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The Atacama Desert is by far the driest and oldest desert on Earth, showing a unique
combination of environmental extremes (extreme dryness, the highest UV radiation levels
on Earth, and highly saline and oxidizing soils), explaining why the Atacama has been
largely investigated as a Mars analog model for almost 20 years. Based on the source and
the amount of water available for life and its analogy with Mars, two ecosystems are of
interest in the Atacama: its Coastal Range and the much drier hyperarid core, which we
here review in detail. Members of the three domains of life have been found across these
ecosystems living at the limit of habitability, suggesting the potential dry limits for each
domain and also unveiling the highly patchy distribution of microbial life in its most extreme
regions. The thorough study of the Atacama has allowed us to understand how life has
adapted to its extreme conditions, the specific habitats that life occupies in each case (thus
suggesting the most likely places in which to search for evidence for life on Mars), and the
number of biosignatures detected across this desert. Also, the characterization of west-to-
east transects across this desert has shown to be of significant value to understand the
potential adaptations that Martian microorganisms may have followed in an ever-drying
planet. All of this explains why the Atacama is actively used as the testing ground of the
technologies (detection instruments, rovers, etc.) that were sent and will be sent to Mars.
We also highlight the need to better inform the exact locations of the sites studied to
understand general trends, the need to identify the true native microbial species of the
Atacama, and the impact of climate change on the most arid and most Martian desert of
Earth.
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INTRODUCTION

The Atacama Desert is located in northern Chile, framed by the Andes Mountains on the east and
by the Pacific Ocean on the west (Figures 1A,B). The Atacama is well known as the driest place on
Earth (Houston and Hartley, 2003; Hartley et al., 2005; Rech et al., 2006; Sun et al., 2018). The
extreme aridity of the Atacama is explained by three main factors (Figure 2); its location within
the southern hemisphere dry subtropical climate belt, the pronounced rain shadow effect of the
Andean Mountains that prevent the incoming of humid masses of air coming from the Amazon
Basin, and the presence of the upwelling, north-flowing, cold Humboldt Current, which
significantly reduces sea water evaporation and cloud formation (which when they form, are
stopped by the Coastal Range) (Somoza and Tomlinson, 2002; Houston and Hartley, 2003; Hartley
et al., 2005; Azua-Bustos et al., 2015). In addition, since the South American plate has maintained
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its latitudinal position relatively in the same place for the past
150 million years, the Atacama is also the oldest desert on Earth,
due to its zonal position relative to the Hadley circulation
(Hartley et al., 2005). As a consequence, rains in some

regions of the Atacama are as infrequent as once every
20 years (Lettau and Lettau 1978; McKay et al., 2003), with
places with mean annual precipitations of only 0.15 mm
(Houston 2006).

FIGURE 1 | Location of the Atacama Desert. (A) Location of the Atacama in South America. (B) Zoom of the white frame shown in A. Note the masses of clouds at
the eastern side of the Andes over Argentina and Bolivia. (C)General location of the Coastal Range (light blue), the hyperarid core (Yellow), and the Andes Mountains and
its foothills (green).

FIGURE 2 | Climatic and geographic factors that explain the extreme aridity of the Atacama.
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Since the times of Darwin the Atacama was considered a
“sterile wasteland” (Darwin, 1845; James, 1927); however, this
view dramatically changed in 2003, when Yungay, a site located in
the hyperarid core of the Atacama, was suggested to be a good
analog model of Mars (Navarro-González et al., 2013) (details on
this report commented later in the Hyperarid Core section). In
addition, the Atacama is known for having the highest UV
radiation on Earth, with annual UVB doses ranging from 3.5
to 5 kWh/m2 on the Coastal Range of the Atacama and UVA
doses ranging from 130 to 160 kWh/m2 on the Andes Mountains
(Cordero et al., 2018).

This assemblage of extreme environmental conditions
explains why since 2003, many reports have described the
meteorological, geophysical, and microbiological characteristics
of the Atacama in order to study it as a Mars analog model (Azua-
Bustos et al., 2012). To aid the organization of the findings
covered in this review, we summarize them into two main
ecosystems from the point of view of the analogy with Mars
(Figure 1C); the Coastal Range and the hyperarid core, a selection
also based on the source and critically, the amount of water
available for life in each region.

THE TWO MOST MARTIAN-LIKE
ECOSYSTEMS OF THE ATACAMA DESERT

The Coastal Range
The Coastal Range is a 3,000-km-long mountain that runs from
north to south along the Pacific coast at the west margin of Chile.
With a maximum altitude of 3,100 m in front of the Atacama, it is
much lower than the Andes Mountains (Morata et al., 2008).
With a mean width of approximately 50 km, it still causes a very
effective rain shadow effect, impeding the entrance of the few
clouds that form due to the low temperatures of the Pacific Ocean.
Even so, the main source of water for life in the Coastal Range is
these low clouds that regularly cover and moist this area typically
during the night and the early hours of the morning (Figure 3)

(Cereceda et al., 2008; Azua-Bustos et al., 2010; Azua-Bustos et al.,
2011).

It is at the eastern face of the Coastal Range that the studies
with a focus of the Atacama as a Mars analog model were first
undertaken, when in advance of the Viking missions, a team from
the Jet Propulsion Laboratory inspected soil samples from deserts
around the world, reporting in this case a number of
microorganisms (Streptomyces, Bacillus, and Micrococcus) in
soils samples of Uribe, a now abandoned train station
(Cameron and Gensel, 1966; Bollen, 1967).

More than forty years later, Zöe (an autonomous rover) was
also tested in the Coastal Range (Weinstein et al., 2008), using a
daylight fluorescence imager to detect surface biosignatures near
the Salar Grande (Figure 4), a small salt pan flanking the eastern
side of the Coastal Range. Using this imager, autofluorescent
biomolecules such as chlorophyll were readily detected, along
other molecules such as DNA, proteins, carbohydrates, and lipids,
when previously sprayed with specific fluorescent probes.

This salt pan was further investigated as a Mars analog model
by drilling, in which subsurface samples were analyzed with the
LDChip300 (Parro et al., 2011), a chip containing an array of

FIGURE 3 | Low-altitude clouds that originate in the Pacific Ocean
(locally known as camanchaca) as they encounter the Coastal Range of the
Atacama.

FIGURE 4 | Salar Grande, located at the eastern margin of the Coastal
Range near the coastal city of Iquique.

FIGURE 5 | SOLID, the Signs of Life Detector, developed a the Centro
de Astrobiology (Center of Astrobiology) in Spain. Photo credit: Victor Robles.
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antibodies part of the SOLID Instrument (Signs of Life Detector),
planned as one of the payloads of the proposed IceBreaker Life
mission to Mars (Davé et al., 2013). Using this instrument
(Figure 5), these authors detected the biosignatures of bacteria
and archaea associated with halite, nitrate, and perchlorate salts at
a depth of 2 m. Phylogenetic analyses of 16 S rRNA gene
sequences suggested the presence of species such as Vibrio and
Pseudomonas. This same group of authors later analyzed samples
from a pit 100 m of depth in this salt pan as an analog of Martian
halite deposits (Sánchez-García et al., 2018). Using a number of
techniques, including the LDChip, biosignatures from
Haloarchaea and Cyanobacteria were found in near surface
halite-rich samples, while deeper samples, composed by albite
and quartz, contained biosignatures from methanogenic archaea
and sulfur-oxidizing bacteria. Altogether, the analyses
undertaken at Salar Grande suggested that similar subsurface
environments could shelter Martian microorganisms, based on
the deliquescence of hygroscopic salts such as halite, perchlorates,
nitrates, and sulfates, with some of these which could also be used
as potential electron acceptors by Martian microorganisms.

Other interesting biosignatures have also been found in the
Coastal Range; a miniaturized Raman system was tested with
samples of the Coastal Range, along other samples collected
further inland (Vitek et al., 2014). Gypsum crusts from a site

south of the Salar Grande and from the Salar de Llamara saline
ponds (both located at the eastern margin of the Coastal Range)
were analyzed, reporting the evaporites (sulfates, carbonates, and
halites) characteristic of this region. These authors found that
only carotenoids were detected as biosignatures in these samples,
while carotenoids and chlorophyll were detected in the hyperarid
core samples.

Caves of the Coastal Range have also been studied as analogs
of Martian caves, of which several have been detected up to date
(Cushing et al., 2007; Cushing, 2017; Titus et al., 2021). In order
to test whether phototrophic microorganisms (or its remnants)
could be found inside caves on Mars, well protected from the
outside radiation environment, but still close enough to nearby
entrances in order to perform photosynthesis, one of such caves
(Figure 6A) was inspected north of the city of Antofagasta (Azua-
Bustos et al., 2009). In support of this hypothesis, a biofilm
composed by the red microalgae Cyanidium was found at the
bottom of this cave (Figure 6B), surviving with only 0.06% (1 μE)
of the outside photosynthetic active radiation. Transmission
electron microscopy micrographs showed that cells of these
microalgae had a single chloroplast using more than 50% of
the cell interior, unveiling a unique adaptation to the extremely
low-light conditions of the cave. Another cave, about 250 km
north (Figure 6C), was also inspected by this team of researchers,

FIGURE 6 | Caves of astrobiological interest in the Coastal Range of the Atacama. (A) La Portada cave near the coastal city of Antofagasta. (B) Cyanidium sp.
Atacama epilithic biofilms covering the rocks at the bottom of La Portada Cave. (C) Huanillos cave entrance (center of image shown). (D) A spider web colonized with
Dunaliella atacamensis cells at Huanillos cave entrance walls.
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where the only known subaerial member of the Dunaliella genus
of microalgae was reported growing on top of the spider webs that
cover the cave wall entrance (Figure 6D) (Azua-Bustos et al.,
2010). Such adaptation suggested that this microalgae is able to
use the water condensing on the hydrophilic spider webs for
photosynthesis.

The unique adaptations to alternative sources of water and
low-light conditions inside these caves suggest that microbial life on
Mars may have used similar strategies and similar hygroscopic
materials in order to photosynthesize in a protected cave
environment (Figure 7), where different types of chlorophyll-like
molecules may be used for this end (Behrendt et al., 2020), in one of
the last refuge potentially used by life in an ever-drying planet.

Hypolithic habitats have also been discovered and studied in
the Coastal Range. Azua-Bustos et al. (2011) reported a
community containing members of the three domains of life
inhabiting the underside of translucent quartz stones (Figure 8)
southeast of the city of Antofagasta. These authors reported that
these hypolithic communities depended on fog as a source of
water, and that the interaction of fog and the higher thermal
conductivity of the quartz rocks (which keep them cooler than the

surrounding soil environment during the day time hours),
allowed for water condensation and colonization under them.
Later, this team of researchers better described the diversity of
microbial species under these quartzes (Azua-Bustos et al., 2014)
reporting the finding of at least 70 new species from the three
domains of life, among others, cyanobacteria (Cyanothece,
Gloeocapsopsis, and Nostoc) microalgae (Oocystis and
Chlorella), archaea (Haloferax and Halococcus), and a number
of heterotrophic bacteria (Bacillus, Deinococcus, Geobacillus,
Halomonas, and Streptococcus). From this hypolithic
community, these authors isolated the cyanobacterium
Gloeocapsopsis dulcis (Figure 9) (Azua-Bustos et al., 2014;
Jung et al., 2021), a species phylogenetically close to
Chroococcidiopsis which was used to study the molecular
mechanisms explaining the tolerance of such species to
extremely low water activity. These authors found that G.
dulcis chlorophyll a conserved its structural integrity and
autofluorescence at a water activity (aw) as low as 0.4 for
several months and that cells desiccated at aw 0.4 synthesized
increasing amounts of sucrose and trehalose, both sugars known

FIGURE 7 | Hypothetic location of phototrophic microorganisms in Martian caves. Modified from image of Melissa Ausburn.

FIGURE 8 |Hypolithic biofilms under quartz stones of the Coastal Range
south of the city of Antofagasta.

FIGURE 9 | Gloeocapsopsis dulcis, a cyanobacterium isolated from
quartz hypolithic biofilms. Photo credit: Patrick Jung.
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for their role as compatible solutes involved in extreme
desiccation tolerance (Azua-Bustos et al., 2014).

G. dulcis cells were also used in a study aimed to detect
biosignatures in distant exoplanets using polarimetry
(Sterzik et al., 2010). Considering that homochirality,
common in amino acids and sugars used by life on Earth, is
known to induce circular polarization in the diffuse reflectance
spectra, these authors used the EFOSC2 (the European
Southern Observatory Faint Object Spectrograph and
Camera) to analyze samples of G. dulcis cells, in which
chiral signatures were indeed detected coming from
chlorophyll a. The studies on the hypolithic communities
unveiled the role of such ecosystems as islands of
biodiversity in an extremely dry environment (as originally
proposed by Warren-Rhodes et al., 2006) of critical
importance when searching for evidences of life on Mars.

Even plants of the Coastal Range of the Atacama have been of
use for how to detect evidences of life on Mars (Azua-Bustos and
Vega-Martínez 2013). These authors argued that any lifeform in
the Universe should decrease their internal entropy at the expense
of free energy obtained from its surroundings. Thus, among other
study models used, by using satellite images of plant growth
patterns on the Coastal Range (Figure 10) and software based
on fractal mathematics, these authors found that plants could be
readily differentiated from morphologically similar surrounding
abiotic patterns, which along with the analysis of sedimentary
patterns on both Earth and Mars, showed that similar entropy
differences could be used to detect environments altered by life
on Mars.

The Coastal Range has also been searched for UV-tolerant
microorganisms, with a number of Bacillus and Pseudomonas
species isolated from its soils (Paulino-Lima et al., 2013). One of
these Bacillus isolates showed a tolerance somewhat lower than
that of Deinococcus radiodurans, suggesting that high UV
tolerance was common in the Atacama. UV radiation reaches
the surface of Mars unimpeded, and the finding of species
extremely tolerant to UV radiation on deserts such as the
Atacama suggests that microbial life in Mars may have
developed similar adaptations in time.

The Hyperarid Core
With the analysis of samples of this region, the Atacama was first
proposed as a pertinent model for the extremely dry conditions of
Mars (Dose et al., 2001), which explains why this region of the
Atacama was by far the most studied since then. These authors
reported the environmental parameters (relative humidity and
temperature) of two sites, Chacabuco and Yungay (Figure 11), in
order to assess the survivability of a number of desiccation-
tolerant microorganisms under the extremely dry conditions
of the hyperarid core. By using the cells and spores of two
bacteria and three fungi (Bacillus subtilis spores, Deinococcus
radiodurans, Aspergillus niger, A. ochraceus, and A. versicolor),
these authors found that the cells of D. radiodurans barely
tolerated the direct daily solar radiation and extreme dryness
of Yungay, although B. subtilis spores and A. niger conidia
survived for more than a year in shaded areas, when exposed
to direct sunlight, they survived only for a few hours.

A similar experiment was performed a few years later by
Cockell et al. (2008), which tested whether UV radiation could
prevent epilithic colonization in Yungay. With maximal UV
radiation fluxes of 0.58 W/m2 taking place at 13:00 h, two
“biological dosimeters” were tested: Chroococcidiopsis cells
from the Negev Desert and Bacillus subtilis spores. These
authors found that the viability of Chroococcidiopsis cells was
relatively stable until noon, with a sharp reduction in the
afternoon. In the case of B. subitilis, its spores were completely
killed within 1 day of exposure, with maximum inactivation rates
taking place between 14:00 and 15:00 h. When the cells of these
species were protected by 1 mm of either gypsum or quartz in
order to simulate the hypolithic and cryptoendolithic
environment, there was no measurable loss of viability,
suggesting that the hyperarid core represented a critical
threshold where extreme desiccation and UV radiation
completely inhibited epilithic colonization. These results
suggested that although the UV radiation fluxes are much

FIGURE 10 | Plant (Tillandsia sp.) banding growth patterns on top of
Coastal Range hills. The inset shows how these plants look from space.

FIGURE 11 | Yungay, located in the hyperarid core of the Atacama. This
site, reported by NASA in 2003, although not the driest, is one of the best
studied on the Atacama as analog of Mars.
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higher on Mars, micro-habitats within minerals may similarly
attenuate UV fluxes and allow for photosynthesis to take place.
However, when Yungay soil Bacteria were tested in a Mars
simulation chamber (Thomas et al., 2007), including
heterotrophic isolates such as Klebsiella oxytoca, and Bacillus
licheniformis, these authors reported that these bacteria survived
for 2 weeks in the Mars simulation chamber, with survival rates
between 35% (Bacillus licheniformis) and 100% (Bacillus sp.).

The most important study that fully established the Atacama
as an analog model of Mars was reported 2 years later, also using
samples of Yungay (Navarro-González et al., 2013). By using
surface samples collected along a north to south precipitation
gradient and pyrolysis–gas chromatography–mass spectrometry
(pyr-GC-MS), these authors reported that Yungay samples were
almost depleted of organics, with almost undetectable amounts of
formic acid and benzene, which ratio suggested that Yungay
organics were highly oxidized. When these analyses were
repeated at the highest temperatures (500°C) used by the
Viking landers, the amount of formic acid was greatly
diminished, while benzene was undetectable. This suggested
that metastable organics such as the salts of aromatic and
aliphatic mono and polycarboxylic acids may have been
indeed present in the Martian regolith, but would not have
been detected by the Viking instruments. These authors also
performed a modified version of the Viking labeled release
experiment (Levin and Straat, 1979) by incubating Yungay
samples in an 13C-labeled sodium formate aqueous solution,
observing that a fraction of the added formate was decomposed
even when no cultivable microorganisms were detected,
suggesting the presence of strong oxidant soil species. Yungay
samples had extremely low levels of heterotrophic bacteria (1 ×
103), and in many cases, no bacterial colonies were observed at
any dilutions of the growing media used. In addition, no DNA
was recoverable from the samples analyzed. Altogether, the
collection of results allowed us to propose Yungay to be a
good analog model of Martian soils, thus providing an
invaluable testing ground for instruments and experiments
designed for future Mars missions.

This team of researchers later continued their analysis of
samples of the hyperarid core to better understand the results
obtained by the Vikingmission (Navarro-González et al., 2010). As
the Phoenix Lander found perchlorates in the Martian regolith,
these researchers reported that when Yungay samples containing
small amounts (32 ppm) of organic carbon were mixed with 1% of
magnesium perchlorate and then heated, most of the organics
present were decomposed to water and carbon dioxide, with a
small amount getting chlorinated. This result suggested that the
Viking landing sites may have contained small amounts of
perchlorate (0.1%) and as much as 6.5 ppm of organic carbon.

The potential effects that perchlorates would have in the
detection of organics on Mars were examined using soil
samples from the hyperarid core (Yungay and Lomas Bayas,
among others) (Montgomery et al., 2019). These authors reported
that perchlorates were highly soluble and easily leached with
water. Thus, when organics were searched for (by pyrolysis–GC-
MS) in unleached samples, no organics were detected, but when
dried samples after leaching were analyzed, organics were easily

detected. This approach unveiled that leaching prevented the
complete destruction of organic compounds mediated by highly
oxidant species (such as perchlorates) in detection methods
where pyrolysis is used, of particular importance for the case
of Mars, where perchlorates are present almost three orders of
magnitude higher than those of hyperarid core soil samples.
These authors suggested that on Mars, ancient surface or
near-surface water flows may have concentrated organic
compounds downslope, leaching away highly oxidant species
at the same time, thus making the detection of organics easier
in such regions.

In order to better understand the pH changes that took place
with Viking Martian surface samples were wetted during the
Labeled release experiment, Yungay samples among other
samples from the hyperarid core were studied on the
magnitude and kinetics of pH shifts upon wetting (Quinn R.
et al., 2005). After wetting, both the Martian and Yungay surface
samples pH underwent a rapid shift from acidic to slightly basic,
shift that was not observed in the samples collected from the
wetter regions of the Atacama or in the Yungay subsurface
samples. The response of Yungay surface samples was
consistent with a dry deposition and accumulation of
atmospheric acid aerosols and acid precursors on the soil
surface. These findings suggested that the sites of the
hyperarid core such as Yungay are so dry that acids
accumulate on its surface, and that the addition of water
(mostly coming from fog) causes its dissolution and
neutralization. To test such a hypothesis, this group of authors
then characterized the chemical reactivity of surface and near-
surface atmosphere samples by using the Mars oxidation
instrument (MOI, an array of sensors that measures the
reaction rates of chemical films sensitive to oxidants or that
mimics chemical characteristics of prebiotic and biotic materials)
which allowed the in situ characterization of oxidation
mechanisms and kinetics (Quinn R. C. et al., 2005).

On the one hand, MOI confirmed that RH at Yungay typically
reached below 10% in the afternoon hours and that each day
shortly after sunset, the fog that typically covers this area caused a
rapid increase up to 90% of RH in some days. In parallel, MOI
recorded a chemical response immediately following the rapid
increase in RH, suggesting that during the day, dry acids were
created photochemically in the atmosphere from SO2 and NOx

precursors, which then adsorbed onto dust and regolith surfaces,
with oxidative acid reactions taking place at night during periods
of high RH. Altogether, these responses suggested that these types
of acids play an important role in the oxidizing nature and the
modification of organics of Yungay surface soils, unveiling the
hyperarid core photochemical environment as a pertinent model
to understand the photochemical origin of Martian oxidants.

An additional approach to understand the results of the Viking
labeled release experiment was focused on the analysis of the
decomposition of organic compounds in aqueous solutions of
Yungay soil samples by this same group of authors (Quinn et al.,
2007). In the LR experiment, the addition of a 14C-labeled
aqueous organic substrate to a sealed test cell that contained a
Martian regolith sample resulted in the evolution of 14CO2. Thus,
these authors added 13C-labeled formate to Yungay surface soil
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samples, using similar volumetric ratios used by Vikings, along a
peroxide-modified titanium dioxide to simulate a nonbiological
LR response. The initial pattern of CO2 released caused by
decomposition of formate was found to match those of
Martian surface samples. When the D and L enantiomers of
glucose and alanine were used, both decomposed at
approximately equal linear rates during the first days,
suggesting a nonbiological decomposition. However, an
increase in 13CO2 production in the D-glucose and L-Alanine
samples compared to the L-glucose and D-Alanine samples was
observed after 5 days. This lagged response followed by an
increase in CO2 production was deemed to be an indicator of
biological activity. Heating the soil samples significantly
attenuated the release of CO2, suggesting the death of the
microorganisms present in these samples. Although a number
of alternative explanations that do not involve biology have been
suggested for the Viking LR results, Quinn et al.’s (2007) results
were consistent with the decomposition of formate by OH
radicals as the primary mechanism for the decomposition of
organics. Thus, considering the results first reported by this group
of authors on the magnitude and kinetics of pH shifts of these
samples upon wetting (Quinn R. et al., 2005), it seems that the
three criteria established for a positive detection of life in an LR
experiment were indeed met: the decomposition of organics until
the added organic substrate is completely used, additional CO2

release after additional nutrient is added, and an attenuated
response of the heated control, again showing the value of
analog studies with samples of the hyperarid core.

As commented before, Yungay soils have extremely low
organic carbon contents, but oddly, PLFA (phospholipid fatty
acids) surface concentrations were found to be five times higher
than that of subsurface samples by Lester et al. (2007) (although
Wilhelm et al. (2017) reported an increased presence in depth of a
number of fatty acids with a high degree of structural conservancy
in Yungay soils). In both cases PLFA composition was dominated
by monoenoic PLFA, suggesting the presence of Gram-negative
Proteobacteria. In turn, monoenoic PLFA were lower in subsurface
samples, suggesting a Firmicutes community, while Mid-branched
saturated PLFAs represented a small percentage of the total content,
suggesting the presence of Actinobacteria. R2A and TSA growth
media plate counts revealed up to 4.6 × 103 CFU per gram of soil. In
order to reveal endospore-forming bacteria, a heat shock was applied
to these samples, resulting in up to 300 CFU per gram of soil (for
comparison, other desert soils range significantly higher, starting at
104 CFU/g, Kieft, 2002). 16S rRNA gene sequencing analysis of the
heat-treated samples unveiled bacteria such as Bradyrhizobium,
Rhodopseudomonas palustris, and Bacillus pumilus. Thus, given
the high variations in the cultivable biomass at Yungay, these
authors first unveiled the patchy distribution of microbial life in
soils of the hyperarid core, suggesting that a similar, and significant
spatial and possibly temporal heterogeneities in microbial
distribution may also be the case on Mars.

A number of biosignatures have also been found in the soils of
the hyperarid core (Wilhelm et al., 2018). In a continuation of
their report of 2017, these authors reported on the diversity and
abundance of lipids and other biomolecules in surface soil
samples, using among other techniques, the LDChip. By

inspecting a number of sites, including Yungay and Maria
Elena South (details on the discovery of this site later), these
authors reported that the abundance and diversity of free and
membrane-bound fatty acids decreased with increasing aridity.
Similarly, the LDChip also unveiled a decrease in total
fluorescence by a factor of 24 in the driest sites compared to
wetter sites further south, again suggesting that the surface soils of
the hyperarid core were a good analog model for developing new
instruments to search for evidences of life in the Martian surface.

Yungay samples were also studied using a method able to
estimate bacterial cell counts based on the sublimation of adenine
from E. coli (Glavin et al., 2004), with only traces of nucleobases
identified in subsurface soils samples and no adenine detected in
surface samples. DAPI staining unveiled bacterial counts of 0.7 ×
106 cells/g in surface samples and 9.6 × 106 cells/g in subsurface
samples, values coherent with sublimation cell count estimates.
DAPI counts were higher than total counts of viable cultivable
heterotrophic bacteria measured by Navarro-González et al.
(2013), suggesting that the Yungay soil samples contained
mostly noncultivable bacteria or again, a patchy distribution of
microorganisms due to abiotic causes such as perchlorates. These
authors also suggested that the Yungay soil samples were a valuable
analog for life-detecting instruments on Mars, as bacterial cells
should be detectable in the Martian regolith with the reported
sublimation technique. These results later helped this group of
authors to develop the first steps conducive to SAM, the Sample
Analysis at Mars instrument now onboard the Curiosity rover
(Glavin et al., 2006). By coupling their previously reported
sublimation/chemical derivatization technique (Glavin et al.,
2004) to GCMS (gas chromatography mass spectrometry),
hyperarid core samples were analyzed in order to detect
nucleobases and other volatile organic compounds derived from
soil bacteria. Yungay soil surface samples showed adenine
concentrations of 0.04 nmol/g, value at least two orders of
magnitude higher than total viable counts previously reported in
Yungay samples byNavarro-González et al. (2013), again suggesting
that these samples contained mostly noncultivable bacteria.

Similarly, MOA, the Mars Organic Analyzer, a
microfabricated capillary electrophoresis instrument for the
detection of amino acids as biosignatures originally developed
for the ExoMars mission, was also tested with Yungay samples
(Skelley et al., 2005). These authors found low levels (up to
70 ppb) of alanine, aspartic acid, glycine, glutamic acid, and
serine on northern and mid-latitude samples of the Atacama,
while southern samples showed several amino acids, including
alanine, aspartic acid, glycine, glutamic acid, serine, and valine,
with values up to 500 ppb. Continuing their studies, this same
group of authors then tested two instruments using Yungay
samples (Skelley et al., 2007). The first was Urey, an in situ
organics analyzer containing a subcritical water extractor. The
second was MOA, already tested in 2005. Samples were collected
from the top soil surface centimeter, shielded from the Sun either
by rocks or from the Sun-exposed surface. These authors found
that shielded samples contained low monoamine and neutral
amino acid signals (i.e., valine, alanine/serine, glycine), while the
exposed samples showed no signals. To improve the sensitivity
limits, homogenized samples were extracted using a portable
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subcritical water extractor (Amashukeli et al., 2007), which also
showed that shielded samples contained higher levels of amino
acids than exposed samples. These results showed that the
exposure context significantly influenced the amount of
biosignatures, an important finding to consider for the search
for life on Mars. In addition, a chiral analysis used to examine the
potential biotic/abiotic source of the amino acids showed similar
D/L ratios of alanine/serine in shielded samples compared to
gypsum-rich surface samples, unveiling the presence of viable
microorganisms. The findings in gypsum-rich samples also
unveiled that surface moisture is an important factor for
biosignature synthesis and preservation in soils of the
hyperarid core. The site containing the gypsum-rich samples is
located in an ancient and now dry water flow channel, similar to
those observed on Mars (Malin and Edgett, 2003). As gypsum is
an evaporite of watery origin, it is interesting that samples
containing it showed the presence of amines and amino acids,
as it validated the capability of Urey to find potential
biosignatures on similar samples on Mars.

Among other interesting discoveries in Yungay, microbial
communities were then found living inside surface halites
(Wierzchos et al., 2006), a finding that then gave rise to one
of the best studied models on how life is still able to persist under
the extreme conditions of the hyperarid core. Halite rocks in this
site are composed of almost pure sodium chloride, with minor
amounts of gypsum and traces of potassium chloride and quartz.
Following the initial observation that many of these halites had a
thin gray/greenish layer a few mm below the rock surface
(Figure 12), samples were collected and further inspected.
Light microscopy examination of this layer revealed cells
similar to the cyanobacterium Chroococcidiopsis, with low
temperature scanning electron microscopy (LTSEM) unveiling
abundant cells in the spaces between salt crystals along the
condensation of water in the pores among halite crystals
where these cells were located. In a follow-up, these authors
reported the microclimate inside and around colonized halites, to

test whether the hygroscopicity of halite was involved in the
survivability of its endolithic microorganisms (Davila et al.,
2008). These authors found that depending on the season, air
temperatures close to the soil were similar to those inside the
halites, reaching up to around 50°C during the day, and as low
−3°C during the night. However, during the day, RH inside the
halites remained relatively high and constant for one to 3 days,
while the outside RH showed the normal daily variations. These
events took place when the RH inside the halites reached higher
than 75% (value that matched the deliquescence RH of this
mineral) and interpreted as water condensing within its
internal porous spaces. This was caused by humid masses of
air coming from the Pacific Ocean which with some periodicity
are able to reach Yungay resulting in dew and fog, thus providing
a source of water for the endolithic communities living inside
halites. These findings are relevant for the case of Mars, as large
regions such as Meridiani Planum or Gale Crater once hosted
evaporitic environments that resulted in the precipitation of salt-
rich deposits (Nachon et al., 1991; Vaniman et al., 2018). Thus, if
life ever arose on Mars, biosignatures left behind by similar
microorganisms may still be found inside halites. Later it was
confirmed that halites were also able to condense and retain
liquid water inside them due to the presence of a nano-porous
phase with a smooth surface that covered large crystals and filled
the larger pore spaces inside these halites (Wierzchos et al., 2012).
This nano-porous phase contained pores smaller than 100 nm,
allowing for capillary water condensation at RH lower than the
deliquescence RH of halites, which in turn allowed for this water
to be used by the endolithic microorganisms.

Continuing the characterization of hyperarid core halites, de
los Ríos et al. (2010) compared the endolithic communities inside
halites from three different sites (Yungay, Salar Grande, and Salar
de Llamara), finding by Denaturing Gradient Gel Electrophoresis
analysis (DGGE), that all these communities were composed by a
single cyanobacterial species (Chroococcidiopsis), along a few
diverging heterotrophic bacteria and archaea. An additional
study of Yungay halites using Raman spectroscopy (along
halites of Salar Grande and an additional unmanned site)
reported the presence of chlorophyll and UV-protective
biomolecules such as scytonemin, b-carotene, zeaxanthine, and
lutein, all indicators of the photosynthetic activity being
undertaken by these cyanobacteria (Vitek et al., 2010), deemed
to be potential biosignatures to be searched for on Mars. This
study was later complemented by the use of two miniaturized
Raman spectrometers that searched for such biosignatures inside
Yungay halites (Vítek et al., 2012). By directly analyzing halites or
homogenized powdered samples (in order to simulate the
sampling of Mars rovers), these authors found that
carotenoids were readily detected in both samples. This
suggested that carotenoids are an interesting biosignature to be
searched for, as it was detectable down to 100 ppb.

These findings made possible to model what may happen with
the water activity of the deliquescent solutions of chloride salts as
a function of temperature in the regions of Mars containing
chloride-bearing evaporites (Davila et al., 2010). According to the
model proposed, RH in these regions often reached the
deliquescence points of different chloride salts, and

FIGURE 12 | Colonized halites in Yungay. Note the gray/greenish layer a
few mm below the artificially fractured halite surface.
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temperatures reached levels above their eutectic points in the
course of a Martian year. Considering the limits of water activity
which define the so-called Mars special regions, these authors
found that the deliquescence of Martian calcium chloride
deposits would allow the colonization of terrestrial
microorganisms at temperatures between −8 and −20°C, and
metabolic activity (but not growth) at temperatures between −20
and −40°C. Altogether, the findings on halites added to the
concept that hygroscopic salts may have been one of the last
refuges for life on Mars (Fairén et al., 2010).

The key processes involved in the formation of the soils of the
hyperarid core have also been studied (Ewing et al., 2006). These
authors showed that soil formation may be explained by a shift in
the balance of pedogenic processes as a function of extreme
aridity. By taking soil samples across the hyperarid core,
including Yungay, these authors found that along decreasing
rainfall and biotic activity, soil formation crossed a threshold
from net long-termmass loss (due to biogeochemical alteration of
the geologic substrate), to increasing soil volume with retention of
atmospheric inputs. These authors suggested that the hyperarid
core pedogenic processes could be of use to understand the
accumulation of atmospheric dust and solutes in the ancient
Martian landscapes, as the Martian regolith contains sulfates and
chlorides comparable to those of hyperarid core.

These authors also studied the still enigmatic origin of the
extensive nitrate deposits only present in the hyperarid core of the
Atacama have also been investigated (Ewing et al., 2007). By
analyzing soil samples up to 2 m deep in a decreasing rainfall
gradient from Yungay to Copiapó, these authors reported that
while organic carbon decreased to 0.3 kg Cm−2 with decreasing
rainfall, biological activity became insignificant, and nitrates and
organic nitrogen increased to 4 kg Nm−2 and 1.4 kg Nm−2. As
rainfall decreased, isotopic analyses showed that atmospheric
NO3 increased from 39 to 80% of total soil NO3. The type of
soil nitrogen also changed, from 88% of organic origin at the less
arid sites to 28% at the driest sites of the hyperarid core. These
results suggested that the origin of the atmospheric nitrates in
hyperarid core could be caused by the photochemical
mobilization of upwelling marine NO2/NO3, as a marine
origin was also consistent with observations of soil sulfates in
sites of the coasts in front of the studied sites (Rech et al., 2003).
This observation added an additional factor of analogy withMars,
as this report unveiled that extreme aridity stalls the nitrogen
cycle by limiting the biotic component, resulting in the
accumulation of oxidized N. Thus, nitrates (Stern et al., 2015)
and the relatively low N2 content of the Martian atmosphere may
be reflecting the storage of nitrates in its regolith similar to the
Atacama case.

The response of the direct addition of water to Yungay soils
has also been studied (Davis et al., 2010). These authors
performed a series of simulated rain experiments in the early
evening hours south of Yungay, observing that the addition of the
equivalent of less than 1 mm of rain did not saturate the surface
soil. Davis and colleagues also found that the crust that covered
the soil surface acted as a strong barrier to diffusion of subsurface
moisture and subsequent evaporation. In turn, simulated rain
events of two or more mm generated free water in the pore space

of the soil surface, which could be used by microbial life, with
larger amounts of water resulting in moisture retention at depth
that during subsequent nights, which then diffused upward as
water vapor, mobilizing salts and rewetting the dry surface. These
results were deemed of value for modeling how water vapor in the
upper portion of the surface of Mars could get moisture from the
environment.

As oxalates in the Martian surface might account for the CO2

release from Martian regolith observed by Viking missions
(Benner et al., 2000; Applin et al., 2015), it was proposed that
its detection in soils of the hyperarid core may be taken as a
mineral marker that could help to understand the sources of
organic carbon on Mars (Cheng et al., 2016). Thus, by reporting
the presence of two oxalates at the Salar Grande, weddellite and
whewellite, these authors found that weddellite was associated
with surface biota, and that its presence in subsurface detrital
rocks also suggested a potential biological origin, supporting the
idea that life is uniquely capable of concentrating oxalates at
detectable levels.

A related report focused on the hyperarid core as a model to
understand the evolution of the Martian atmosphere, as the
anomalous 17O enrichment found in the nitrate ore fields only
known in this region was proposed to be evidence of the
atmospheric deposition of particles accumulated in a period of
200,000–2.0 Myears (Michalski et al., 2004). These authors
suggested that 17O values were a preserved isotopic signature of
atmospheric processes that took place over long periods of time,
and that 17O measurements could be used to identify products of
nitrification by potential biologic processes in Martian samples.

Similar to the case of the Coastal Range, hypolithic
cyanobacteria have also been reported in Yungay (Warren-
Rhodes et al., 2006). These authors reported a decrease in
cyanobacterial colonization between much wetter sites such as
Copiapó to nearly zero at Yungay, with a decreasing loss of
diversity along the aridity gradient. Among the cyanobacteria
found in Copiapó were species of Chroococcidiopsis, Nostoc, and
Phormidium (along heterotrophic bacteria such as Acidobacteria,
Bradyrhizobium, and Caulobacter), while below quartz stones at
Yungay, only two species were found; Chroococcidiopsis and an
unidentified γ-proteobacterium. Radiocarbon analysis of these
cyanobacterial communities unveiled that microbial activity
declined abruptly along the aridity gradient, with steady-state
residence time values of about a year at the wettest end of the
transect, and 3,000 years at Yungay. These authors also found that
total organics were five times less in the surface soils than in the
soils under the quartz stones where the hypolithic communities
were located, first suggesting that quartz stones acted as islands of
fertility and biodiversity in the extreme environment of the
Atacama. Radiocarbon values showed an important difference
between carbon cycling rates of the hypolithic soils and the
surrounding surface soils; at wetter sites mean turnover times
of hypolithic soils were the same as those of surface soils. In
contrast, Yungay surface soils showed a turnover time of
13,000 years, four times greater than that of the hypolithic
soils (3,200 years), suggesting that as colonization rates
exponentially decline in the hyperarid core, the photosynthetic
communities drove a carbon cycle in an extremely confined scale.
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These results suggested that at Yungay, the biological threshold
for photosynthetic life was mainly defined by water availability,
contributing to the question of where to specifically search for
photosynthetic life on Mars.

The metabolic state of the microbial species found in the
hyperarid core has also been inspected (Schulze-Makuch et al.,
2018). By revisiting a number of sites, including those reported by
Azua-Bustos et al. (2015) (Maria Elena South and Lomas Bayas),
as well as Yungay, these authors reported that surface soils were
dominated by species already reported such as Geodermatophilus
and Rubrobacter, while subsurface soils contained species such as
Betaproteobacteria, Firmicutes (Bacillaceae, Alicyclobacillaceae),
and halophilic archaea (Halobacterium). These authors
confirmed what was previously known that although microbial
biomass and microbial diversity in the Atacama Desert decrease
with increasing aridity, extremely low inputs of water in this
regions can sustain microbial activity, again, of interest for the
case of Mars.

Although Yungay was considered the paradigm of the extreme
dryness of the Atacama, the original exploration and
characterization of this site was not the result of a systematic
search for the driest sites of the hyperarid core, but chosen for
logistical reasons (Christopher McKay, per. comm). Thus, by setting
atmospheric temperature/relative humidity loggers during a 4-year
interval, three sites were later reported as being much drier than
Yungay; Moctezuma, Cerritos Bayos, and María Elena South (MES)
with MES (Figure 13) being the driest of all (Azua-Bustos et al.,
2015). These authors reported that while mean atmospheric RH at
MES was 17.3%, at the same time period, RH at Yungay was 28.8%,
with previous works reporting even higher mean atmospheric RH
(36.9%) at Yungay (de los Ríos et al., 2010). Although minimum
atmospheric RHwas extremely low at bothMES and Yungay (0 and
1%, respectively), maximum atmospheric RH was much lower at
MES (54.7%) that that at Yungay (86.8%). These authors then set
RH/temperature loggers in the soil profile up to a depth of 1 m at
MES, finding that at 80 cm down RH was only 14.2% (equivalent to

a water activity of 0.142), with little variations in time (between 12.7
and 17%). In this way, these authors reported the driest site of
Atacama and of Earth, as in comparison, other hyperarid sites such
as the Dry Valleys of Antarctica showed mean atmospheric RH
values in the range of 55–74% (Doran et al., 2002). Extraordinarily,
soil RH in depth at MES matched the lowest RH values recorded by
the Remote Environmental Monitoring Station (REMS) recorded at
the same time by NASA’s Curiosity rover (Haberle et al. 2014),
making MES one of the best analog models of Mars in terms of the
extreme aridity. MES soil samples had extremely low levels of
organics (up to 1.1%) and although these authors were aiming to
find the dry limit of life on Earth, even soils of this site contained a
number of different microorganisms, such as Aciditerrimonas,
Geodermatophilus, Caulobacter, and Sphingomonas, as detected by
DGGE. Culturing also allowed the isolation of a number of bacteria
(Bacillus, Streptomyces, and Geodermatophilus). Interestingly, no
archaea or any type of phototrophs were found with the culture
dependent or independent methods used, suggesting that although
the dry limit for life on Earth has not yet been found, at least MES
was too dry for archaea and photosynthetic microorganisms such as
cyanobacteria and microalgae.

Zöe also investigated the spatial distribution of microbial life in
subsurface soils of the hyperarid core (including Yungay) (Warren-
Rhodes et al., 2019). By analyzing a number of samples up to a depth
of 80 cm, these authors found that surface sediments and subsurface
horizons showed the known patchy distribution of life at the
hyperarid core, with extremely low yields of DNA (0.067–6.5 ng/
g), unveiling the extremely low habitability of soils of the hyperarid
core, with some sites where again noDNA could be recovered at any
depth, findings again in line with the first reports on the hyperarid
core (Navarro-Gonzalez et al., 2013). Bacterial diversity was found to
decrease in depth, withmid-depth soils showing the highest bacterial
diversity dominated by Chloroflexi, Actinobacteria, and
Alphaproteobacteria, a finding adding to previous reports where
the Firmicutes was shown as one of the most prevalent phyla on
hyperarid core samples, most likely explained by the type of sites
inspected (desert pavement and desert playa only) and the amount
of subsurface salts present in the sites inspected that decreased water
activity.

UV-tolerant microorganisms have also been isolated from
soils of the hyperarid core (Paulino Lima et al., 2016). These
authors reported a number of species encompassing 28 genera of
bacteria (Bacillus, Hymenobacter, Arthrobacter, and
Hydrogenophaga, among others) from UVC-irradiated samples,
with one of these isolates, Hymenobacter sp. AT01-02, found to be
more tolerant to UVC than Radiococcus radiodurans. Intracellular
Mn/Fe ratios in these isolates were found to be correlated with the
level of tolerance; however, these authors found no correlation
between the presence of the isolates and the contents of manganese
in the soil in which they were found, suggesting that these species
were able to uptake and accumulate manganese even in soils with
low manganese concentrations.

The small lagoons of the Salar de Llamara (Figure 14) have
also been investigated (Rasuk et al., 2014). This salt pan is unique
as it contains a number of highly saline shallow lagoons with
partially submerged fungus-shaped structures composed of
calcium sulfate (Azua-Bustos et al., 2009), highly reminiscent

FIGURE 13 | María Elena South. Located in the middle of the hyperarid
core and the driest site of the Atacama.
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of stromatolites. Rasuk et al. (2014) analyzed the microbial
communities associated with these structures by 16S rDNA
gene sequencing, finding a number of bacteria (Bacteroidetes,
Proteobacteria, and Planctomycetes) as the main phylogenetic
groups, a diversity that increased in winter time. Although the
presence of bacteria was found in these stromatolite-like
structures, it is still unclear whether these are made by these
microorganisms or are simply used as support, nevertheless still
important as a model for similar structures that may be found on
Mars (Rhawn et al., 2020).

The highly unexpected effects on the massive rain event that
affected the hyperarid core in 2017 were also reported (Azua-
Bustos et al., 2018). It must be noted that rains are common at the
western edge of the Atacama (at the foothills of the Andes
Mountains), caused by the masses of moist air coming from the
Amazon basin that sometimes are able to go over the Andes during
the southern hemisphere summer, thus the cause of a completely
different ecosystem in this region. However, in 2015 (and also 2017
and 2019), extensivemass of rain clouds entered the hyperarid core
from the Pacific Ocean, meteorological events never recorded in
this region. These resulted in a number of lagoons in sites such as
Yungay in 2017, which again were never recorded before in the
middle of the hyperarid core of the Atacama (Figure 15).
Strikingly, these authors found only four types of bacteria
inhabiting these lagoons (Halomonas, Marinimicrobia,
Marinobacter, and Acinetobacter), which compared with the
microorganisms reported in the soils of Yungay where these
lagoons formed, unveiled that the rains caused a reduction of
up to 87% in the soil microbial diversity. These authors suggested
that the microbial species that inhabit the hyperarid core are
extremely adapted to survive with almost no water, thus when
confronted with the sudden input of abundant water, they quickly
perished from osmotic burst. Thus, as the Martian transition to
hyperaridity is suggested to have been punctuated by episodes of
vast aqueous discharges (Baker, 2004), these authors suggested that
similar decimated local microbial ecosystems may have not

adapted to a fast changing environment, resulting in a patchy
distribution of life across the Martian surface.

The potential sources of origin of the species that have been
found in the hyperarid core have been inspected too (Azua-
Bustos et al., 2019). By setting plates with a number of growth
media in west-to-east transects across the Coastal Range and the
hyperarid core, these authors showed that wind-driven particles
were a highly efficient mode of transport for microbial life across
the Atacama, a process that took place in a matter of hours. As
winds in this region first come over the Pacific Ocean from the
south and then go east inland into the Atacama, these authors
found the potential origin of the species that colonize the driest
regions of the Atacama on the beaches and hills of the Coastal
Range. These authors also found that, as the speed of these winds
are higher in the late afternoon and nighttime hours, the transport
of viable microorganisms was favored by the relatively higher RH
and the lower or complete absence of UV radiation during the
night. Altogether, these findings suggested that due to global wind
storms on Mars, potential Martian microorganisms (both past or
extant) may similarly use wind to colonize the entire planet, an
observation of particular importance for planetary protection and
the advent of future human colonies.

Finally, other caves have also been investigated at the eastern edge
of the hyperarid core (Wynne et al., 2008), a region much wetter due
to its proximity to the foothills of the Andes. Here, infrared thermal
imaging was confirmed as a tool to detect caves entrances on Mars
(Cushing et al., 2007). As temperatures inside a cave differ from the
environment where they are located, these researchers, by studying
two caves in the Cordillera de la Sal (a highly saline mountainous
range at the foothills of the Andes), found that indeed cave entrances
could be detected due to the thermal differences with their
surroundings, particularly during midday hours.

What Has Been Learned, and Some
Advisories
Due to its extreme aridity, high UV radiation, and highly saline
soils, the Atacama Desert is well known in the scientific

FIGURE 14 | Salar de Llamara salt pan, showing submerged gypsum
stromatolite-like structures.

FIGURE 15 | Lagoons that formed in Yungay due to the very rare rain
event that took place in 2017.
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community as a good analog model of Mars (Table 1). Its
environmental and geological characteristics have been well
studied, which along the description and diversity of
microorganisms and the habitats colonized by life have helped
to better suggest where to look for evidences of life on Mars.
Epilithic, hypolithic, endolithic, chasmoendolithic, and
subsurface habitats have been reported all across the Atacama,
suggesting that extreme aridity, nor high UV radiation or highly
saline/oxidizing soil species, would completely hinder the
presence of life on Mars. Water is available for life even in the
most extreme habitats of the Atacama through different
mechanisms that are still being uncovered, such as thermal
differences, capillarity, hygroscopicity, or deliquescence, which
explain the existence of microhabitats as true “islands of
biodiversity” in an extremely harsh environment, and thus, the
most interesting analog targets for the search of evidences of life
on Mars. Microbial members of the three domains of life have
been reported across the Atacama, with only heterotrophic
bacteria reported in its driest regions, thus suggesting a
potential “dry limit” for photosynthetic bacteria, eukaryotes,
and archaea in such sites. For these reasons, the Atacama has
turned into a leading location to test the technologies (detection
instruments, rovers, etc.) to be sent to Mars (Table 2), and from
the point of view of extreme desiccation and extremely high UV
radiation, the site “Maria Elena South,” located in the middle of
the hyperarid core of the Atacama, is, up to now, one of the closest

analogs of Mars on Earth. Also, contradictory reports on the
presence and diversity of microbial life in Atacama soils have
unveiled the uneven, extremely “patchy” distribution in regions
in which life is at the limit of detectability, as well as the
advantages and drawbacks of a number of techniques used for
detecting microorganisms that are at extremely low population
numbers.

In general terms, west-to-east transects from the relatively
wetter Coastal Range inland into the hyperarid core of the
Atacama may in fact be considered one of the best analogs to
retrace and study the potential adaptations to different habitats
for life on Mars from a wetter to a dryer planet. Thus, Martian
microorganisms, if ever existed, may have evolved from being
able to thrive on its surface (as they do in some sites of the Coastal
Range), then step-wise colonized more protected habitats as Mars
got progressively drier and colder in order to survive, with

TABLE 1 | Selected main findings covered in this review.

Main finding Location References

First report of microorganisms with the focus of the future Viking missions Coastal Range Cameron and Gensel (1966)
The Atacama Desert first proposed as a Mars analog Yungay and Chacabuco Dose et al. (2001)
The Atacama Desert widely accepted as an analog model of Mars Yungay Navarro-Gonzalez et al. (2013)
170 as potential signature of biological nitrification Various sites hyperarid core Michalski et al. (2004)
Dry accumulation of atmospheric aerosols on soil surfaces Yungay Quinn et al. (2005a)
MOI testing suggested the photochemical origin of Martian oxidants Yungay Quinn et al. (2005b)
Testing of MOA, the Mars Organic Analyzer Yungay Skelley et al. (2005)
Discovery of endolithic communities inside halites of the hyperarid core Yungay Wierzchos et al. (2006)
Preliminary testing conducive to SAM, Sample Analysis at Mars instrument Yungay Glavin et al. (2006)
Atacama soil sulfates and chlorides comparable to those of Mars Yungay and other sites Ewing et al. (2006)
Potential decomposition of organics by OH radicals in Viking LR experiment Yungay Quinn et al. (2007)
Significant spatial distribution of microbial life in Atacama soils Yungay Lester et al. (2007)
Extreme aridity stalls the nitrogen cycle by limiting the biotic component Yungay and other sites Ewing et al. (2007)
Detection of biosignatures by Zoe, an autonomous rover Salar Grande Weinstein et al. (2008)
Atacama hyperarid core as threshold for epilithic life Yungay Cockell et al. (2008)
Cave-adapted epilithic phototrophic biofilms Coastal Range cave Azua-Bustos et al. (2009)
Cave-adapted microalgae Coastal Range cave Azua-Bustos et al. (2010)
Chiral biosignatures from quartz cyanobacteria Coastal Range Sterzik et al. (2010)
Perchlorates as potential decomposers of organics on Mars Yungay Navarro-Gonzalez et al. (2010)
Hygroscopic salts as one of the last refuges for life on Mars Yungay Vitek et al. (2010)
Detection of biosignatures with the SOLID instrument Salar Grande Parro et al. (2011)
Hypolithic biofilms under quartz Coastal Range Azua-Bustos et al. (2011)
Fractal mathematics to detect entropy of life Coastal Range Azua-Bustos and Vega-Martinez (2013)
Extreme UV-tolerant microorganisms Coastal Range Paulino-Lima et al. (2013)
Detection of carotenoids in evaporites Salar Grande, Salar de Llamara Vitek et al. (2014)
Discovery of the driest site of the Atacama, still inhabited Maria Elena South Azua-Bustos et al. (2015)
Report of UVC tolerant bacteria Various sites hyperarid core Paulino-Lima et al. (2016)
Oxalates a mineral marker or organic carbon Salar Grande Cheng et al. (2016)
Toxic effect of rains on Atacama xerotolerant microorganisms Yungay Azua-Bustos et al. (2018)
Surface water flows may concentrate organics downslope Yungay, Lomas Bayas Montgomery et al. (2019)
Wind-transported dust, efficient transport for microbial life across the Atacama Various sites hyperarid core Azua-Bustos et al. (2019)

TABLE 2 | Field-tested Robotic missions in the Atacama Desert.

Mission Rover

ARADS—NASA’s Atacama Rover Astrobiology Drilling Studies KREX-2
Chameleon SOLO
SAFER—Sample Acquisition Field Experiment with a Rover BRIDGET
StarTiger SEEKER
LITA—Life in the Atacama Zoe, Hyperion
Nomad Rover Field Experiment NOMAD
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epilithic habitats in the Noachian, hypolithic in the Noachian/
Hesperian transition, endolithic during the Hesperian, and then
into the subsurface during the Amazonian, as is the case of the
hyperarid core of the Atacama.

There are a number of key research areas and subjects to be
pursued in the coming years. Currently, there are but a few
reports focused on the molecular mechanisms that explain how
such microorganisms are able to tolerate the extreme conditions
of the Atacama, their levels of metabolic activity in different
extreme environmental conditions (including Mars simulation
chambers), and the potential origin and age of these species.
Although wind-transported dust particles have been reported as
an efficient transport mechanism to disperse microbial life across
the Atacama, we still do not understand how these species are able
to adapt to its new environment, and thus understand which of
these can be considered distinctly “native.” Also, there is a need
to search for more evidences of xerophilic species unique to the
Atacama, analogous to polar or saline environments elsewhere.
The tools provided by the “omics” will undoubtedly help to
solve these interesting questions. Similarly, few reports have
studied the transition between the eastern edge of the hyperarid
core of the Atacama and the much wetter foothills of the Andes
Mountains. It is also important to understand the general impact of
the unusual precipitations that have recently affected the Atacama,
which, thought to be caused by global warming, have randomly
affected different regions of this desert with yet unpredictable long-
term consequences on the geology and diversity of the xerotolerant
microbial species of the Atacama.

Finally, we recommend that future reports should all inform
the precise location of their study sites as most give incomplete
coordinates and/or the exact depths from where samples were
taken, critical for understanding general trends. Care must also be
taken to properly inform the general geographical frame of the
study sites as there are a number of reports that comment on the
well-known characteristics of the hyperarid core but with the
actual study sites located in the Andes Mountains or its foothills,
quite different ecosystems, and not precisely analogs of Mars.
These considerations are particularly important given the highly
patchy distribution of life in the Atacama, which, in addition,
takes place at the limit of habitability in themostMartian place on
Earth.
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