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ARTICLE INFO ABSTRACT

Keywords: We describe the general characteristics and interactions happening at a unique, potential new Mars analogue site,
Mars located in the Altiplano and Atacama Desert region: the Ojos del Salado inactive volcano. The interaction be-
Analogue tween rare snowing events and strong winds transported large masses of porous volcanic grains there could
Eggssltlzre produce decimeter - meter thick buried snow masses fast, shielded against sublimation for extended periods

(years). Subsurface temperature logging suggests that water ice melting is rare and surface modification is
dominated by desiccation of the cryosphere and wind activity — just like on Mars. The first analysis of aeolian
transported grains in the area points to immature material sized between coarse sand and coarse silt, and in-
dicates the possibility of larger snow occurrence in winter when the site is inaccessible — however further ob-
servations are necessary The site contains decameter scale megaripples, which are unusual for Earth and also
support the understanding of resemble features on Mars. The shallow subsurface analysis with Mars relevance is
supported here by drilled cores of evaporitic sediments presented carbonate, aragonite, anhydrite, talc and clay
minerals in the shallow subsurface with Mars relevance. Though the region is generally felsic in composition,
basalts can be found at a hillside near Laguna Verde where the effect of extreme conditions (including the strong
UV radiation) on rock weathering could be analysed. The temperature, dryness, wind exposure, decreased at-
mospheric pressure and elevated UV radiation together make Ojos del Salado a unique Mars analogue site, and it
is accessible up to 5200 m altitude by regular pick-up trucks via a 5-6 h driving from the Copiapo airport.

1. Introduction

Field analysis at Mars analogue terrains targeting extreme locations
on our planet supports the understanding of processes and surface fea-
tures of Mars. The aim of this paper is to give a general overview of the
high altitude desert area at Ojos del Salado (Fig. 1) focusing on the
following main questions: How the ephemeral snow produces melting
and runoff, how surface features reflect the characteristics of the

permafrost at a dry terrain — and in general what are those analogue
aspects that could be more effectively analysed here than at other sites
on the Earth.

Ojos del Salado emerged as a potential Mars analogue recently
(Kereszturi et al., 2020a, 2020b), where a range of analogue aspects
could be addressed, which were also studied at other sites recently,
including post-volcanic aspects (Mege et al., 2018), volcanic rock
mineralogy (Gurgurewicz et al., 2015), geomorphology and grain
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transport of desert areas (Ori et al., 2014), surface water runoff (Grau
Galofre et al., 2020; Ettahri and Hargitai, 2020, Wilcox et al., 2016),
surface and subsurface ice occurrence (Cousins et al., 2013; Douglas and
Mellon, 2019; Gourronc et al., 2014; Pandey et al., 2020), and meteo-
rological aspects (Weidinger et al., 2009). Several expectations can be
addressed based on the probable conditions at this extreme site,
including the dryness, low temperature by the high elevation, where
even rare precipitation events might have important consequences.
Connected to these aspects, permafrost might emerge in the region, and
due to the general dryness, sublimation could have a stronger role than
melting. The poorly consolidated volcanoclastic debris on the surface
moved by the strong winds are expected to produce a moderately active
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environment, probably just like on Mars. These possibilities and the
related research questions emerged to better understand the properties
of the area.

This site contains extreme habitats supported by ephemeral ice
melting and volcanic heat related liquid water production at a dry and
strongly UV radiation exposed area. The UV irradiation increases along
with the elevation by the decreasing amounts of air above, including
ozone, aerosols and clouds. While UV-C is screened above about 20-30
km, UV-B and -A could reach the analysed elevation range. The total
irradiance at the Atacama Base Camp about 5200 m elevation is esti-
mated to be about 176-178% of those at sea level in the case of a
cloudless sky (Blumthaler et al., 1997; Chubarova et al., 2016; Schmucki

16 km (Scale varies in perspective views)

Fig. 1. Overview of the Ojos del Salado region: a: wider area of Southern-America, b: the north-south range of the Andes Mountain, c: smaller area of the Altiplano
and Atacama Desert region, d: the targeted Ojos del Salado region, e: the northern slopes of the volcano (GoogleMaps images), f: perspective view of the target area.
North is upward in all insets, except the last one (f) where specifically indicated. The locations of some panels are indicated in ‘c’ and ‘e’ panels.
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and Philipona, 2002). On Mars the total integrated flux in the UV-A
range is roughly comparable to those on the Earth, however shorter
wavelength (UV-B, UV-C) is much stronger (Cockell, 2002). Although
the above mentioned parameters are not as extreme as on Mars, the
processes acting on the cryosphere, the interaction between ephemeral
snowing (partly analogous for those observed at the landing site of
Phoenix on Mars, Spiga et al., 2017) and wind transported material are
Mars relevant. The knowledge on the geological context helps to better
estimate the conditions on Mars and improve the methods to analyse the
astrobiology aspects of the red planet.

Interacting topics are presented and arranged to order of logical
connections in this work: starting from meteorological conditions, fol-
lowed by aeolian features and survey of wind transported grains,
describing rare precipitation and strong wind driven surface change
monitoring, until the shallow subsurface analysis and found evaporates
in the area. These topics help to understand the connections and in-
teractions between the different factors and also to see the whole po-
tential of this site. Some of these results are only preliminary one, but
could be interesting for the community as they offer insight to the op-
portunities provided by this analogue site. In addition to this general
overview, some specific examples of various analysis types are also
presented here, in order to offer more details on the local conditions and
provide examples of the variety of results, what may be possible to ac-
quire in the future.

1.1. General information on the site

This analogue research work was realized at the Ojos del Salado
(6893 m, 27°06'34" S, 68°32'32” W), in the Atacama-Altiplano region,
which is the highest volcano on Earth (Oscar, 1995) with an elevation of
6893 m. The volcano started its activity around 26 Ma (million years)
ago (Mpodozis et al., 1996), producing gradually evolved geochemistry
(DeSilva and Francis, 1991) toward acidic compositions (Bakero et al.,
1987), until about 30 kyr ago (Moreno and Gibbons, 2007). Today only
fumarolic activity could be observed. This region is a desert without
vegetation and soil, with several salty lakes or their dried up deposits. At
high altitude permafrost is present (Ahumada, 2002; Cobos and Corte,
1990) with glacier remnants (Oyarzun, 1987), and the surface is
dominated by rocks and boulders, with rare ripples and dunes. The
highest altitude snowline on Earfth is present here (Clapperton, 1994),
above 6500 m the terrain is mostly snow covered (Ammann et al., 2001),
the highest altitude lakes are also present here on Earth. Stochastic
changes and the poor observational coverage makes the characterization
of the local climate uncertain. The nighttime temperatures can drop
below —10 C even during summertime at the elevation of the Atacama
Base camp, while above 6000 m it is often below —10 C even in daytime.
High altitude desert conditions are present below 6000 m in the region
(Azdcar and Brenning, 2010; Ammann et al., 2001; Houston and Hart-
ley, 2003; Nagy et al., 2014a, 2014b; Nagy et al., 2019; Vuille and
Ammann, 1997). Precipitation as snow occurs but rarely here (no rain
above 5000 m altitude), mainly during local winter (May-October). It
might sublimate away in most cases, but partly can be stored for later
melting and runoff (see Kereszturi, 2020).

No glaciers are present at the time of writing, but several were pre-
sent in the past (Nagy et al., 2019) about 19 ka ago (Ammann et al.,
2001). Permafrost exists as patches above 5200 m, and continuously
above 5600 m (Nagy et al., 2019). The annual precipitation is around 20
mm/year, however highly variable from year to year. Long-term cryo-
sphere monitoring started in 2012 by installing loggers at 5 different
altitudes (see further details in Nagy et al., 2019).

1.2. Analogue work at Atacama and Altiplano
Mars analogue sites on Earth has provided a range of Mars relevant

information on various geological features (Preston et al., 2012;
Schwendner et al., 2018), geological history (Hauber et al., 2011), and
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potential biological aspects (Azua-Bustos et al., 2012; Warren-Rhodes
et al., 2018). These locations also provide possibility to realize tests for
mission instruments (Groemer et al., 2016; Ross et al., 2013; Thirsk
et al., 2007). Ojos del Salado is unique among the other analogue sites in
certain ways, which are discussed in this work.

The Altiplano and Atacama regions has already been considered as a
Mars analogue regarding their general dryness (McKay et al., 2003),
microbiological aspects (Azua-Bustos et al., 2015), specific runoff and
valley network development (Harrison and Grimm, 2005; Irwin et al.,
2014), gully formation (Heldmann et al., 2010) and flood events (Wilcox
et al., 2016). Several astrobiology relevant projects have been realized
here, including the possibility of soil development (Ewing et al., 2006;
Sutter et al., 2007), evaluating the UV screening effect of soils (Ertem
et al., 2017), spectral characteristics of evaporites at salars (Flahaut
et al., 2017), soil organic turnover (Ewing et al., 2008), perchlorates
related surface chemistry (Catling et al., 2010) and the role of halite in
organic preservation (Fernandez-Remolar et al., 2013). At the driest
locations nitrate and perchlorate accumulation could happen (McKay
and Claire, 2016), where primary production occurs inside hygroscopic
halite crusts (Wierzchos et al., 2009). Water acquisition is based on fogs
here by deliquescence on hygroscopic crystal surfaces (Davila et al.,
2010). Microscale temperature measurements with high sampling in-
tervals suggests that strong temperature variation could contribute to
rock weathering (McKay et al., 2009) there.

Mapping the regional distribution of life and potential habitats along
with the increasing dryness was completed in order to identify the ideal
payload for a rover to survey for microbial life signatures (Cabrol et al.,
2007) by fluorescence signals, characterizing local geology by imaging
and spectral analysis, and to evaluate various mission strategies (Cabrol
et al., 2001). The results were correlated to space based remote image
analysis (Piatek et al., 2007; Warren-Rhodes et al., 2007), and supported
the development of a habitat related scoring system (Hock et al., 2007).
Ignimbrite as a potential habitat has been also surveyed in the region
(Wierzchos et al., 2013), including its potential as a specific water source
(Wierzchos et al., 2012), targeted pH and redox potential analysis, plus
ion concentration measurements as well as carbon and amino acid
abundances of soils (Peeters et al., 2009). Field testing of the SAM in-
strument onboard Curiosity rover (Stalport et al., 2012), organics
detection (Blanco et al., 2013), testing the Life Detector Chip (Parro
et al., 2011), Raman method for rock analysis (Vitek et al., 2014), and
satellite-rover synergic habitat mapping (Warren-Rhodes et al., 2007)
were realized in the region, just like the analysis of science autonomy
(Smith et al., 2007). Several field tests and developments were done like
testing the TEGA instrument of Phoenix lander (Valdivia-Silva et al.,
2009) or LIBS for Curiosity rover (Sobron et al., 2013). Beside the above
listed topics, the examination of a rover mounted drill (Cabrol et al.,
2014) and strategies for robotic exploration related to astrobiology in
general (Hock et al., 2007) were done. Organic material and water
extraction were also tested (Amashukeli et al., 2008), and microhabitats
(Schulze-Makuch et al., 2018), especially inside halite have been ana-
lysed here (Wierzchos et al., 2012). The search for biosignatures in the
Yungay region (driest part of the Atacama Desert) provided desiccation-
tolerant organisms (Boy et al., 2017; Skelley et al., 2007), and a range of
salt tolerant ones (Davila et al., 2010; Wierzchos et al., 2006). Strongly
UV irradiated microhabitats have also been identified in Sairecabur
volcano at 5971 m (Pulschen et al., 2015) nearby.

1.3. Specific Mars analogue aspects of Ojos del Salado

The research work at the Ojos del Salado region started in 2012,
focusing on the analysis of the shallow subsurface temperature regime
and the occurrence of permafrost. The aim was to monitor and forecast
the aftereffects of global warming related permafrost degradation,
together with the survey of potential consequences on the accessible
liquid water there. The Ojos del Salado region shows several charac-
teristics, which contribute to Mars relevant processes, though that the
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numerical conditions are not as extreme on Mars. The low temperatures
(yearly average of 0.02 °C at 5200 m elevation as measured by own
instruments from the 2014-2016 period) are accompanied with dryness
(Kereszturi et al., 2020a, 2020b). The lowest measured temperature was
—25 °C. Nightly frost could form even during the summer but sublimates
easily daytime under the large daily temperature fluctuations (>20 °C).
This might have unique consequence on weathering because the regolith
is usually dry. Other unique aspects are the rare precipitation that allows
to analyse how ephemeral snow could be retained by shallow burial. The
permafrost that exists at a dry terrain and degrades, the generally strong
winds, lack of vegetation, the general slow weathering, erodible volca-
nic material and elevated UV irradiation are providing Mars relevant
aspects.

The diagram in Fig. 2. helps to compare the temperature and pre-
cipitation values of this site to other locations. The following tempera-
ture vales were measured at 6000 m above sea level on Ojos del Salado:
Unfortunately the precipitation values are highly uncertain at Ojos del
Salado, but it is still obvious that these parameters are much more
elevated than those characteristic for Mars. Although no directly
measured data is available there, the values extrapolated from
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Fig. 2. Mean annual temperature versus precipitation at certain characteristic
locations on Earth and Mars (adapted from Baker, 2001, Marchant and Head,
2007 and Levy et al., 2011). Modern Martian conditions are indicated by
“Mars” and the value of latitudes after that: 30°, 50°, and 60°. The roughly
estimated ancient conditions on Mars at 300 and 1000 mbar pressure atmo-
spheres are also indicated. The “Ojos” text marks the analysed area in this work,
mainly around 5800 m elevation. Further acronyms: Antarctic Dry Valleys
stable upland zone (SUZ), modern conditions at Taylor Dome (TD), 35 km
south-west of the Antarctic Dry Valleys, while current conditions at Vostok
interior of East Antarctica (78° S) marked by EAIS. LGM is for the conditions
during the last glacial maximum (~18 ka) in the interior East Antarctica.
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measurements in the wider region point to that mean annual rainfall
between 1977 and 2000 was around 20 mm/year (highly variable,
Houston, 2006). Calculating related error bar is not much relevant here,
as its size is larger than the 20 mm average in positive direction, with no
precipitation at all in certain years. Despite that snow accumulation
could be observed occasionally, its inhomogeneous spatial distribution
produced by the wind inhibits to use the snow thickness for precipitation
estimation.

2. Methods

The acquired information on this site came mainly from fieldwork
(imaging, digging, on-site sedimentary analysis), including the use of
various temperature data loggers that could run for several years. These
were HOBO Pro v2 waterproof loggers with 12-bit resolution (operation
range: —40 °C to +70 °C, accuracy +0.21 °C) at multiple depths (10, 20,
35, 60 cm). Shallow ground temperatures were registered hourly and the
loggers were read out using USB connection in every second years. The
information gained in the field were completed with remote sensing
based images and topographic datasets. The range of the outcomes
presented here provide examples on how various disciplines could
support synergistic results at this Mars analogue site.

Aeolian grain collecting was done at three locations using wind traps
(Fig. 3). At all locations the traps were composed of 5 similar 25 cm
wide, 10 cm high and 15 cm deep, pocket shaped material made of UV
resistant geotextile (called pockets hereafter), located above each other.
The first trap covered 0-10 cm, the second 10-20 cm height and so on,
up to the fifth trap about 40-50 cm above the ground. Three of such
vertically arranged trap systems were installed between 2016 and 2018
at the following altitudes: SZ-1 at 5230 m elevation, SZ-25260 m (both
close to the Atacama base camp, located around 250 m from each other),
the SZ-3 at 6000 m (close to the Tejos camp located at 27°05'14"S
68°32/17"W). During grain size measurements Wentworth scale was
applied.

The grains collected from the trap were engulfed by a plastic bag at
their location, unattached them from the holding frame and shake to the
plastic bag to fall all grains into it from the given trap. The acquired
grains were analysed by Malvern Morphologi G3 ID, a high-resolution
analytical instrument, that was used in the laboratory for the shape
analysis of large (>10,000) number of grains with a built-in statistical
software, that yielded relevant morphometric parameters. The dispersed
grains were scanned and the morphometrical parameters were deter-
mined. Histograms were created to represent this data, and also to select
specific groups for more detailed analysis. The instrument is capable of
providing various statistical parameters of the grains, including diam-
eter, length, width, perimeter, major axis, area, volume, circularity,
convexity, aspect ratio and elongation for particles. The measurement
covers the size range of 1-1000 pm with a spatial resolution of optical
data 1 pm.

At some locations drilled holes for sample cores by hand forced
simple cylindrical auger was acquired. The results presented in the 3.5
section are based on two methods. 1. The material acquired at Laguna
Santa Rosa indicated in Fig. 1 c inset, of the lower part of the borehole
(not influenced by recent surface wind and evaporation driven drying
effects at the surface) was analysed for mineral determination in the
home laboratory with Fourier Transformational Infrared Spectroscopy
using Vertex 70 FTIR spectrometer, Attenuated Total Reflectance (ATR)
method. During the infrared analysis of the minerals, the sample was in
contact with the tip of a germanium (Ge) crystal, 100 pm in diameter. All
measurements were performed for 30 s at 4 cm ™! spectral resolution and
Bruker Optics’ Opus 5.5 software was used for manipulation of the
recorded spectra.

3. Results

This section was structured to provide an overview of the interacting
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Fig. 3. Image of one wind trap (a, SZ-1) filled with grains, together with its surroundings (b, SZ-3) and (c, SZ-2). Please note for scale the width of the wind traps are

25 cm.

aspects observable at this site, starting with the general temperature and
humidity characteristics, then and aeolian grain analysis wind produced
surface structures, followed by surface change monitoring, finished by
shallow subsurface characteristics of evaporates, and the occurrence of
subsurface ice. These topics are presented in order to give specific
insight into the conditions and targets at the site.

3.1. Temperature and humidity cycle

The characteristic annual temperatures for the area are visible in
Fig. 4 inset ‘a’ and ‘b’. The annual trend is correlated with the solar
illumination changes, with the warmest summertime period with +6 ...
+10 °C around January, when the daily temperature fluctuation is also
the highest. This is supported by the dry condition and the porous ma-
terial that caused low thermal inertia of the surface covering, what

allows fast warming in daytime and also effective cooling in nighttime.
In wintertime the daily maximum temperature ranges around zero
Celsius. To provide a wider context for the interpretation of H,O
occurrence related observations at the site, temperature and relative
humidity monitoring were also realized. The two curves in Fig. 4 ‘¢’ an
‘d’ insets demonstrate the daily temperature and humidity changes at
the Laguna Verde (4300 m) and at the Atacama base camp (6200 m)
sites on the days 17 and 20 of February 2018 respectively. It is visible
that the two curves follow opposite trends and while in daytime the
humidity is very low (30-35% at 4300 m elevation, 15-18% at 6200 m
elevation), in night time it could be close to saturation due to the low
temperature. The “mirrored appearance” of temperature and humidity
curves is stronger at Fig. 4 c than 4 d, as the elevation of 4 c at the
Atacama Basecamp is larger than the 4 d at Laguna Verde. At higher
elevation the warming and cooling is faster possibly because of the



A. Kereszturi et al.
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Fig. 4. Annual temperature curves a — daily average, b — min. and max. curves, ¢ and d — temperature and relative humidity curves for the Atacama base camp and

the Laguna Verde respectively.

thinner air mass above it and the dryer surface material.

The mirrored shape of the temperature and relative humidity curves
was already expected. The daily temperature variation is somewhat
above 30 °C at the more elevated location, where close to saturation
conditions are present at night, while daytime RH approaches only 10%.
These aspects are partly similar to Mars, where saturation or even
oversaturation might emerge in nighttime at much lower absolute hu-
midity. This is because of the even lower nighttime temperatures
(Martin-Torres et al., 2015) providing a possibility for H,O condensation
and the emergence of microscopic liquid water on Mars despite the very
low absolute vapour content.

3.2. Aeolian features and transported grain observations

Wind ripples can be observed in the region (Fig. 5). On Earth these
features are cm-spaced usually, here they are larger and coarser mainly
at the luv (wind shadowed) side of the hillslopes and on the plains,
which usually show larger sizes above 4-5 km altitude (Milana, 2009).
Their height is in the range of 2-230 cm, while the peak to peak distance
ranges from 1 to 44 m. At the surveyed area around the Atacama
Basecamp, the ripples were present in roughly 100-200 m diameter
patches (see some examples in Fig. 5 panel ‘e’). They are composed
mostly of bright pumice grains and sand sized fraction with porous
structure and density around 0.8-1.1 g/cm?®. A specific feature at several
locations is that darker and higher density grains (2.5-3.0 g/cm®) are
present at the top of the ripples, thus on the top of smaller density grains
(see inset ‘c’ in Fig. 5). Similar ripples can be found up to 1500 years old
in Argentina at 4400 m elevation with similar composition and
geological settings (Bridges et al., 2012; Nagy et al., 2019). At the
Argentean Puna area gravel mantled megaripples were identified in the
region (Bridges et al., 2015), where vibration of clasts and infiltration of
small grain size downward found to be a strong agent in their formation,
supported by laboratory tests. Based on the cited works including

Sullivan et al., 2014, the observed features discussed here should be
termed as megaripples hereafter (Chojnacki et al., 2021). The impor-
tance of the aeolian feature analysis (including their stratigraphy) is that
temporal evolution could be monitored in an active environment, and
the grains could also be surveyed regarding size, composition and
morphology. (For the overview of the related information on Mars see
the corresponding part of the Discussion section.)

The wind transported grains were collected in three sets of aeolian
collectors at three different locations, two at 5230 m elevation (Atacama
base camp), with about 250 m distance between them (SZ-1, SZ-2), and
the third at 6000 m elevation near to the Tejos camp (SZ3). All locations
were wind exposed sites, e.g. no topographic obstacles taller than 20-30
cm could be found closer than 6-8 m distance from the collectors, thus
the wind could blow relatively free at the locations of the traps.

In each trap a large mass of aeolian material was accumulated during
the 2016-2018 interval (meaning that the total volume of the traps were
filled by aeolian transported debris, see specific numbers in the Fig. 6 for
each trap), except some collector pockets of the SZ-3 trap (the one sit-
uated at 6000 m elevation), where the geotextile of these collectors was
frozen and did not keep the pocked shape, thus was not able to collect
grains. The mass of the collected grains in most of the traps ranged be-
tween 100 and 200 g, with three obvious exceptions: range 0.4-0.6 g
values for SZ-1/5, SZ-3/1 and SZ-3/3. The samples for detailed analysis
were randomly selected from the mixed collected grains for each trap. In
these cases the curves differ from the rest of the samples, they showed
the most populated peak at coarse sand around 1000 pm (Fig. 6). For
detailed numerical data on the collected samples see Table SOM. A
weaker second maximum or shoulder appeared around 700-900 pm. No
obvious trend was observed between the number or mass of collected
grains and the height of the given trap — except at these high located
pockets, see below.

In the trap SZ-1/5 (5th i.e. highest pocket above the ground) larger
grains (700-1200 pm) were more frequent than in its lower situated
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UL

Fig. 5. Wind ripples from above (a) and sideward (b) near to the Atacama base camp around 5200 m elevation. Insets ‘c’ and ‘d’ show the locations of different grains

nearby, and ‘e’ the spatial occurrence of the ripple groups in the region.

pockets. In the case of SZ-3 trap, the useful pockets (number 1 and 3)
also show a similar trend, where larger grains are more frequent than in
most cases (grains below 62 pm diameter e.g. coarse silt is usually <4%),
and in trap 3 dominates (the largest ratio values for SZ-1/5, SZ-3/1 and
SZ-3/3 are >6%. In the case of SZ-2 traps, the highest pocket (5) also
shows a somewhat elevated occurrence of this larger size domain
(800-1200 pm, coarse or very coarse sand), but not as much as the above
mentioned cases. From fine to coarse sand fractions are abundant in the
samples, the circularity is relatively large (0.8-0.9) but the grains are
not smoothly rounded and they show undulating surface with many
idiomorph and euhedral shapes (Fig. 6 top right panel with grain

silhouettes). Altogether these observations point to that at larger ele-
vations above the ground in SZ-1 and -2 a higher ratio of larger grains
might be present. No known process during the sample handling could
produce such result (artefact) — thus the unusual size distribution is real.
No grains smaller than very fine sand could be observed, which was not
the result of sample handling, as during the sample acquisition from the
pockets, all the grains were enveloped in a plastic bag. For comparison
three images of wind transported material are visible in the top right
part of Fig. 6 as separated grains. Below them three vertical image
stripes are presented from Mars for comparison, only to see in context
with grains there. Left: grains at Gobabeb (Otavi target), middle: ripple
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Fig. 6. Grain size distribution curves of the wind traps acquired samples. The trap id. number is visible above each diagram (SZ-1 first column, SZ-2 s column, SZ-3
third column, traps are arranged upward according to increasing number and height on site), and the acquired mass of the given trap can be read here in bracket. The
top right inset shows example high resolution images of the grains larger than 1 mm, with many idiomorph and euhedral shapes. The three curves in each diagram
show three different measured samples acquired of the same trap. The similarity of each diagram shows that the given measurement is representative for the

given trap.

crest of Mapleton (Flume Ridge target) and right: Enchanted Island
target, all recorded by MAHLI on-board Curiosity rover (Lapotre et al.,
2018).

3.3. Surface change monitoring

Over the course of nearly ten years, a series of images were recorded
of the same surface areas in order to identify the potential changes
possibly related to the strong wind and the rare snowing events. Some
examples of such changes are presented in Fig. 7, recorded in 2012,
2014, 2016 and 2018. The depressions observable in 2012 were partly

filled in 2014, and totally filled in 2016, while the valley of a stream was
eroded and exposed large volume in 2018. The two small insets at the
bottom right show the same large (meter sized) block that slumped
down between 2016 and 2018 on the slope.

Comparing the images of the same area recorded at different years
(Fig. 7), the following modifications were identified: surface changes are
obvious in the areal distribution of bright dust, silt, sand and pumice;
substantially modifying the appearance (mainly the albedo) of a given
location, even though it influences only a thin surface layer. Depressions
(usually shallower than 1 m) could be filled by sediments (sand, pumice
and occasionally snow) creating a smoother topography. These infilled
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Fig. 7. Surface changes between 2012 and 2018 at the same area. The black bars at the bottom mark 1 m size at the foreground of the images. The two small insets at
the lower right show magnified the slumped block in 2016 and 2018. Please note the filled depressions in the foreground (bottom left) from 2014 to 2016, which
were partly “re-exhumed” in 2018. All these images were recorded during local summer (January and February when the site is easily and safely accessible).

areas and depressions could be eroded and exhumed subsequently.

The appearance of the spatial distribution of rock blocks changed
because the dust, sand and pumice filled in the area between them, as
the sedimentation or erosion of deposits could change the elevation of
the local surface by mm-cm scale, covering or exposing the rocks already
situated there. Though observed only in few cases, the movement of
larger rocks was caused by erosion of the loose material underneath
them.

3.4. Subsurface borehole scanning and laboratory analysis

The presented data of this subsection was recorded at the salty plain
of Laguna Santa Rosa, which is an about 1.6 km? large area, linked to

Salar de Maricunga by a 100-500 m wide and about 12 km long elon-
gated trench, mainly filled with evaporates. The surveyed area has a
smooth, bright, salty surface with small undulations and polygonal
ridges of 1-2 cm height. Liquid water coverage occurs at about 15-20%
of this area at the southern edge, called Laguna Santa Rosa. Drilling was
realized for sample acquisition to produce 3 cm in diameter and 20 cm
deep holes.

The drilled and excavated material was inspected in a laboratory at
the home institute using FTIR infrared spectroscopy for compositional
analysis. The IR spectra are visible in Fig. 8 and Table 1. Based on FTIR
ATR measurements the sample mainly consists of clay minerals, domi-
nantly kaolinite (band positions: 1094 and 1003 cm ™)) and tale (872,
666 and 420 cm’l), but there can be also palygorskite (1094 cm_l),
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Fig. 8. Absorbance spectrum (4000-400 cm™?) of the sample acquired from the borehole presented in Fig. 8 (id: 14 FUR).
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Table 1

Summary of infrared peak positions and corresponding minerals in the sample.
Please note that the 1-7 lines correspond to H,O, CO, and OH partly from the
laboratory atmosphere and partly embedded in the crystalline lattice.

Observed Absorbance  Mineral Wavenumber
wavenumber according to
(em™) references (cm ')
3515.4 0.273
3392.2 0.389
3240.4 0.209
2360.7 0.098 H»0, OH, CO,
2339 0.071
1681.3 0.156
1619 0.317

carbonate (calcite,
1420 0.039 aragonite) 1420

clay minerals (kaolinite,

palygorskite,

montmorillonite)/feldspar 1095, 1100/1095,
1093.6 1.000 (plagioclase) 1092
1003 0.410 kaolinite/vermikulite 1003/1004
871.7 0.037 talic/illite 872/870
792.1 0.033 quartz 792

692-660/

665.97 0.400 mica/talc 674-663
595.11 0.600 anhydrite/ gypsum 597-593/595
452.06 0.433 mica/quartz 465-440/454
420.4 0.370 talc 420

montmorillonite (1094 cm’l), illite (872 cm™ 1) or vermiculite (1003
cm ). In addition, it also contains feldspar (1095 crn’l), mica (666 and
452 cm_l), quartz (792, 452 cm_l), carbonate minerals such as calcite
or aragonite (1420 cm™ 1) and gypsum or anhydrite (595 cm™!). The
Mars relevance of these minerals are discussed in the Discussion section.
The elevated salt content of the lakes in the region (often called
lagunes) has a strong impact on the condensation of various salts by
desiccation. Salt content measurements were realized in collected water
samples at the home laboratory by measuring the electric conductivity
of the water of two saline lakes (Laguna Santa Rosa, Laguna Verde), of a
thermal spring and a small creek near Laguna Verde. The highest con-
ductivity, 232 mS/cm was measured in the water of Laguna Verde,
which in case of a NaCl solution would contribute to a concentration of
more than 300 g/1 (Williams and Sherwood, 1994). The water of the
thermal spring and the small creek near Laguna Verde, as well as the
water of Laguna Santa Rosa was characterized by lower conductivity
values (between 3 and 8 mS/cm), similar to the conductivity of a 5 g/1
NaCl solution. The conductivity of the permafrost thaw pond, lying at
5900 m above sea level was even lower, <1 mS/cm. The results show
that the salinity of aquatic habitats in the region of Ojos del Salado
varies on a broad scale from freshwater to brines close to saturation.

3.5. Occurrence of buried ice and snow

As the Ojos del Salado area is a dry, but also cold environment, the
rare occurrence of subsurface snow and ice there is highly relevant for
Mars. The following observations were indicated the existence of sub-
surface snow or ice: 1. direct observation of outcrops with buried ice
(example in Fig. 9: near to Tejos camp at 5830 m altitude, where a small
ephemeral creek outcrops the ice), 2. thermo- or natural cryokarstic
depressions, 3. melt produced water runoff features, 4. outcrops from
cross section following trenching and drills. The structure of the sub-
surface ice occurrence varies, including homogeneous and fine layer
masses, while occasionally snow and partly compacted firn arise
together. Snow or firn are usually buried by aeolian or mass wasting
produced granular sediments. The following different types of solid HoO
occurrences could be identified in the subsurface:

e Buried snow below aeolian or mass movement produced debris
cover, usually around 5000-6200 m elevation (Fig. 9 and 10).
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Fig. 9. Outcrop of buried ice near to Tejos camp at 5850 m elevation (top). The
ice is located at the bottom of a valley where melting from a nearby firn area
pours its melted water here. The layering is produced by the incorporation of
grains transported by wind and water, occasionally together with frozen ice.
The cycles are produced by daily and annual temperature changes. Below an
annotated version is also present without the person for scale.

e Pore ice above 5300 m between grains as a cementing material is
present and poorly visible in the (usually trenching produced) out-
crops, except where the cemented grains produced layers, are pre-
pared by the selective erosion. The pore ice is probably formed by
melting, percolation and freezing of surface precipitated snow pro-
duced water.

e Buried water ice from refrozen melt water, which is present in the

subsurface at 5000-6500 m elevation, might occasionally form

similar features such as pore ice.

Buried firn with 0.6-0.7 g/cm?® density as a homogeneous material is

present with up to 10-20 cm thickness (occasionally with several

separated layers on the top of each other), compacted probably by

the overburden mass (aeolian sediments) in the 5200-6500 m

elevation range.

Buried glacier ice: compacted ice masses near remnant glacier bodies

around 6300-6500 m elevation that are covered with slope debris.

The above listed occurrence types show a range of different solid
H,0 between basically two end member types: the very shallow near
surfaced buried porous Hy0, and the deeper located solid ice. Further
details on the second one, including various permafrost features, are
discussed in Nagy et al. (2019 and 2020).

Mars relevant, subsurface ice related degradational features are
present as various depressions in the region, where the ice melted or
sublimated away and the surface slumped (Eberhard and Sharples,
2013). A characteristic example is visible in Fig. 11 to demonstrate the
active HpoO deposition/erosion cycles at 5200 m altitude. A layer of
seasonal snow accumulated in the lee side of the 10-15 m high side-
moraine what is visible in the right side of the images. This became
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Fig. 10. Trenching produced ice outcrop at a 10-15 m high moraine side, where aeolian transported material deposited in the wind protected locations (27
03'41.13"” S 68 32'57.23” W, 5250 m). The deposit covered the remnant snow and produced some compaction, forming firn-like layers at the bottom, with a porous

snow like structure at the upper sections.

covered by aeolian and mass movement produced pumice-sand-dust
layer in 2016, which was eroded away by 2018, then similar cycle
happened again in 2019 and 2020, indicating that sedimentation occa-
sionally could happen at the same preferred site and later exhumation
could also happen again, repeatedly.

An additional example of the specific and fast surface modification
can be seen in Fig. 12 at a trenching produced outcrop of typical local
deposits. The snow, that transformed to a firn-like material, fell around
2 years before the photograph was taken, filling the depression. After
that snow and dust-sand-pumice strata accumulated as a layered struc-
ture on the top of it with around 1 m thickness. There was no melting
period after the first snow accumulation, and a second snow accumu-
lation event took place, producing another around 1 m thick snow pack
at the top of the layered grain section. The arrow marks an interbedded
sand layer in the lower snow mass, demonstrating that, both materials
were transported and deposited during the same period probably by the
wind activity, but not simultaneously. It is worth to mention that ~100
mm of rain/precipitation being equivalent to ~1 m of snow (near 0 °C),
however wind transport could accumulate a thick frost pack from
moderately small average precipitation. This later got heavily dissected
by sublimation, forming the so-called penitent-like structures or peni-
tents here (Hargitai and Kereszturi, 2015), visible in the upper section of
the image.

4. Discussion

During the field work at Ojos del Salado in the last years, several
unique results emerged, as no other Mars analogue research project has
targeted such a high altitude site before. This section is structured along
the following subtopics: 1. discussion of the results in the order of the
aeolian features, related surface modifications, examples on surface and
shallow subsurface compositional and deeper subsurface ice related
aspects; 2. relevance for Mars; 3. future perspectives related to the
further exploration of this site. Although the site is rich in observational
possibilities, the field work is hard and slow there because of the
physiological consequences of the high altitude. As a result, some topics
(like laboratory mineral analysis and aeolian transported grain analysis)
could not provide such detailed results as would have been expected
from a two weeks long expedition — however these data are worth pre-
senting, as they provide a better context for this unique site.
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4.1. Aeolian features: from grain size to ripples

The aeolian features found at Ojos del Salado contain mostly rough
surface and poorly rounded volcanic grains, which because of the lack of
cementation and dryness, strongly interact with the wind and show high
mobility. The frequent idiomorph and euhedral shapes of grains point to
that their source is relatively close and the grains did not suffer long
distance transport to reach a mature shape — which is natural, given the
hilly terrain. On Mars basaltic and basalt based weathered products
(Chojnacki et al., 2014; Fenton et al., 2019) are abundant, thus the felsic
material at Ojos del Salado differs from this. The lower density materials
may better approximate the lower gravity environment on Mars and
may represent a better analogue for the “density of the material/fluid”
ratio. Based on the work of Zimbleman, 2008 particle size alone may not
be the sole determining factor for why some ripples greatly exceed the
size that is typical for similar features both on the Earth and Mars.

Grain size estimations for Mars, based on thermal inertia measure-
ments, suggested the presence of 100-500 pm grains (Edgett and
Christensen, 1991) in dunes. Nearby imaging of ripples at the Namib
dunes on Mars by Curiosity suggests the same size range (Lapotre et al.,
2018). In the case of mobile sand grains up to 0.5-2.5 mm (Baker et al.,
2017) was observed on Mars. At the Bagnold dune field sand showed
rounded to subrounded shape and fine to medium sizes (45-500 pm),
with a few silt-sized or smaller grains with mainly crystalline and small
amorphous components (Ehlmann et al., 2017; Edwards et al., 2018).
Bimodal size distribution was also observed on Mars (Weitz et al., 2006),
just like here, what might come from local boundary conditions such as
sediment sources and wind conditions. Based on the trapped aeolian
grains at Ojos del Salado, their size ranged between 10 and 1500 pm
with a bimodal distribution as well, composed of a more populated peak
(10-500 pm with probably even more grains from the lower size limit)
and a usually smaller peak between 800 and 1500 pm. While quartz
based grain analysis and detailed evaluation of grain maturity is estab-
lished using Earth based examples, on Mars due to the specific condi-
tions, the evaluation of maturity of grains requires further work
(Cornwall et al., 2015; Kapui et al., 2021), partly because of the probable
limited fluvial activity in space and time. The higher fragility of
non-quartz based transported grains also contributes here, thus extrap-
olation to paleo-climatic conditions based on such transported grains is
difficult, however the clarification of these aspects could be supported at
such analogue sites.
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Fig. 11. Sequence of changes during 2014, 2016, 2018, 2019 and 2020 period
(see the circled area), all images were recorded during local summer. First the
snow deposited, then it got covered by slope mass movement debris and aeolian
grains (2016), then it was degraded by meltwater system in 2018, covered
again in 2019, and exhume by water flow again in 2020.

Since there are several uncertainties related to the formation and
migration of ripples on Mars (Lapotre et al., 2019; Sullivan et al., 2020),
further field studies should be done here. Several ripples were identified
by Opportunity rover at Meridiani Planum (Jerolmack et al., 2006)
where they exhibit spatial grain size sorting with well-sorted coarse--
grains at the crests and poorly sorted finer-grained in troughs. Earth
based migration rate was found to be around meter / Earth year (Banks
et al., 2018; Chojnacki et al., 2019). The vertical stratigraphy observed
here at Ojos del Salado partly resembles to those on Mars, named gravel
mantled dunes, both might be related to vibration induced movement
(Bridges et al., 2015). Sand plus silt could produce bedforms through
infiltration between larger grains, and support the relative uplift of the
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gravel. The conditions for the realization of this process could be sur-
veyed at Ojos del Salado too, where heavier (denser) grains are occa-
sionally present at the top of ripples, however the roughly similar size of
higher and lower density grains makes it less probable that the vertical
separation have been caused by vibration. Strong wind was observed at
the 3- and 10-cm-high granule ripples at Great Sand Dunes National Park
(Zimbelman et al., 2009), indicating that the winds, which are necessary
to initiate migration, might be faster, than previously suggested. The
field site presented in this work supports the clarification and further
measurement of this candidate processes related to aeolian activity,
where slope winds might also contribute. The flattening effect of very
strong winds on ripples (Isenberg et al., 2011) could be also observed
here in the future.

Although fine sand and coarse silt are present at Ojos del Salado, the
general lack of even finer grains could be related to the strong wind
activity that transports fine silt and clay sized grains in suspension away
from the site at a faster rate than they are produced. The main method of
transportation may be saltation for most of the measured grains, as they
got trapped in all pockets even up to 0.5 m above the ground in the
collectors. The similar size distribution of grains in most pockets sug-
gests that the transport process was almost homogeneous regarding the
carried mass up to 50 cm height above the ground.

However observations show that the larger grains might be more
abundant at trap pockets located higher above the ground in some cases,
which is incompatible with this model. One possible explanation is that
if in the cold wintertime snow is accumulated at the location of wind
traps, the local surface becomes elevated by this snow layer. During the
harsh winter even stronger winds could be present than in summer, and
they could carry larger grains, causing the unusual size distribution. The
possible reason to emerge these larger grans only in the upper pockets
might be a hypothetic snow layer present only wintertime, what inhibits
the grain collection at the lower pockets. More field data is necessary to
prove or disprove this hypothesis.

4.2. Mars relevant surface changes

Surface change monitoring on Mars is important and has been real-
ized for aeolian and icy landforms. Orbital observations showed albedo
changes after dust storms, by shifting albedo boundaries between sur-
face units of different brightness (Geissler et al., 2016). Changes in the
Endeavour crater showed that dome dunes persistently deflate, pro-
ducing dark sand features across lighter regolith (Chojnacki et al.,
2015). Additionally, aeolian processes might contribute to the episodic
decrease of albedo and measured migration rates about several m per
Earth year (Chojnacki et al., 2015), however there were diversity among
the values including anomalous high migration rates. Based on in-situ
observations, Curiosity has identified movement of large grains on
freshly exposed surfaces, secondary grain flows on the slip face of Namib
Dune, and a slump on a freshly exposed surface of a large ripple (Bridges
et al., 2017). Various observations show, that considering all of the
already observed annual changes on Mars, beside the seasonal surface
elevation change in polar regions. While wind related changes for the
surface of Mars considered mainly regarding the albedo modification,
other changes could happen, including the already observe dune
changes, vertical changes on Mars by infill and erosion of dust.

The surface change monitoring in the Ojos region revealed sub-
stantial modifications in the vertical heights in subsequent years
surveying the site only during the local summer, e.g. January and
February, mainly by the change of the areal distribution of dust, sand
and pumice. This effect modifies the appearance of the area through the
albedo, similar to the changes that dust storms cause on Mars (Fenton
et al., 2007; Geissler, 2005). Few wind speed measurements have been
performed in the region, especially no regular monitoring happened
above 4500 m elevation. Slope winds are not characteristic at Ojos del
Salado, however the western winds from the Puna plateau blows
through this region regularly. Based on personal field experience, strong
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Fig. 12. Buried snow overlain by layered sand-pumice pocket with eroded penitent-like structured snow on the top (at 27 05'21.73” S 68 32'12.44” W, 5870 m). The
arrow marks a partly interbedded sand-pumice layer inside the snow, suggesting sand accumulation processes from the same period.

enough winds to carry dust and silt fraction are frequent, could occur
several afternoons in a week. Wind related surface features can be
identified up to 6200 m elevation. For context it is worth to mention that
at a location about 200 km distance, during the Veladero Project
Meteorological Data (between 2000 and 2002) observed 100 km/h
hourly maximum wind speed during about 1% of time (Milana, 2009).

At Ojos del Salado wind effects could fill meter scale depressions and
produce substantial changes (see some examples in Fig. 7). Thus rocks
need not necessarily move to change their observed numbers, as the
deposit could easily bury rocks up to dm size or erode pits down to 1 m
depth. This example underlines that wind alone (or especially together
with occasional snow events) could produce even m scale vertical
topography and related surface appearance changes by infilling the
depressions, besides changing the albedo by moving the surface dust
cover on Mars, also in theory.

Assuming similar scale changes on Mars, MOLA based data might not
be enough to identify 10 cm scale height changes. MOLA data have
vertical and horizontal spatial resolution about 200 and 3 m respectively
(Kolb and Okubo, 2009). However focusing on the relative changes of
elevation, comparison of neighbouring points might improve the verti-
cal sensitivity several times, but still below what should be required to
identify the same scale at Ojos area. According to HiRISE stereo images
based DTMs, these values are roughly in the range of 0.25-2 m and 1-3
m respectively (Parker and Calef, 2016; Sutton et al., 2015). Beyond
these aspects, artefacts could also influence the accuracy (Kirk et al.,
2017). However, using the different time recorded image based identi-
fication of rocks hiding by dust cover and later emerging by wind driven
exhumation, the scale of about 10 cm vertical change could be identified
on subsequent images around larger rocks.
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4.3. Evaporates and surface composition

Shallow subsurface observations might provide important insight
into the local geological history with moderate effort, as it was presented
recently for the Mars analogue sites at Ibn Battuta Centre in the Sahara
(Kereszturi et al., 2018). The laboratory analysis of the acquired samples
showed mainly water related alteration minerals including phyllosili-
cates, talc, carbonates and gypsum there. These are also typically
alteration produced minerals on Mars, where phyllosilicates (Bibring
etal., 2006), carbonates (Ehlmann et al., 2008), talc (Bishop et al., 2018)
and gypsum (Wilson and Bish, 2011) are used as indicators of wet
weathering in the past.

The components of this evaporate assemblage are expected to occur
in a sedimentary basin under dry climate. There is a specific importance
of the occurrence of mineral paragenesis. On Mars the joint occurrence
of phyllosilicates and evaporates could be identified: at Columbia Hills,
Gusev crater (Wang et al., 2006), by the MER Opportunity rover on the
rim of Endeavour crater at Meridiani Planum (Arvidson et al., 2014), by
the MSL Curiosity in Yellowknife Bay at Gale crater (Vaniman et al.,
2014), and by MEX-OMEGA and MRO-CRISM in several further loca-
tions on Mars. Regional co-exposures of phyllosilicates with either car-
bonates (Ehlmann et al., 2008, 2012; Carter and Poulet, 2012), sulfates
(Poulet et al., 2005; Wiseman et al., 2008; Hamilton et al., 2008;
Murchie et al., 2009; Wray et al., 2009; Milliken et al., 2014), or chlo-
rides (Murchie et al., 2009) were found at different locations, even the
presence of sulfate-bearing materials underlying phyllosilicate-bearing
strata (Wray et al., 2010) were identified. The specific example of
Ojos del Salado points to some important aspects that should be
considered during the in-situ analysis of evaporates on Mars, for the
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identification and separation of certain minerals. Feldspars (intact
magmatic minerals) and phyllosilicates (weathering products) both
present a major band around 1094-1095 cm ™, but phyllosilicates also
show bands at 1003, 872, 666 and 420 cm ™. Kaolinite, paligorskite and
montmorillonte (identified on Mars by remote sensing) all show a major
band at 1094 cm ™2, although the separation of kaolinite was successful
by another peak at 1003 cm™!. Mica and phyllosilicates both present
band at 666 cm ™, the separation is supported by further bands of talc at
872 and 420 cm L. The hydrated state can be identified using the spectra
between 1600 and 1700 cm™". Based on the above listed observations, a
spectral resolution of around several cm™! (~10) might be enough for
the separation of components of a characteristic evaporate assemblage
on the Earth, and potentially on Mars too using IR data. Complementary
measurements would be useful for definite identification.

Regarding the shallow subsurface sampling, the composition is in
agreement, that the site is an evaporite basin (dried up part of Laguna
Verde), where previously water related weathered mineral alterations
happened together with very fine grain sedimentation. Such a geologic
setting seems to be Mars and astrobiology relevant, and could be used to
infer formation conditions and even duration for active periods with a
more detailed analysis in the future. As a result, the Ojos del Salado
region could be an analogue field site that supports the better under-
standing of the geological history of ephemeral evaporative basins on
Mars (Catling, 1999; Forsythe and Zimbelman, 1995; Irwin et al., 2015).

4.4. Subsurface ice occurrence

Beside the cryosphere at Ojos del Salado (discussed by Nagy et al.,
2019), subsurface ice as almost pure HoO with low contamination level
from rocky debris, can be found in different forms. The degradation of
subsurface ice and snow is suggested by the flowing meltwater origi-
nating from the subsurface, and outcrop walls of collapsed pits at the
analysed region. Subsurface ice occurs in a variety of forms presented in
section 3.6 above. In some cases the coverage formed in the last 1-3
years during the site monitoring (Fig. 7), demonstrating that the process
is active and the buried snow formed under the current climatic regime
despite the general dryness. The morphological observations also
demonstrate that the signatures of the active process could be caught in
the form of small (below m size) spatial resolution on-site images, where
the vertical walls exposed subsurface settings to provide a simple way to
identify the original structure. This is not necessarily observable form
above and rarely (if similar sized) could have been identified by orbital
images of Mars.

The occurrence of subsurface ice at Ojos del Salado is important as it
contributes to the formation of depressions, partly similar to those on
Mars, that are supposed to be produced by sublimation instead of
melting (e.g. cryokarst, Head et al., 2011). Despite this, there are
melting signatures on Mars too, produced by subsurface stored ice
masses (Costard et al.,, 2002). The analogues at Ojos del Salado are
useful in four aspects: 1. The connection between surface structures and
the existence of subsurface ices could be analysed as occasionally nat-
ural outcrops are present. Trenching produced outcrops could also be
made, thus they support as “ground truth” for resembling features on
Mars. 2. They provide quantifiable surface structures where the volume
of the missing ice could be roughly estimated. 3. The active annual
surface changes could be monitored, and they support model calcula-
tions on subsurface melting (see some related calculations in Nagy et al.,
2019. 4. On Mars, the depressions without connected flow related sur-
face structures thought to be formed mainly by sublimation without
melting. The Ojos site indicates however that melting might also arise
without observable flow-features in the close vicinity (see the Fig. 11 in
the Nagy et al., 2019), partly by percolation to the subsurface.

Based on the occurrence types of subsurface ices, a wide range of
occurrence exists with different depth, density and formation methods —
as a result it is expected that the Martian case might also be more
difficult than the general view of having cryosphere and shallow buried

14

Icarus 378 (2022) 114941

snow. An important aspect is that various thermokarstic or cryokarstic
features could be formed at Ojos del Salado from the simple setting of
loose dust covered porous snow, and not necessarily in densely packed
ice or permafrost. While several degradational features on Mars like
cryokarstic depressions are thought to be analogous with permafrost
degradational features like alases on the Earth, but in reality many of
them might formed with the help of simple loose, poorly compacted
snow without ice. This latter possibility should be better considered for
Mars.

4.5. Mars relevant aspects

Based on the various results presented above, the Ojos del Salado
region holds important data and observational possibility for the future
as are listed in Table 2. Beside the separately listed topics, the in-
teractions between them could be also the target of future analysis,
especially the relation between surface temperature and humidity con-
ditions, between subsurface temperature and ice storage, evaporate
accumulation and desiccation, interaction of wind transported grains
and snow burial for potential later melting and runoff. All of these are
important Mars relevant topics (Diniega et al., 2021; Dundas et al.,
2021). The connection and interaction between the observed large daily
temperature fluctuation, the general dryness and the porous, loose
material covered terrain are ideal for understanding the role of specific
surface weathering and transport of the somewhat loose or partly
cemented Martian regolith. The high elevation and mountainous envi-
ronment produced not only low atmospheric pressure here, but also
highly changeable conditions that increase the wind speed occasionally.

At the Ojos del Salado region evaporites, volcanic materials, the
mobilization by fluvial, aeolian and glacial/periglacial transport pro-
cesses under dry and cold conditions could be analysed. The joint
occurrence of phyllosilicates, talc, gypsum and anhydrite suggests a
moderately wet environment with potential signatures of drying pro-
cesses and water loss from gypsum, producing anhydrite. Similar ob-
servations are expected in the dried up basins on Mars.

4.6. Logistical aspects

The presented site is accessible by regular four wheel drive cars and
pickup trucks, with approximately 5-6 h driving from the nearest airport
in Copiapo. Research work at the site is recommended during the local
summer (January to March), because of the very low temperatures and
strong winds in winter. Specific adaptation to working under reduced
atmospheric pressure requires preparation and facilities, especially
above altitude about 5000 m. The restrictions related to environmental
protections are not as strict as for example in Svalbard (Steele et al.,
2010) or Iceland (Ehlmann et al., 2012) or Antarctica (Dickinson and
Rosen, 2003). Sampling is allowed without special authorization except
for natural reserves there.

4.7. Future perspective

Compared to other Mars analogue sites, the Ojos del Salado region
provides several complementary and unique possibilities for research
(Kereszturi et al., 2020a, 2020b). UV irradiation is rarely considered as
an important factor at Mars analogue sites, because most of them on the
Earth are located at much lower altitudes. Here this unique character-
istic could be exploited, for extremophile adaptation and rock weath-
ering. On Mars the strong UV limits organic material survival on the
surface (Laurent et al., 2019) where perchlorates together with UV ra-
diation make the situation even worse (Wadsworth and Cockell, 2017).
Shielding against UV radiation could be done by minerals or even ferric
iron rich solutions (Gomez et al., 2007), resemble to clay-bearing Ata-
cama soils provided shielding for organics (Ertem et al., 2017). Evapo-
rates are helpful in this aspect as they let radiation penetrate to be useful
for photosynthesis, while shielding against harmful UV light
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Table 2
Mars relevant research topics that could be analysed at the Ojos del Salado
region.
Topic Specific local Target of analogue Corresponding
conditions research Martian features,
characteristics
surface role of large resistance and age of  dry and slowly
evolution temperature surface regolith, rate ~ weathered surface
under dry fluctuation and of transport material, rarely ice
and cold wind driven cemented at
conditions regolith changes shallow depth
in general mainly at high

wind ripples

ephemeral
water flow
features

stability of
lakes

extreme
organisms

role of UV in
surface
weathering

behaviour of
cryosphere

up to 1 m high,
20-40 m wide,
100-300 m long
ripples on the
surface with
specific granular
characteristics

liquid water flow
only during
daytime in
summer

high altitude
ponding of
cryosphere
melting produced
waterand
evaporation

cold and dry
tolerant organisms

long term
exposure of strong
UV under dry and
cold conditions

buried ice and
snow with
degradational
structures

identification of
processes and
characteristics of
grain movement,
and accumulation,
role of non-spherical
and porous volcanic
grains

reason of melting,
water sources and
characteristics of
activity

role of melting and
cryospheric
insulation in lake
formation; analysis
of temporal stability
by inflow /
evaporation rate

analysis of habitats,
including related
methodological
development
(sampling), better
understanding the
access to nutrients

identification of
specific mineral
alteration in
volcanic material

understanding how
sublimation-
melting-wind
exposure interact
and contribute in
surface evolution at
a dry terrain

altitude locations,
mobility of dust
and sand that could
cover surface ice by
strong winds (
Sefton-Nash et al.,
2014)

many volcanic
grains produced
ripples (Lapotre

et al., 2016),
usually in non-
quartz composed
granular material,
under potentially
active migration
today (Silvestro

et al., 2010)
gullies (
Christensen, 2003)
and other potential
recent liquid flow
related surface
features
observations
indicate that
ephemeral lakes
were abundant (
Cabrol and Grin,
1999) on Mars,
however their
characteristics are
poorly known

ice and ephemeral
melting related
potential
habitability (
McKay and Davis,
1991), Earth based
experiences to
orient development
of future in-situ
methods

better
understanding of
weathering under
very high UV
irradiation and
dryness

wide range of cold-
climate landforms (
Morgenstern et al.,
2007, van Gasselt
et al., 2007), but
more information is
necessary on how
to approach using
numerical way of
their degradation
and understanding
the role of climates
on layered deposit
formations (Sefton-
Nash et al., 2012)
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(Rothschild, 1990; Marschall et al., 2012). The consequences of UV ra-
diation was analysed during the High Lake Project in the Andes (HLP,
Cabrol et al., 2010), that might be relevant to early Earth too (Berkner
and Marshall, 1965). At the Ojos del Salado site the analysed lake is
smaller and located at an even higher altitude, thus it is more exposed to
local changes than the previously investigated Licancabur at 6000 m,
which was the highest lake analysed in the HLP (Aszalos et al., 2020a,
2020b). At a similarly UV exposed site at Victoria Land, Antarctica, snow
in the pits in dolerite rocks produced Fe-rich clays (Allen and Conca,
1991), while at the Three Sisters volcanic complex in Oregon (Scudder
et al., 2016) amorphous phases might be influenced by UV irradiation.
Rare basaltic blocks can be found, about 500 m to the south of Laguna
Verde (Fig. 13) at Ojos del Salado. The larger (meter sized) rocks are
expected to withstand long term exposure on their surface as wind
driven debris could not easily cover them.

Occasionally snow could cover the area for a brief period even in
summer (usually up to a couple of days), and due to the active wind and
mass movements, debris could cover substantially large (100 m — km
sized) areas and keep the snow there protected against sublimation for
years. Local melting of small scale could be observable in summer
(Kereszturi, 2020), producing active runoff or percolation to the sub-
surface and cryokarstic structure formation. Similar sinkholes on ice
cemented dunes in the Victoria Valleys suggest melting or sublimation
and denivation features inside dunes (McGowan and Neil, 2005).
Unique snow precipitation during dune migration might also emerge
there, as well as at Ojos de Salado where large amount of easily erodible
debris at the otherwise dry regions support the process.

Characteristics of the subsurface cryosphere, including the behaviour
of dry sub-zero temperature ground could be analysed effectively at Ojos
del Salado as dry and ice cemented regions are present within 1-10 km
scale distances (Nagy et al., 2020). A more detailed mapping would
enable to identify the connection between subsurface properties and
surface morphology. Models on subsurface evolution at dry and cold
terrain with limited HyO supply could be also improved here. A possi-
bility of liquid water below the ice of the cryosphere cannot the
excluded, because of the geothermal heat and the existence of hot
springs in the region, partly similar as suggested for Mars (Stamenkovic
et al., 2019) and observed recently (Lauro et al., 2020).

Interaction of strong winds with the non-cemented volcanic regolith
surface produces an actively changing environment. This effect might be
critical for the creation of sublimation inhibiting debris blanket on fresh
surface snow, and also to expose buried ice. Without such an effect these
snow patches could have been easily sublimate and the appearance of
liquid water runoff would be much smaller and rare. Several locations
on Mars hold buried snow deposits (Bramson et al., 2017), where a
similar process could contribute to the storing of ice. Such analogue
aspects could be also investigated for example in the McMurdo Dry
Valleys of Antarctica (Heldmann et al., 2012). However the Ojos del
Salado site is unique in the sense because of the occasional very strong
winds and the easily transportable loose, porous volcanic regolith
together, certain mass of snow (up to around m in thickness) could be
covered during a short period of time and also could be exposed later to
strong solar illumination (because of the low geographical latitude of
this site) to support melting. The wind produced moderately rounded
shaped and rough surface volcanic grains of different densities, creating
ripples in the region. Wind produced surface features have been ana-
lysed at several Mars analogue locations including Mojave desert and
Iceland (Greeley et al., 2002; Ukstins et al., 2017). While ripples on
Earth are usually small (below meter scale, Lapotre et al., 2016), at Ojos
del Salado relatively large ripples could be analysed, similar in size to
those on Mars (Neely et al., 2014).

5. Conclusion

Interactions observed at a new potential Mars analogue site were
characterized in this work at the Ojos del Salado volcano, at the high
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Fig. 13. Basaltic hillside close to the southern side of Laguna Verde. a: The dark slope in the distance (top), b: a roughly 1 m sized, heavily wind-chiseled basaltic rock

on the slope of this hill in the middle of the image.

altitude area of the Atacama-Altiplano region. This site has a wide range
of Mars relevant aspects, including the low average temperatures with
large daily temperature variations, and frozen conditions in nighttime
even during the summer. The general dryness with rare snow accumu-
lation under the cold conditions influence the presence and occasionally
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the degradation of permafrost. The strong winds support surface modi-
fication, while the weathering is slow and influenced by strong UV ra-
diation. Although the volcanic material is mostly evolved, basaltic rocks
are also present there, and the porous structured tuffs could be used to
understand the role of loose regolith in the geomorphology of Mars.
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Snow masses could be accumulated mainly in winter up to meter
thickness especially at areas protected from the wind and stored for year
(s) long periods by fast debris burial at a very dry terrain, shielding it
against sublimation. This Mars relevant interaction is active and fast in
the area, contributing to the summertime melting of exhumed snow
packs. The occasional snow and sand-dust accumulation and transport
could effectively modify the surface topography. A similar process might
be identified on Mars comparing subsequent HiRISE images. However
the rarity of characteristic periglacial slope processes at the Ojos del
Salado region is probably caused by the dry and water absorbing rego-
lith and strong winds. Daily temperature and humidity cycling help to
see the possibility of deliquescence and brine formation (Pal, 2021),
providing insight to the process at different locations and periods, just
like on Mars.

The wind driven grains composed of fine and coarse sand, with
maximum sizes of around 200-400 pm. The collected aeolian material
showed the same size distribution regardless of being collected from the
ground or half meter above, demonstrating that the vertical transport
was homogeneous in this layer. However in some cases the highest
located traps showed a greater fraction of larger grains — the reason is
still unknown but might be an episodic thick wintertime snow cover
there during very strong wind activity. The UV driven weathering of
volcanic rocks is a unique characteristic at the cold and dry environ-
ment, what also has an effect on the microbial community in the region.

This site provides most of those general analogue aspects like other
sites on Earth, while its unique characteristics are the elevated UV ra-
diation and the dryness together with ephemeral snow cover, the pres-
ence of permafrost and geothermal heat. It is accessible by cars up to
5200 m elevation for a low price compared to for example Svalbard or
the Antarctic Dry Valleys. Because of the high altitude location, shorter
than 2 weeks long expeditions are not suggested. The Ojos del Salado
region should be considered as an important new Mars analogue site
with many characteristics waiting for discovery.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.icarus.2022.114941.
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