Campbell et al., 2015b; Des Marais and Walter,
2019). A few exceptions are the Devonian Drummond Basin
(Australia), the renowned Devonian Rhynie Cherts (Scotland),
and the Late Jurassic Deseado Massif (Patagonia, Argentina) (Rice
etal., 2002; Channing et al., 2007; Guido et al., 2010; Campbell et al.,
2015b; Garwood et al., 2019). The Sanagasta GeoPark (La Rioja,
NW Argentina) is therefore the first and only known Cretaceous
hydrothermal inland environment to preserve a vast range of fossils
with exceptional anatomical detail, confirmed by several
microanalytic analyses (Figure 12; Supplementary Figures S26-
30). This paleogeothermal field provides paramount information
on fossil biota and the evolution of life in these ecosystems during
the Mesozoic. In general, the hot springs are described as a ‘tropical
rainforest’ of the fossil microbial world (Des Marais and Walter,
2019). Therefore, Sanagasta hydrothermal field provides a unique
fossil record with one of the best-preserved micro- and
nannofossils. Furthermore, the site harbors a microdiversity
encompassing the three domains of life (Bacteria, Archaea, and
Eukarya), preserving fossils of microbes, plants, and a diverse range
of micro- and macroscopic fauna (Figure 12). Cretaceous
hydrothermal paleofluids percolated into the interstices and
microcavities of the host rock—in between microbotryoids, where
these fossil microbial communities flourished.

Current challenges in the interpretation of microbial fossils
arise from the dynamic nature of knowledge in taxonomy,
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phylogenetics, and genomics. Advances in genetic analyses and
emerging technologies have substantially reshaped the classification
of bacteria, archaea and basal eukaryotes, refined phylogenetic
frameworks and expanded our understanding of their
evolutionary histories (e.g., Hug et al., 2016; Castelle and Banfield,
2018; Weiss et al., 2018; Burki et al., 2020; Eme et al., 2023; Moody
et al,, 2024; Vosseberg et al., 2024; Kay et al., 2025; Porter et al.,
2025; Williamson et al., 2025). The SGP demonstrates the highest
documented morphodiversity of prokaryotes within an inland fossil
deposit to date, with over 25 distinct and identified morphotypes in
a single paleothermal microfacies (Supplementary Figure S17).
Moreover, the site displays the best-preserved and most diverse
fossil prokaryotes worldwide and many of these morphotypes show
similarities to modern extremophile bacteria and archaea. The
microbes, even the microalgae, preserve minute cell details,
plasma membrane ornamentation, cell division, silicified EPS and
biofilm with microbial mats, and possible cytoplasm’s internal
nanostructures, such as probable thylakoid membranes, vacuoles,
and organelles. Thus, the micro-details of “prokaryotes” and
“protists”, microalgae (i.e., diatoms exquisitely preserved,
alveolates, and cyanidials), plants, fungi and arthropods (with
unique cuticle features) make Sanagasta GeoPark an exceptional
site to understand their paleoecology. The fossilization features of
this complex Late Cretaceous microecosystem, exclusive for a
Phanerozoic deposit, bolster the previous hypothesis (Fiorelli
et al., 2013) that the Sanagasta paleohydrothermal field represents
an instance of Konzentrat and Konservat Fossil-Lagerstitte
(according to the definition given by Kimmig and Schiftbauer,
2024). Fossil lagerstitten are among the most important windows
into ancient ecosystems, representing deposits of exceptional
preservation that provide both high quantity (Konzentrat) and
high quality (Konservat) paleontological information (Seilacher
et al., 1985; Allison, 1988; Shields, 1998; Muscente et al., 2017;
Kimmig and Schiffbauer, 2024). Although in most Lagerstitten
bacterial degradation works against exceptional preservation—
particularly of soft tissues—(Allison and Briggs, 1993), in
Sanagasta, bacteria actually promoted exceptional preservation
through biosilicification (Fiorelli et al., 2013).

5.2 Processes and exceptional preservation
in Sanagasta

Microbial activity can also lead to excellent preservation
(Grellet-Tinner, 2005), provided that the rate of mineralization or
stabilization exceeds that of tissue decomposition. In general, the
Sanagasta microremains exhibit extensive silicification, which has
replaced all microorganisms and even filled the interiors of their
cells with amorphous silica (Figures 6A, 11). Cyanobacteria, a key
group of phototrophic prokaryotes, play a pivotal role in silica
polymerization, deposition, and sinter formation in geothermal
environments (Jones et al., 2003; Phoenix et al., 1999, 2000, 2001;
Toporski et al., 2002; Guidry and Chafetz, 2003; Jones and Renaut,
2021; Konhauser et al., 2003, 2004, 2008; Yee et al., 2003; Benning
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et al.,, 2004, 2005; Lalonde et al., 2005; Phoenix and Konhauser,
2008; Doi and Fujino, 2013; Tkeda, 2021; Jones, 2021). Silicification
of sheathed cyanobacteria occurs as silica colloids accumulate on
their impermeable sheath surfaces (Benning et al., 2004). This
process is very rapid and begins during biofilm viability but
progresses to cell death, lysis, and promotes immediate
fossilization (Renaut et al., 1998; Phoenix et al.,, 2000). It
incorporates microorganisms into the sintered structure as fossil
microbial colonies and encrusts everything as the process
progresses (Benning et al., 2004, 2005; Konhauser et al., 2004;
Jones, 2021; Rasmussen et al., 2023, 2024). Notably, silica
nanocolloids can preserve fine microfeatures, including cell wall
pores and macromolecules (Benning et al., 2005; Rasmussen et al.,
2023). As in SGP, active, lithified yet living microbial communities
in modern hot springs are primarily composed of cyanobacteria,
heterotrophic bacteria, and fungi (Rasmussen et al., 2024). Different
microbial communities successively construct and inhabit silicified
biofabrics over time and evolve throughout the lithification process
and burial (Rasmussen et al., 2024). Similar geobiological processes
observed in modern hot springs (Rothschild and Mancinelli, 2001;
Benning et al., 2005; Konhauser et al., 2004; Jones, 2021; Rasmussen
et al,, 2023, 2024) likely contributed to siliceous sinter formation
and microbial fossilization in the SGP (Figure 12) (see Fiorelli
et al., 2012).

The conservation potential at Sanagasta is interesting,
preserving remains mainly in SiO,, but also CaCO; and CaF,
casts are observed, generating encrustation on their surfaces and
permineralization of tissues (Figure 12; Supplementary Figures S26-
$30). Although flora is easily and rapidly silicified and preserved in
hot springs environments, such as Yellowstone (Channing et al.,
2007; Channing and Edwards, 2009), plant remains are scarce and
very fragmentary—mostly in micropellets—at SGP. Several factors
control the preservation of organisms in a hydrothermal
environment, such as taphonomic biases or facies in the
geothermal gradient—e.g. proximal slope, middle apron, etc
(Channing et al., 2007; Fouke, 2011; Campbell et al., 2019; Jones,
2021). However, the paleoenvironment is key to understanding
biases and particular preservations in SGP. During the Cretaceous,
Sanagasta was under the influence of a semiarid climate regime
(Basilici et al., 2017) and its ~80 My landscape was similar to the El
Tatio hot springs in current days (Glennon and Pfaff, 2003; Ruft and
Farmer, 2016) at the Atacama Desert in the high Andes, with poor
Puna-type xerophytic low vegetation (Supplementary Figure S31).
Independently, the presence of Chenopodipollis bolster this
hypothesis of dry and disturbed habitats.

Our study provides insights into key aspects of continental
evolutionary biology and their ecosystems. Certain groups
dominate modern freshwater environments but have a scarce or
absent fossil record prior to the Cretaceous, such as some basal
eukaryotes or pennate diatoms (Sims et al., 2006; Medlin, 2016;
Brylka et al., 2024; Rappaport and Oliverio, 2024). However, the
~80-million-year-old Cretaceous hot springs at the SGP preserve
several prokaryotic morphotypes and paleobiological features that
have never been documented in the fossil record (e.g., vibrios,
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cellular nanostructures, etc.). Furthermore, there is a scarce fossil
record of amoebas, myxomycetes and other protists, especially
those preserved in 3D. Therefore, Sanagasta offers a valuable
opportunity to further study these microorganisms, including the
origin and diversification of certain groups. For instance, the
Sanagasta hydrothermal field preserve the world’s oldest known
raphid pennate diatoms, thereby providing invaluable evidence
regarding the evolutionary trajectory of this group (Medlin,
2016). The occurrence of pennate diatom remains from the
Cretaceous of Sanagasta is unequivocal. Although well preserved,
these remains are partially fragmented—owing to both sample
preparation and diagenetic processes—and are embedded within
amorphous silica and calcite and overlain by silicified bacteria.
These inherent characteristics, in conjunction with the geological
context, the synchronicity with paleohydrothermal activity, and the
assemblage of associated microfossils and macrofossils—i.e.,
dinosaur eggs, substantiate their late Cretaceous age. The
evolutionary history of pennate diatoms is far from resolved,
currently facing intense debate with numerous gaps and ghost
lineages (Sims et al., 2006; Brinkmann et al., 2011; Medlin, 2016;
Mann et al, 2017; Westacott et al, 2021; Brytka et al, 2024).
According to some authors, pennate diatoms first appeared in the
fossil record during the late Cretaceous—Maastrichtian about 70
million years ago (Sims et al., 2006; Beraldi-Campesi et al., 2015),
although others estimated their appearance much earlier (Alverson
etal., 2025). Subsequently, raphid diatoms have emerged, leading to
their significant diversification into freshwater environments
(Brinkmann et al., 2011). Some researchers suggest that the
apparent abundance of diatoms in the late Cretaceous
sedimentary record might be influenced by variations in
preservation potential, as well as the availability and recycling of
silica (Westacott et al., 2021). Nevertheless, the discovery of world’s
oldest raphid pennate diatoms in this late Cretaceous hot spring
implies reconsidering the evolution, diversification and the
conquest of inland aquatic ecosystems by the Bacillariophyceae.
As such, thermal environments could have been key in the rise of
derived raphid diatoms.

The chrysophyte cysts are resistant siliceous structures present
in older sediments and common in geological deposits (Kristiansen
and Skaloud, 2017). However, and alike to diatoms, the oldest
chrysophytes fossils are stomatocysts from lower Cretaceous marine
sediments (Harwood and Gersonde, 1990; Kristiansen and Skaloud,
2017). Therefore, the chrysophyte remains from the Sanagasta
hydrothermal field are the world’s oldest record from inland
environments, hence this site played a key and transcendent role
in their early continental evolution and adaptation. Despite
Sanagasta remains, the fossil record of chrysophytes is very
incomplete and poorly understood. Likewise, the putative
cyanidiophycea reported here could represent the only fossils of
this peculiar group of extremophilic unicellular red algae (Hirooka
et al., 2022).

Although sparse, the plant remains from Sanagasta are well-
preserved (e.g., tracheids and pollen) and have significant
paleoecological and evolutionary implications. For example, the
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oldest records to date of pollen grains of Chenopodioidea are
typically Maastrichtian (Kadereita et al., 2005), although reported
from slightly older assemblages (Philippe, 1995). Thus, the pollen
grains of Chenopodipollis from SGP represent the world’s oldest
unequivocal record of Chenopodioidea. Regarding Holomycota,
and similar to the Rhynie Chert (Krings et al., 2017; Garwood
et al., 2019; Strullu-Derrien et al., 2023), SGP preserves abundant
silicified fungal hyphae remains; however, at Sanagasta, the fossils
are preserved in 3D inside botryoidal microcavities. This
exceptional preservation of fungal hyphae, including all their
flawlessly recognizable structures—from the stipe to the conidia,
is highly significant for paleobiological and evolutionary studies of
Fungi. The SGP arthropods are particularly remarkable, by
featuring abundant fossil remains of mites and springtails.
Interestingly, fossil mites have also been documented in the
Rhynie paleohydrothermal environment (Garwood et al., 2019),
in several amber deposits (Sidorchuk, 2018; Klimov et al., 2021;
Arillo et al,, 2022), and are known to inhabit modern hot springs—
i.e.,, Thermacaridae (Heron and Sheffield, 2016). Instead, there is a
single documented occurrence of springtails in hydrothermal
environments, where their distinctive exoskeletons were initially
misinterpreted as those of mites or insects (Bonny and Jones, 2008).
Fossil specimens are mostly known from amber (Robin et al., 2019).
Therefore, the springtails from the Devonian Rhynie Chert and the
SGP represent the only known fossil records of hydrothermal
springtails worldwide to date.

6 Conclusion

The dinosaur nesting site of Sanagasta (Grellet-Tinner and
Fiorelli, 2010) has provided a unique glimpse into a novel
Cretaceous hydrothermal terrestrial ecosystem (Figure 13).
Featuring partially preserved thermal paleostructures and in-
between titanosaur egg clutches, the Sanagasta GeoPark exposes
sinterized microfacies that are highly conducive to the preservation
of fossil life in an extreme paleoenvironment. As a result, it harbors
some of the most exceptionally well-preserved and taxonomically
diverse microfossils known worldwide, including numerous bacteria,
archaea, and a wide array of eukaryotes. Instead of assigning definitive
taxonomic labels, our study highlights the immense potential of
organic diversity to challenge and refine our understanding of the
history of life and its evolutionary pathways. The Sanagasta GeoPark
bridges a gap in the record of Phanerozoic geothermal fields, playing a
key role in understanding the evolution of extremophile communities.
Advancements in microscopic observations and technologies along
with future explorations promise more interesting discoveries in this
extremophile paleosite. In line with Margulis’s concept of a symbiotic
planet (Margulis, 1998), Sanagasta exhibits a symbiotic structure of
micro- and macrobiology rooted in the past and their interaction
between the biosphere and geosphere (Fiorelli et al., 2012). Its
complex and intricate fossilized ecosystem embodies an autopoietic
unity (Maturana, 1975)—a hallmark of life’s capacity for self-
organization and self-sustainment. A comprehensive
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paleoecosystemic approach is crucial to understanding the geo-
biological interactions and survival strategies of this paleoecosystem
within this challenging Cretaceous environment. This perspective
encourages further exploration of fossil microbial life and
extremophiles at geothermal sites, with implications extending
beyond Earth.
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