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ARTICLE INFO ABSTRACT

Keywords: The Atacama Desert is the oldest and driest non-polar desert on Earth. Millions of years of hyperaridity enabled
Gypsum salt accumulations through atmospheric deposition. These salts can serve as proxies to decipher the interaction
Anhydr,ite between water and soil as well as to understand the habitability with changing environmental settings. There-
}S)Ladb;;;;:;)spes fore, we investigated four soil profiles regarding their mineralogy, salt abundance, and sulfate stable isotopic
Hyperarid composition. The profiles were located along an elevation transect in the hyperarid region southeast of Anto-

fagasta, Chile. The two lower sites situated on the distal parts of inactive alluvial fan deposits were subject to
occasional fog occurrences. The upper steeper-sloped sites experienced no fog but are subject to minimal erosion.
In all soil profiles, sulfates are the dominant salts showing a downward transition from gypsum to anhydrite that
is accompanied by an increase of highly soluble salts and a decrease of sulfate 5**S and 5'®0 values. These trends
are consistent with downward directed water infiltration during rare rain events causing salt dissolution followed
by precipitation within the deeper soil column. This conclusion is also supported by our Rayleigh fractionation
model. We attribute the presence of anhydrite at > 40 cm depth to the cooccurrence of nitrate and chloride salts,
which decreases water activity during sulfate precipitation and therefore drives anhydrite formation. Along the
elevation transect, the total salt inventories of each profile show a trend for nitrates and chlorides concentration
decreasing with elevation. This observation together with the sulfate stable isotopes indicates a fog-independent
source and suggests remobilization of soluble salts through enhanced wash out from hillslopes to alluvial fans.
These findings are essential for assessing the long-term regional habitability of hyperarid environments and have
also relevance for Mars.

Atacama Desert

1. Introduction

The core of the Atacama Desert (Fig. 1a) is currently hyperarid
(mean annual precipitation < 20 mm a'l) and has been a desert for 12 +
1 Ma shifting between arid and hyperarid periods (Jordan et al., 2014).
Accordingly, fluvial run-off is minimal and erosion rates are extremely
low ranging from 0.2 to 0.4 m Ma’! (Placzek et al., 2010). Under these
circumstances, earthquakes, which are frequent in the region, contribute
considerably to down-slope sediment transport through seismic shaking
(Quade et al., 2012; May et al., 2019; Sager et al., 2020). Furthermore,
the hyperarid conditions prevent the growth of vascular plants and keep
the microbial biomass content at extremely low levels of < 10 cells g™
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soil in our study area (Schulze-Makuch et al., 2018), creating a carbon-
limited environment (Azua-Bustos et al., 2017). Under these conditions,
the soil CO, concentrations are too low for the formation of significant
amounts of carbonates, which are commonly present in arid soils (Ewing
et al., 2006). Hence, the Atacama Desert is of interest for studying the
dry limits of life and has been used as an analog site for assessing the
habitability on Mars (e.g., Warren-Rhodes et al., 2006; Azua-Bustos
etal., 2018; Schulze-Makuch et al., 2018; Huang et al., 2020; Shen et al.,
2020; Schulze-Makuch et al., 2021).

In contrast to arid deserts, precipitation in the hyperarid Atacama
Desert is sufficiently low so that even the most soluble salts (e.g., chlo-
rides, nitrates) are not entirely washed out but remain partially in the
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soil typically at depths of a few meters (Ericksen, 1981). Although many
aspects of the origin, formation, and migration of these unique salt ac-
cumulations in the Atacama Desert are not fully understood, the
following three sources of salts are assumed to dominate: (a) The
groundwater in the Atacama Desert is recharged in the Andes moun-
tains, carrying various ions depending on the substrate types (e.g.,
bedrocks, volcanic deposits, marine sediment) that have been leached
during transport (Rech et al.,, 2003; Pérez-Fodich et al., 2014). The
groundwater table is rarely close enough to the surface of the soils to be
directly affected by its evaporation. However, at those locations, such as
salars, where groundwater-related evaporites are formed they are
readily redistributed regionally by aeolian processes (Rech et al., 2003).
(b) Stratocumuli clouds developing over the Pacific Ocean carrying
dissolved chloride and sulfate ions intercept with the Coastal Range and
form advective fog that can migrate several tens of kilometers into the
central parts of the hyperarid desert. However, fog migration is limited
by the atmospheric inversion layer to altitudes below 1200 m above sea
level (a.s.l.) (Cereceda et al., 2008; Voigt et al., 2020). (c) Sulfate, ni-
trate, and perchlorate salts form in the atmosphere by lightning or
photochemical reactions and are deposited regionally by dry fall (e.g.,
Michalski et al., 2004).

The formation conditions of various sulfate minerals found in the
Atacama Desert are still under debate (Ewing et al., 2006; Voigt et al.,
2020; Ritterbach and Becker, 2020). Laboratory experiments have
shown that the temperature and water activity influence the hydration
phases of CaSOy, e.g., gypsum (CaSO4-2H,0) and anhydrite (CaSOy), the
latter mineral being thermodynamically preferred at high temperatures
and low water activities (Hardie, 1967). The metastable bassanite

Catena 206 (2021) 105531

(CaS04-0.5H20) can be formed by dehydration of gypsum at tempera-
tures above ~ 80 °C and low relative humidity (Seufert et al., 2009;
Ritterbach and Becker, 2020). The hyperarid condition causes incom-
plete salt dissolution and limited migration into the soil, which has been
shown to result in mass-dependent fractionation of sulfate 5*4S and §'%0
or chloride 5%7Cl isotopes with depth (Ewing et al., 2008; Amundson
et al., 2012). This isotope fractionation depends on the net direction of
the water flow and correspondingly, the inverse fractionation patterns
were observed in the Atacama Desert at locations where groundwater
evaporation dominates, such as salars (Finstad et al., 2016).

The prevalence of the extremely arid conditions for millions of years
in association with an exceptional salt accumulation led to patterned
grounds and the unique internal structuring of alluvial soils of the hy-
perarid Atacama Desert. These soils have been classified into five
distinct horizons (Ericksen, 1981) described in the following. The upper
10-30 cm thick unconsolidated horizon (chusca), often fractured
polygonal, consists of a desert pavement sitting on top of a loose, 1-5 cm
thick layer of mainly sand- to clay-sized material that covers a brittle and
porous 5-20 cm thick layer of vesicular texture largely composed of
gypsum and anhydrite; referred to as ‘vesicular layer’ previously
described by e.g., Owen et al. (2013). Frequently, on top of the vesicular
layer, submerged in the loose material, are hand-palm-sized patty- to
bowl-shaped ~ 5 cm thick aggregates of almost pure gypsum and
anhydrite, called losa. The chusca transitions sharply into a moderately
to firmly sulfate-cemented sandy to gravelly lithic sediment (costra). The
costra is frequently polygonated by vertical sand wedges that partially
extend through the entire horizon of roughly 2 m in thickness. The ho-
rizon below (caliche) is a firmly cemented nitrate-bearing layer of up to
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Fig. 1. Location of study area. a) overview map shows arid and hyperarid regions in South America (after Houston and Hartley 2003), black rectangle indicates study
region; b) topographic map of the study region located southeast of Antofagasta, in the southern part of the hyperarid core of the Atacama Desert (topography based
on ASTER DEM (USGS)), the black rectangle shows the study area; c) topographic map of the study site in the Yungay valley: three sites (HP, HM, HD) are located on
the southern slopes of the mountain Cerro Herradura and one (TD) on the northern slopes of the mountain Cerro de las Tetas, eye symbol with indicated angle of view
marks the position from which the photograph in d) was taken; d) panoramic photograph taken with an unmanned aerial vehicle at ~ 1400 m a.s.l. showing the
studied valley, covered by fog on 9 August 2019 8:22 AM, reaching the 1200 m a.s.l. threshold. All elevation values refer to sea level (a.s.l.).
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5 m in thickness, which has been mined in the region for over a century.
Further down lies either a salt-cemented regolith (conjelo) or a loose
uncemented regolith (coba). Due to local variations in morphology and
sedimentology the occurrence and development of these horizons can
differ substantially. For this study, we assumed that all soils are in
equilibrium with the hyperarid conditions (i.e., gypsum-anhydrite &
infiltration depth) that prevailed for millions of years. However, in the
context of global climate change and the recent increase of precipitation
in the region (Azua-Bustos et al., 2018), it is to be expected that the here
described soil structures are subject to change. The aim of this study is to
decipher the pedogenic processes acting under locally different envi-
ronmental conditions by using the distribution, hydration phases, and
isotopic fractionation of salts as geochemical proxies for the long-term
interactions of water within the soils. Therefore, we describe and
investigated four soil profiles along an elevation transect, which exhibits
e.g., different erosion rates and exposure to fog.

2. Sampling and methods
2.1. Study site selection and sampling

All investigated soils are located within a valley 60 km southeast of
Antofagasta, a region commonly known as the ‘Yungay area’, which we
here refer to as ‘Yungay valley’ (Yungay means “warm valley” in the
Quechua language). The Yungay valley crosses the Coastal Cordillera
from east to west and is confined by the mountains Cerro Herradura
(1439 m a.s.l.) to the North and by the Cerro de las Tetas (2333 m a.s.l.)
to the South (Fig. 1). Environmental data, collected over 4 years
(1994-1998) in the area, show mean annual precipitation < 2 mm atl
and a mean annual temperature of + 16 °C with a daily temperature
range of ~ 20 °C in the winter months and ~ 30 °C in the summer
months (McKay et al., 2003). In our study region rain originates in the
southwest over the Pacific Ocean (Houston and Hartley, 2003) and is
favored during El Nino years with increased sea surface temperature in
the eastern tropical Pacific (Bozkurt et al., 2016). This was the case in
the most recent rain event previous to our sampling in March 2015
(Jordan et al., 2015; Bozkurt et al., 2016). Over 30 mm of total rain
caused soil moistening over months, as well as surface overland run-off
on hillslopes, subsurface flow, and change in soil mineralogy in our
study region (Jordan et al. 2020; Pfeiffer et al., 2021). This rain event
was followed by a rain event with a similar magnitude in 2017, which is
discussed as a consequence of global climate change (Azua-Bustos et al.,
2018). Furthermore, fog is a more frequent water source in the Yungay
valley but being limited to < 1200 m a.s.l., which was also observed by
us during the 2018 and 2019 field campaign (Fig. 1d). Groundwater
evaporation affecting the soils in the Yungay valley is unlikely because
an abandoned mining well nearby was dry down to 40 m depth, and
even the lower elevated Salar Aguas Blancas (961 m a.s.l), 10 km to the
east of the study area, is currently not connected to the groundwater
aquifers (Artieda et al., 2015). Our four sampling locations were selected
for sampling along an elevation transect ranging from lower fog-affected
sites to higher non-fog-affected terrain. Three study sites are located on
the south-facing slope the Cerro Herradura, which are referred to as:
Herradura Proximal (HP) (1436 m a.s.l.), located close to the top of the
mountain; Herradura Medial (HM) (1217 m a.s.l.) located on the upper
mountain slope; and Herradura Distal (HD) (1005 m a.s.l.), located on
the lower mountain slope. The fourth site, Tetas Distal (TD) (1021 m a.s.
1.), was located on the lower north-facing slope of the Cerro de las Tetas
(Fig. 1; Tab. S1). The two lower sites (HD, TD) have been investigated
previously and the pits were still accessible (HD: Schulze-Makuch et al.,
2018; TD: Ewing et al., 2006, 2008; Sutter et al., 2007; Wilhelm et al.,
2017). The HD profile as well as the topmost 140 cm of the TD profile
corresponds to the hyperarid soil described by Ericksen (1981), while
the sediments below have been dated by argon isotope ratio of an ash
layer, showing that they are older than 2 Ma and presumably formed
under more humid conditions (Ewing et al., 2006). It was also shown
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that the upper soil layers are volumetric increasing due to atmospheric
salt and dust deposition and minimal fluvial erosion (Ewing et al., 2006).
Furthermore, a downward decrease of 5°*S and §'®0 was observed,
indicating an in-soil fractionation of sulfate S and O isotopes due to
downward directed meteoric water infiltration (Ewing et al., 2008).
These preexisting pits were excavated laterally > 30 cm to obtain fresh
samples, which have been analyzed for this study.

The other two pits, selected to be at elevations above (HP) or close to
(HM) the upper fog-boundary (~1200 m a.s.l.), were excavated for this
study during a field campaign in 2017. Soil samples were collected with
a hand shovel and a spatula at increments of 10 cm down to at least 1 m
depth for each pit. The exact sampling positions were chosen to repre-
sent the typical soil at each depth interval, especially avoiding the
sampling of the sand wedges.

2.2. X-ray diffraction (XRD)

Pristine soil samples were homogenized and ground manually to
powder for analyzing the bulk salt mineralogy. XRD analysis of crushed
soil samples was performed by using a powder diffractometer Empyrean
(Malvern Panalytical, Netherlands), at the Laboratory of Mineralogy at
the Freie Universitat Berlin, performing step scanning with a strip de-
tector measuring 255 steps simultaneously. The X-ray source is a Cu Ko
radiation (K-alphal = 1.540598 A, K-alpha2 = 1.54439 A) with a per-
formance of 40 kV and 40 mA. A step interval of 0.013 ° 20 with a step-
counting time of 20 s was used in a scanning range from 10 ° to 90 ° 20.
Finally, a semi-quantitative evaluation of all the results was conducted
with the software High Score (Malvern Panalytical, Netherlands) and the
PDF-2 (International Center for Diffraction Data, USA) database.

2.3. Soluble weight loss

50 to 150 g of pristine soil, depending on maximum grain size and
cementation, was leached in two steps to determine the weight percent
(wt%) of soluble salts in each sample. In the first step, one-liter deion-
ized water was used to leach the highly soluble salts and in the second
leaching procedure with multiple sequential leaching steps, 0.2 M hy-
drochloric acid (HCI) was added in amounts sufficient for a complete
dissolution of all salts including sulfates. To ensure this, 2 ml leachate of
each step was evaporated and checked for visible precipitants. After-
wards, the samples were dried and weighed again for determining the
weight loss related to the soluble fraction. Repeated measurements gave
a reproductivity of < 5% (n = 3) variation.

2.4. Ion chromatography

The leachates of the above-described method for soluble weight loss
were used to determine the concentration of sulfate (SOZ;Z), chloride
(CI), and nitrate (NO3). ClI" and NOj3 concentrations were solely deter-
mined on the water leachate. SOZ;2 was determined on water leachate
and the pooled HCl leachate, measured separately, and corrected for the
leachate solution quantity. The analysis was conducted by using capil-
lary electrophoresis (CE) chromatography 3D CE G1600A (Hewlett-
Packard, USA) at the Department of Soil Science of the Technische
Universitat Berlin. Carbonate ions are lost due to COz-degassing and
therefore carbonates cannot be measured with this method. Performing
the procedure several times on the same sample yields a variation in
reproducibility of < 10% (n = 3).

2.5. Stable isotope analysis

Isotope ratios measurements of sulfur and oxygen were performed on
sulfates. The isotope-ratio of 345 and 32s (53*S) are related to Vienna
Canyon Diablo Troilite (VCDT) and 80 and '°0 (6180) are related to
Vienna Standard Mean Ocean Water (VSMOW). Therefore, the water-
and HCl-leachates of each sample were pooled under consideration of
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the leached volume. Barium chloride was added to precipitate barium
sulfate (BaSO4). The precipitate was filtered, rinsed with Millipore
water, and dried at 70 °C for 3 days. Sample duplicates were weighed
into tin capsules and vanadium pentoxide (V20s5) was added as a catalyst
for 5%4S analysis. These capsules were combusted in a furnace operating
at 1000 °C with O, using a gas chromatograph, which separates SOy
from other combustion products. The pure SO, was then measured for
the 53*S values. For 880 analysis, solely BaSOy4 precipitate of taken
samples was weighed within silver capsules. Sulfate oxygen was con-
verted to CO by pyrolysis at 1400 °C. The 53*S and 5'0 measurements
were performed with a mass spectrometer MAT-253 (Thermo Fisher
Scientific, USA) combined with a Eurovector elemental analyzer
(HEKAtech, Germany) at the Institute of Geological Sciences, Freie
Universitat Berlin. The measured isotope values 5%*s and 5'%0 were
corrected and standardized based on an in-house sulfate (K,SO4) stan-
dard and international sulfate (BaSO4) standards NBS-127, IAEA-SO5
and -SO6 and sulfide (Ag,S) IAEA-S-1 and -2. Reproducibility of the
analyses is £0.3%o (2SD) for 5%S and +0.6%. (2SD) for 5'%0.

2.6. Rayleigh fractionation model

We applied the Rayleigh fractionation model, as described by Criss
(1999), to derive the fractionation effects for the case of downward
migration of sulfate solutions. The model describes the water transport
and precipitation of sulfate in each layer, which increases 5%4s and 5'%0
in the solid fraction compared to the remaining dissolved fraction.
Hence, for 534S (and similarly for 6180) in the dissolved (d) and the
cumulative solid (s) fractions at depth z the Rayleigh model in & notation
states that

8,8 (2) = (840™S () +1000) x f*~" — 1000 [%0] @

5>

— 1000 [%o). 2

3,834 (z) = (840534 (z) +1000) x 11 :j;

Equation (2) was derived from the mass balance equation
(1:(2) +fa(2) ) X 840534 (2) = fa(z) X 8aS3a (2) +£i(2) X 55854 (2), 3

by inserting 84(z) from equation (1) into equation (3) and rear-
ranging results. The dimensionless isotopic fractionation factor o is
defined as the ratio of the isotope ratios in the heavy (solid) to the light
(dissolved) fraction, i.e. a > 1, and which is related to the isotope
enrichment factor € (in %o) by

€

=—+1.
1000+ @

a

The process variable fin layer z is defined as the ratio of the dissolved
fraction fq remaining after precipitation to its total inventory,

fa(2)
Ja(@) +£(2)

where fy(z) is the layer-thickness (d)-weighted and normalized solid
fraction measured in layer z,

fla)= )

_d(2) x SO} ()
5 = > d(z) x SO (2)’ ©®

with SOF being the sulfate concentrations in mg/g, and

Ja(2) = fa(z = 1) = £i(2). )

We used isotope enrichment factors eg = 2.0%o for sulfur and eo =
3.3%o for oxygen (Van Driessche et al., 2016). We assumed that at the
beginning of the Rayleigh process the entire reservoir was present in
dissolved form, hence f = f4 = 1. In order to derive the initial values for
S%S (and similarly for 6}1,800) in the topmost layer, we calculate the
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layer-thickness- and concentration-averaged mean value from all layers,
with
_ Z:d(z) X 504(2) X §Samplr34S

34 0
Sa0™S = >.d(z) x S04(2) (o] ®)

where agg‘mples are the measured values, and SO7(z) the measured
concentrations. The corresponding &-values for layers z below the
topmost layer were calculated with equation (1) and further used as
input for z+1, e.g., 5:*S(z) = 840>*S(z +1).

3. Results

The investigated soils lie on slopes between 1005 and 1436 m a.s.1.,
increasing in steepness from distal (HD, TD) to proximal (HP) in relation
to the sediment source (Fig. 2a; Table S1). Weighted average stable
isotope values for each soil profile were calculated considering the
sampling interval and the sulfate content (Fig. 2b). It shows that the
highest elevated soil (HP) compared to the lowest (HD) contain sulfates
with 2.3%o higher 5**S values and 2.6%o lower 5'80 values. Comparing
the soils within a similar elevation on the Cerro de las Tetas slope (TD)
with the Cerro Herradura slope (HD) indicates variability in 534S values
of 1.5%o and 8'%0 values of 2%o, respectively. These relations of the
average isotope values are consistent, independent of the considered soil
depth (Fig. S1). Fig. 2c presents the total inventory of the measured
anions for each soil profile, calculated for a soil column with a surface
area of 1 m? and an estimated bulk soil density of 1000 kg m™>. All soils
accumulated high amounts of sulfates (> 200 kg m2), showing signs of
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Fig. 2. Bulk comparison for each soil profile (Tab. S1). a) elevation and hill
slope; b) total weighted average sulfate 5*S and §'®0 (For TD only values down
to 112 cm depth from Ewing et al., (2008) are considered, as values below are
inconsistent). These trends with soils depth are corroborated in the supplement
(Fig. S1); c) total nitrate, sulfate, and chloride inventory, except for TD where
only values < 140 cm depth are considered.
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salt-heave and -shattering, resulting in siliciclastic clasts embedded
within a sulfate-dominated matrix (e.g., Fig. S2d,e; Fig. S3b). Fig. 3a
shows the schematic build-up of all four soil profiles. The two soils at
highest elevation (HP, HM) shift at around 1 m depth into either un-
weathered shattered bedrock fragments of a few mm in diameter (HP)
(Fig. S2), or into large unweathered and angular intrusive rock-

anion concentration
[mg/g]
0.0 25 50 75 10 200 400

a) soil profile b)
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fragments (HM) (Fig. S3). Fluvial run-off occurs predominantly on
steep hillslopes, which recently has been recorded during heavy rain
events in 2015 and 2017. During these events, new run-off incisions and
small debris flows on the slopes of Cerro Herradura formed (Fig. S4). The
other two soils residing on top of inactive alluvial fans do not show
sedimentary indications of fluvial transport. However, they contain
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mostly well-rounded partially chemically weathered clasts deriving
from the alluvial deposits and partially embedded within a sulfate
cemented matrix (Fig. S5). At the TD site, the sediments below 1.4 m
depth graduate into fine-grained calcite-cemented paleosol containing
plant remains (Fig. S6).

A commonality to all soil surfaces is the 10-30 cm thick chusca ho-
rizon (Fig. 3¢; Fig. S3c). Losas are embedded within the chusca (Fig. S7),
can contain small amounts of anhydrite (Fig. 3). They are absent at HP
and only moderately developed at HM, but are ubiquitous and largest in
size at the two lower sites (HD, TD). The same trend applies to the degree
of ground patterning, which is characterized by soil segmentation into
sulfate-cemented polygons of a few meters in diameter. These polygons
are separated by downward-narrowing wedges of poorly cemented and
vertically layered sediments (Fig. 3; Fig. S5, S6). While polygonation is
absent at HP, these wedges become wider and deeper with decreasing
site-elevation and reach down to the costra or caliche horizons at HD and
TD, respectively.

The concentrations of chlorides and nitrates along the investigated
transect generally decrease from low to high elevations (Fig. 2c, Tab.
S1). Within each soil profile, the chlorides and nitrates are concentrated
at depth below 40-60 cm. However, we do not observe a significant
correlation between total soil sulfate concentration and site elevation
(Fig. 2c). Sulfates are the most abundant salt in all soils but show an
overall downward decrease in amount. Within each soil profile, sulfate
concentrations are the highest in the chusca horizon occurring in the
form of the vesicular layer (gypsum) and if present also as losas (gypsum
and minor anhydrite) (Fig. 3b, c). In the lower part of the HD profile,
highly soluble sulfates (glauberite and bloedite) accumulate, following
the trend of a downward increase in concentrations of the more soluble
salts (Fig. 3c). Within the costra horizon, gypsum transitions consistently
into anhydrite below half a meter depth. The anhydrite detected by XRD
was exclusively anhydrite-II (if not mentioned otherwise, we use the
term ‘anhydrite’ synonymously for ‘anhydrite-1I").

Our stable isotope data for the profiles HP, HM, and HD shows an
overall decrease in 5°%S and 5'%0 values with depth, being most prom-
inent within the first half meter; an observation made previously by
Ewing et al. (2008) for the TD profile (Fig. 3d). Applying our Rayleigh
model with a downward water flow results in a similar trend as the
measured values (Tab. S2), while modeling the inverse water flow re-
sults in an anti-correlation in comparison with the measured values
(Fig. S8).

4. Discussion
4.1. Elevation-related soil attributes

The HD and TD soil profiles located on inactive alluvial fan deposits
correspond well to the hyperarid soil type described by Ericksen (1981).
Due to the gentle slope and porous chusca horizon surface, rainwater
usually infiltrates entirely into the subsurface (Pfeiffer et al., 2021; Sager
et al., 2021). As a result of minimal erosion, the accumulation of salts
results in a net deposition (Ewing et al., 2006). The two upper soils (HP,
HM) are less mature, exhibiting only little developed polygons and little
to no losas. Furthermore, the rapid transition into poorly weathered
bedrock and the occasional fluvial run-off on higher elevated steeper
sloped surfaces is consistent with these sites being subject to net erosion
as proposed previously (Placzek et al., 2010). However, the erosional
rates are sufficiently low for allowing the accumulation of substantial
amounts of salts through atmospheric deposition, mainly sulfates.
Although the absence of the surface-near losas at the HP site might
reflect an elevated erosion rate, we cannot exclude that their formation
required frequent moisturization by fog, which does not reach the upper
sites. The sulfate-rich vesicular layer is ubiquitous in the study area and
of a similar extent at all sites (Fig. 3a), indicating a relatively rapid
formation independent of elevation and sedimentary setting. These ob-
servations are consistent with a formation mechanism of the vesicular
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layer mediated through repetitive eolian input of clays and salts as well
as little rainwater infiltration and evaporation; a formation process also
proposed for the analogous carbonate-rich vesicular layer found in the
arid soils of the Mojave Desert, North America (McFadden et al., 1998;
Anderson et al., 2002). In the case of the hyperarid Atacama Desert the
cooccurring salt dissolution and reprecipitation, as well as hydration
and dehydration of sulfates can play an important role in the formation
of vesicular structure (Pfeiffer et al., 2021).

Furthermore, both upper profiles (HP, HM) contain fewer amounts of
the highly soluble nitrates and chlorides (Fig. 2c), even though we
cannot preclude a higher abundance of nitrates and chlorides at greater
depth. However, we assume this not to be the case because of the rapidly
decreasing total salt content and pore space at both sites. Consequently,
the lower amounts of these salts can be either due to lower input or
higher output rates. Nitrates, which are formed in the atmosphere
(Michalski et al., 2004; Ewing et al., 2007) and assumed to be initially
deposited homogeneously without significant elevation-dependent
input rate variations, would therefore need to be subject to higher
output rates at the upper sites. In contrast, the major sources of chlorides
in the region are basin-associated salars connected to the groundwater
(Pérez-Fodich et al., 2014) and ocean-derived fog (Voigt et al., 2020).
Thus, we cannot exclude that the decrease in chlorides with increasing
elevation is related to lower input rates. We conclude that downslope
aqueous wash-out and a subsurface migration are responsible for the
lower concentrations of nitrates and perhaps also chlorides in the upper
soils (HP, HM) in comparison to the lower soils (HD, TD) (Fig. 4). Over
time, the highly soluble salts accumulate within the flat alluvial fans,
which, under more humid climate conditions, would be washed out or in
the case of nitrates could be metabolized by microorganisms. The less
soluble sulfates are similarly abundant in all four soils indicating that the
little precipitation is only able to wash-out and transport downhill the
most soluble salts.

The weighted average 53*S values of all the sulfates present within
each of the four soil profiles range from 3.7 to 7.6%o (Fig. 2b), indicate a
dominantly volcanic sulfur source (0-5%c) (Rech et al., 2003). The
values from the higher elevated sites (HP, HM) being slightly above the
volcanic isotope values points to an additional source of heavier sulfur.
Although marine-derived fog contains heavy sulfates (534S ~ 21%), we
consider this source to be irrelevant, since the fog only reaches the lower
sites (HD, TD). However, we cannot exclude that the pattern of fog
migration has changed through time. Alternatively, it is conceivable that
beyond the in-soil vertical isotopic fractionation a long-distance down-
slope isotopic fractionation occurred over geological timescales. Con-
trary to the 534S values, the weighted average 5!%0 values, ranging from
2.0 to 7.5%o, are lower at the higher elevated sites (HP, HM). The higher
5180 values at the lower sites (HD, TD) could indicate an exchange of
oxygen between sulfate and water, a process that causes strong isotopic
fractionation of up to 31%o but occurs at a slow rate of 10° years at 25 °C
(Lloyd, 1968; Zeebe, 2010). We assume that the lower sites (HD, TD) are
subject to longer wetting periods, because of their larger catchment area
and enhanced infiltration capacity. This would explain why they exhibit
higher 5180 values compared to the upper sites (HP, HM). However,
these elevation-dependent isotopic trends and their causes warrant
further investigation.

4.2. Water-soil interactions

Our individual soil profile data indicates that water-soil interactions
in our study area are dominated by short-distance downward rainwater
infiltration, independent of elevation and sedimentological setting. The
downward increase of the salt solubility reflects the dominant direction
and reach of water flow since the Pleistocene (Ewing et al., 2006).
Furthermore, all profiles show a systematic decrease of §>*S and §!%0
sulfate values to at least a depth of 40 cm, as was observed by Ewing
et al. (2008) for the TD profile, which is consistent with a Rayleigh
fractionation resulting from sulfate precipitating out of downward
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Although, the modeled and measured §°*S and §'%0 data show a
similar downward trend of decreasing values, we find the following two
main deviations: (1) Within the upper half meter the measured values
decrease more rapidly than the modeled data. (2) Below half a meter the
measured values decrease only a little or even increase with depth.
These discrepancies indicate that the here used simple Rayleigh model
can only replicate the general trend of isotopic distribution within the
soils. Hence, the processes controlling isotope fractionation in the nat-
ural environment are more complex and could include the following
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Fig. 4. Sketch of salt input and distribution
within the Yungay valley. SO and NO3 are
brought into the system homogeneously by
dry fall-out, eolian dust, or rain. Cl" is more
limited to lower elevations as the source is
mainly the ocean, distributed by fog and
eolian dust or saline groundwater, also
redistributed by eolian dust. Once in the soil,
salts can be redistributed again. Rare rain
events lead to downward in-soil salt trans-
port. However, there are indications on rare
fluvial run-off and downslope transport, due
to steeper hill slopes at HP and HM. All three
transport mechanisms lead to incomplete
leaching of the salts, causing a fractionation
of salts by solubility, within the soil column
as well as along the investigated transect.
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aspects: the presence of soluble salts in the lower soil layers elevates the
salinity during CaSO4 precipitation, which is known to influence isotope
fractionation (Van Driessche et al., 2016). The porous and permeable
chusca horizon is most frequently exposed to meteoric water and
therefore is the most dynamic horizon, which could explain why
measured isotopic fractionation is stronger than seen in the modeled
data. This upper soil horizon is also affected by salt efflorescence after
rain events and through artificial rain experiments (Sager et al., 2021;
Pfeiffer et al., 2021), which indicates more complex water pathways at
the surface than dominant downward migration, influencing potentially
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Fig. 5. Correlation between %S and 680 for each soil profile. Values for TD site from Ewing et al. (2008). The linear regressions are plotted for the values above
(solid/filled) and below (dashed/void) 50 cm depth. The equations for the linear regressions as well as the corresponding coefficient of determination R? are given for
each profile: entire profile (yg), values above 50 cm depth (y.s0), and values below 50 cm depth (y-s0).
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also the isotopic fractionation. Furthermore, rainwater infiltration is not
homogeneous and is most intense along the sand wedges (Owen et al.,
2013), presumably affecting the lateral isotope pattern. The deviation of
the modeled versus measured data in the lower soil layers, especially the
bottom value, likely relates to sulfate migration not terminating at the
bottom of the considered depth as assumed in our model.

Under ideal conditions isotope fractionation of a single sulfate source
should result in a systematic correlation of the §>*S and 5120 values that
reflect the ratio of the enrichment factors (ep/es = 1.7 + 0.3%o0) (Van
Driessche et al., 2016). Fig. 5 shows the correlation between 5°4s and
580 values and their coefficient of determination (R?) for each soil
profile. Additionally, this data was divided into the upper 50 cm, which
is dominated by gypsum and the lower section, which is dominated by
anhydrite and the occurrence of more soluble salts. This correlation is
highly significant for the upper profiles HP and HM with R? values > 0.9
independent of the considered soil depth. Equally significant is the
correlation for the upper 50 cm of the HD profile, while the lower section
shows an inverse correlation with an R? value of 0.51. At the TD site
from Ewing et al. (2008) the correlation is moderately independent of
the considered soil depth.

The values of the two upper soil profiles (HP, HM) follow this trend
(i.e., the slope) with high significance independently of the considered
soil depth (Fig. 5). This supports the assumption that these soils have
only a single sulfate source entering from the top, which is consistent
with an erosive soil.

Although we find the same systematic correlations of the 534S and
5180 values at the HD site in the upper half meter, below we observe an
anticorrelation between the §°*S and 580 values. This change in isotope
pattern might result from a change in fractionation due to the presence
of highly soluble sulfates (in the case of HD glauberite and bloedite),
which presumably have a different fractionation factor (Seal et al.,
2000) or it could be due to long-term oxygen exchange with water
causing an isotopic fractionation as described in section 4.1. At the TD
site, the correlations of the 5%S and 5'80 values are slightly lower (R? ~
0.8) and have a different ep/es value of 0.7 (Fig. 5). This difference
might be due to the varying sediment source (Cerro de las Tetas) and/or
resulted from the interaction with groundwater in the past (> 2 Ma),
during arid conditions.

4.3. Gypsum vs. anhydrite

The occurrence of anhydrite in the region has been interpreted as an
indicator for long-term hyperaridity (Ewing et al., 2006; Voigt et al.,
2020). Ewing et al. (2006) have interpreted that the lower anhydrite-
dominated soil at the TD site is caused by the low mean soil relative
humidity, reported to be only 20% (Azua-Bustos et al., 2018), while the
upper gypsum-dominated soil is subject to enhanced and more frequent
wetting and hydration. More recently, Voigt et al. (2020) have shown in
the Atacama Desert a correlation between the regional aridity and the
occurrences of anhydrite and gypsum within surface-near soils (< 40 cm
depth) located between 25 °S and 19 °S latitudes, where anhydrite
dominated in the northern, most arid regions. Other studies have found
a shift of hydration phases of near-surface calcium sulfates after the
extreme rain event in 2015 (e.g., Schulze-Makuch et al., 2018; Pfeiffer
et al., 2021). Considering the proposed dehydration of gypsum after a
rain event by high surface temperatures reaching 60 °C, Pfeiffer et al.
(2021) concluded that the uppermost chusca horizon is subject to rapid
dehydration-hydration cycles. In the context of our findings, we propose
that the formation of anhydrite within the shallow chusca horizon relies
on high temperatures, while the systematic transition from gypsum to
anhydrite within the costra horizon at ~ 50 cm depth (Fig. 3c) is related
to the presence of nitrates and/or chlorides and only indirectly linked to
aridity. The interrelation is based on the following reasons:

Initial atmospheric sulfate deposition is dominated by gypsum
because anhydrite formation is kinetically hindered under conditions of
rapid rainwater evaporation (Freyer and Voigt, 2003). Thus, the
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gypsum-anhydrite transformation must occur post-depositional through
either dry dehydration or gypsum-dissolution followed by slow
anhydrite-crystallization. Laboratory experiments, performed over
several months, could only show dry dehydration of gypsum to occur
above 85 °C forming bassanite (CaS04-0.5H20) and anhydrite-III
(CaSOy4) (Seufert et al., 2009). A more recent study from Ritterbach
and Becker (2020) could demonstrate that the dehydration of gypsum to
bassanite can occur already at 76 °C for an experiment duration of 60 h.
However, such high temperatures do not typically occur in our study
region (McKay et al., 2003) and we did not detect any bassanite or
anhydrite-III within the chusca, which lets us conclude that dry dehy-
dration does not play a significant role in the formation of anhydrite.
However, the formation of anhydrite from a saturated CaSO4 solution
through slow precipitation can occur already at temperatures above 42
+ 2 °C (Charola et al., 2007). Temperatures as high as that have been
recorded in 10 cm depth close to our study site, after a rain experiment
when the soil moisture still reached 100%, indicating the presence of
liquid water (Sager et al., 2021). Considering that these temperatures
can be reached at shallow depth and that rainwater can dampen the soil
at 10-30 cm depth for months (Schulze-Makuch et al., 2018; Sager et al.,
2021; Jordan et al., 2020), we assume that the formation of anhydrite in
the chusca horizon can occur through precipitation out of solar-heated
water after a rain event with retention time of several months. At
depths below 50 cm, the temperatures remain too low for this process to
occur. However, if highly soluble salts are additionally present that
reduce the water activity of the solution, the formation of anhydrite can
occur at lower temperatures, e.g., at 22 °C in saturated sodium chloride
solution based on thermodynamic calculations and laboratory experi-
ments (Hardie, 1967; Freyer and Voigt, 2003). This causal connection
between electrolyte-presence and anhydrite formation is supported by
the occurrence of anhydrite in saline environments such as supratidal
salt flats (sabkhas) (Wilson et al., 2012); environments that are not
hyperarid but rather hot and more humid. The electrolyte-dependent
anhydrite formation process is also supported by the finding of May
et al. (2019) in other parts of the hyperarid Atacama Desert, where
gypsum dominates at the surface and anhydrite in the subsurface
accompanied by halite and nitratine. Hence, in the Atacama Desert, the
presence of anhydrite is indirectly linked to the ambient aridity medi-
ated through the accumulation of nitrates and chlorides in these hill-
slope soils, which only occurs under hyperarid conditions.

4.4. Soil habitability & Mars analogy

It is essential to understand the role that water played in assessing
the habitability, which can be studied using stable isotope and miner-
alogical proxies. In the last two decades the habitability of the hyperarid
Atacama Desert has been studied intensively showing the presence of
islands of microbial communities, so-called microhabitats (e.g., Warren-
Rhodes et al., 2006; Davila & Schulze-Makuch et al., 2016; Huang et al.,
2020; Schulze-Makuch et al., 2021). Microhabitats near the soil surface
such as hypolithic microenvironments retaining morning dew (Warren-
Rhodes et al., 2006) and salt nodules attracting water vapor through
hygroscopic effects, are closely linked to the ambient conditions.
Schulze-Makuch et al. (2018) could show for the first-time microbial
activity within the chusca horizon (in 20-30 cm depth) after a rain event.
More challenging is the assessment of even deeper and highly cemented
subsurface microenvironments where habitability is influenced by
numerous and partially difficult to measure soil properties, like pore
space, substrate composition, and salt concentrations at small spatial
scales, in addition to water activity. Hence, if microbial activity occurs it
can affect soil processes. Recent studies suggest that the plant Heli-
anthemum squamatum common in Mediterranean climate (Palacio et al.,
2014), and cyanobacteria collected from the Atacama Desert (Huang
et al., 2020) are able to induce the liberation of the crystal water from
gypsum, perhaps for their own usage. Microbial activity is likely also
affecting stable isotope ratios as indicated by a soil phosphate study
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conducted in the Atacama Desert, which suggests that the §'%0 isotope
ratio of phosphates can be used as a long-term proxy for microbial ac-
tivity. Microbes shift the phosphate pool of the Atacama Desert soil from
an authigenic bedrock to a biogenic dominated pool and thereby
incorporate the §!0 of the rainwater in the phosphates. However, this
proxy seems to be limited to regions with > 10 mm of annual water
precipitation (Shen et al., 2020). In addition, the same study provided
indications for microorganisms making use of the gypsum hydration
water, as the phosphate 5'0 values were higher than the theoretical
meteoric water values, which could be explained by the fractionation of
water 880 during hydration of anhydrite to gypsum. Hence, it cannot be
ruled out that such biologically mediated anhydrite formation also
played a role in the past during more humid episodes in the here studied
soils and perhaps still does.

Mars used to be home to rivers and lakes but transitioned early in its
natural history into a hyperarid and cold planet (Schulze-Makuch and
Irwin, 2018). During this desertification process, vast amounts of sul-
fates were deposited, which have been detected globally by satellite-
based remote sensing (e.g. Murchie et al., 2009; Wray et al., 2010)
and in-situ by the Curiosity Rover in various hydration phases (gypsum,
bassanite, anhydrite) (Vaniman et al., 2018). Their formation has been
proposed to have occurred at low temperatures (< 50 °C) in presence of
highly soluble salts causing incomplete hydration during precipitation,
which are very similar conditions acting on the here investigated soils in
the Atacama Desert. Beyond using sulfate hydration phases as an aridity
proxy, the hydration and dehydration of sulfate minerals could have
served as a water reservoir for putative Martian subsurface microor-
ganisms and may still do so. Therefore, further investigations are war-
ranted on the usage of crystal water for microbes in analog environments
and ultimately on Mars.

5. Conclusion

The soils along the elevation transect within the hyperarid Yungay
valley, Atacama Desert, show depth-related salt separation and
measured as well as modeled sulfate §°*S and §'80 distribution, indi-
cating a common water-soil interaction of incomplete salt transport by
infiltrating rainwater. However, the degree of soil development and the
amount of soluble salts decrease with elevation, which could result from
higher erosion rates at greater elevation or a change of salt input pattern
within the study area. This is also supported by the isotopic data we
obtained. The investigated anhydrite occurrences at shallow depth are
presumably a result of infiltrating rainwater, which can remain in the
soil for months, followed by slow precipitation in the shallow moist soil
heated by solar radiation. Due to the lack of high temperatures at greater
depth anhydrite can only form if highly soluble salts such as nitrates or
chlorides are present. Hence, our findings are important for correctly
applying the geochemical proxies for long-term environmental condi-
tions and habitability of extremely dry soils on Earth, and also for
extraterrestrial analogs.
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