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Abstract
The research presented here is aimed at evaluating the past and present
habitability of Mars and the implications for whether or not life could have
developed and evolved to persist on Mars. This work is motivated by the
similarities in formation of Earth and Mars as well indications of large quantities
of liquid water early in Mars’ history. Evidence presented from a direct
measurement of Mars through the soluble chemistry of the Tissint meteorite
suggests that the conditions necessary to form prebiotic molecules in
hydrothermal fluids was present on Mars in the recent past. This work also
presents evidence for the persistence of subsurface microbial habitats in some of
the most arid locations on Earth, suggesting a mechanism for preservation of life
during the prolonged aridification of Mars. The availability of stable liquid water
on the surface or in the subsurface remains one the biggest challenges for the
persistence of life on Mars. This work evaluates water track features in
Antarctica as analogues to recurring slope lineae (RSL) on Mars to evaluate the
potential for RSL to be formed by stabilized liquid water in the form of brines.
Finally, this work addresses how different environments on Earth can be related
to different epochs of Mars and how the soluble chemistry of these environments
can be used to inform the search for habitable environments on Mars.
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1. Introduction and Background
Early Martian history is similar to early Earth history, with planetary
formation occurring approximately 4.5 billion years ago and beginning with a
period of heavy bombardment. Despite formation processes that produced
planets of similar sizes and chemical composition, the subsequent evolution of the
two planets differed markedly.

During the early solar system, when planet

formation was ongoing, both Mars and Earth were subject to intense meteoritic
bombardment and had surface conditions dominated by volcanism, anoxic
atmospheres, and violent geologic activity1. During this period on Earth, the first
living organisms emerged,2 and over the course of billions of years evolved to fill
every environment, and subsequently altered both the atmosphere and surface
chemistry of Earth.
While life was emerging on Earth, the Martian climate varied due to a
combination of obliquity fluctuations, volcanic activity, and meteoritic
impacts.1,3,4 Mineralogical evidence across the surface of Mars suggests that the
environment sustained liquid water and hydrothermal activity, and that the present
state is the result of prolonged aridification processes.5–8 However, if the
conditions on early Mars were similar to those on early Earth, and life was
capable of emerging and evolving on Earth, it is plausible that life began on Mars,
and evolved over time to adapt to the changing Martian conditions. The work
presented herein tests this hypothesis by evaluating the ability of terrestrial Mars
analogues with increasing and prolonged aridity to support evolution and sustain
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life, as well as the ability of the current Martian surface to support stable liquid
water.
Due to the similarities in the early histories of both Mars and Earth evidence
for the emergence of life on Mars, or the lack thereof despite the existence of a
habitable environment, will provide important insights into the conditions
required for life to develop. In 2000, the Mars Exploration Program Analysis
Group (MEPAG) was established to define a set of priorities for the future
exploration of Mars. Among the primary goals established by this committee
was to determine if life ever arose on Mars through the characterization of the
planet’s past and present habitability.9–11

1.1 Martian Geological History
Martian geological history is divided into three epochs; the Noachian,
Hesparian, and Amazonian. The Noachian epoch extends from shortly after the
formation of Mars approximately 4.5 Gyr until 3.7 Gyr ago and is characterized
by the highest rates of valley formation, cratering, and erosion.1,12,13 During this
time Mars may have maintained a weak magnetic field,14,15 denser atmosphere,
and a wetter climate than later epochs,6,13 evidenced by aqueous availability
sufficient to generate large valley networks.16–18 These conditions include some
of the most habitable conditions in Mars’ history,12 and if life ever developed, it
was likely during these first billion years.
The Hesperian epoch extended from the end of the Noachian 3.7 Gyr ago
until approximately 3 Gyr ago and is characterized by reduced weathering rates,
extensive volcanism, and episodic aqueous alteration that resulted in channel
2

outflows, canyons, and sulfate deposits.1,4,19–21 The drastic reduction in erosion
and valley formation during the Hesparian indicates that the climatic conditions
during this period did not favor aqueous alteration in the same way as the
Noachian epoch and was instead dominated by groundwater flows and subsurface
hydrothermal systems.5,20,22

If life ever emerged on Mars, this period would

have provided the environmental changes that prompted evolution or preservation
of indigenous species into the Amazonian.
The Amazonian epoch is the longest geologic period on Mars extending
from 3 Gyr ago to the present. The Amazonian is largely characterized by an
extreme reduction in volcanism, aqueous activity, and weathering rates.1,5,23 The
primary alteration occurring during this period is the result of aeolian processes
and obliquity variations.3 This prolonged period of inactivity characterizes the
harshest conditions for potential life and the preservation of biosignatures.
During this period the atmosphere was greatly reduced, resulting in a larger flux
of radiation to the surface and highly oxidizing conditions. Any organisms or
biosignatures that existed on the surface during the Hesparian were likely
destroyed over the 3 billion year history of the Amazonian, constraining our
search for life and biosignatures on Mars to the subsurface.

1.2 Search for Habitable Environments on Mars
The Viking Landers in the 1970s were the first missions to search for signs of
life and habitability on Mars.24

All the experiments on board the two Viking

Landers failed to detect conclusive signs of life, and contrary to expectations, also
failed to detect any indigenous organic molecules.25–30 The next attempt to
3

address the question of habitability on Mars was the Phoenix mission which
analyzed the soil in the northern plains.31 Results from the Phoenix Lander
provided visual evidence of subsurface water ice and determined that the soil
composition in the northern plains is carbonate buffered with salinity levels well
within the habitable range of known microorganisms on Earth.32–36 The soils
analyzed by the Phoenix lander are considered to have the highest habitability
potential of any Martian site.37
One of the more surprising results from the WCL analysis on Phoenix was
the detection of large concentrations of perchlorate within the Martian soil.38
The presence of perchlorate has since been determined to be the cause of many of
the results of the Viking Lander, and the primary oxidant responsible for the
difficulty in confirming the presence of organic molecules on the surface of
Mars.39,40 Additionally, perchlorate has subsequently been confirmed in the
equatorial regions 41,42 and the global distribution of chlorine,43 accompanied be
evidence that chlorine is oxidized to perchlorate under ambient Martian
conditions,44 has led to hypothesis that perchlorate is present across the surface of
Mars.45 Despite our limited ability to detect organic molecules due to the
potentially ubiquitous presence of perchlorate, indications of a once habitable
environment are found in the geological record of ancient terrains on Mars.46

1.3 Mars Analogue Environments
The costly and technologically challenging nature of missions to the Martian
surface limits the number and frequency of in situ investigations. In order to
maximize the utility of in situ missions, terrestrial studies that inform our
4

understanding of the limits of habitable environments and their potential to
support life should first be conducted. This is accomplished by identifying key
features of the Martian surface, and characterizing similar terrestrial
environments. In doing so, more in depth studies can be conducted to describe
the effects of the physical and chemical properties of extreme environments on
the primary drivers of habitability and preservation potential.
Mars analogue environments are typically defined as locations which share a
specific process and/or property with Mars. Since the composition of Mars and
Earth are similar in both chemistry and geologic features, there exist
environments on Earth that are used to examine processes that occur on Mars in
order to understand what effect it may have on the physical or chemical
environments. The analogue environments that relate to the habitability of Mars,
and the work contained in this dissertation, are located in remote arid and hyperarid deserts where the influence of water and living organisms are minimized. The
distribution of soluble salts, and the extent of their oxidation, affects the ability of
arid environments to support liquid water and life.47 The Mars analogues
addressed in this study will be limited to soil chemistry, how it is affected by local
climate conditions, and how it affects the ability of an environment to host and
preserve evidence of life.

5

2. Methods and Materials
All measurements were made using a Dionex Ion Chromatagraphy System 2000.
Details regarding the performance and analytical metrics relevant to the work
performed in this dissertation can be found in Appendix 1.

2.1 Soil leaching Parameters
2.2.1 Leaching Vessel
When preparing soils for leaching, interaction between the leaching vessel
and leachate must be considered as glass vials and beakers may exhibit ion
exchange properties. This can alter the composition of cations within the sample
solution, independent of the properties of the natural system. This is primarily
the case for sodium ions and resulted in poor, inconsistent calibrations and higher
limits of detection (Figure 1). As such, plastic vials were used when analyzing
inorganic ions in order to reduce error and improve analytical metrics.

6

Figure 1: Regression statistics for sodium standards prepared in (a) plastic and
(b) glass scintillation vials. Erratic peak areas associated with preparation of
sodium standards in glass scintillation vials are the result of ion exchange
between Na+ and the vial walls.
7

2.2.1 Leaching Ratio
Soil salinity is commonly measured from the preparation of a saturated paste, but
this method is highly susceptible to variations between analyses due to the
qualitative nature of the procedure48 and the low mass to volume leaching ratios
require large sample sizes, which may be difficult to obtain when sample size is
limited. For highly saline soils, ratios (g:mL) from 1:1 to 1:10 have also been
proposed,49–52 but the effect of these ratios was evaluated for determination of
electrical conductivity (EC) in comparison to that of saturated pastes only. These
parameters are sufficient if the study is only interested in the general salinity, but
not the specific ions present. To assess the effect of different leaching ratios on
the analysis of primary anions, three different leaching ratios (1:5, 1:10, and 1:25)
across 35 samples were prepared and analyzed for EC and specific ion content
using IC. The details of sample preparation are listed in Table 1. Leachate was
filtered using 0.2 µm PTFE syringe filter and analyzed by IC with the conditions
listed in Table 2.

8
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Table 1: Ion chromatography method parameters for determination of soil
leaching parameters

In most samples nitrate, chloride, and perchlorate leaching increased
proportionally with leaching ratio, and no difference in final concentrations were
observed, regardless of the chosen ratio (Figure 2). However, in the case of
sulfate, as leaching ratio increased the relative proportion of ion released from the
soil also increased. This is in agreement with previous works which report
difficulty in comparing EC measurements in gypsiferous soils.50,53 Larger
leaching ratios favor dissolution of more sparingly soluble salts, such as gypsum,
and therefore alter the observed ionic ratios from those present under natural
conditions. However, since precipitation in arid and hyper-arid regions is on the
order of mm/yr or less, reproducing the conditions under which natural ion
leaching occurs in these soils is impractical at best.

10

Figure 2: Comparison of measured concentration in ppm in the solid sample
when prepared as 1:5 (purple), 1:10 (blue), and 1:25 (orange) leaching ratios.

Instead, a more valuable measure is one that can be repeated consistently
between samples, allows for flexibility in the required sample mass, and
maximizes the leaching of trace ions within the soil. Because lower leaching
ratios tend to favor more soluble components rather than simply more
concentrated components, by using a lower leaching ratio, highly soluble trace
ions can be released from soils whereas larger leaching ratios will favor release of
trace amounts of less soluble ions. Additional consideration must be given to the
method of analysis post-leach. In the case of analysis by IC, final sample EC
should be in the range of 50-100 µS/cm. Therefore, the effect of the chosen mass
11

to volume ratio on the final EC must be considered, as excessive dilution of a
leached sample may reduce the concentration of trace ions to below the detection
limit.

2.2.1 Leaching Time
To evaluate the effectiveness of a one hour leach to measure the
concentration of ions in the solid sample, sequential leaches at a 1:10 ratio for 1
hour were prepared and analyzed for primary soluble anions. Two sequential
leaches were prepared for 8 soil samples. The details of sample preparation are
shown in Table 3.

Table 2: Mass, recovered volume, conductivity, and dilution factors used in
preparation of sequential leaches of soil. All samples were initially leached at a
1:10 ratio for 1 hr in 18 MΩ water with gentle stirring. Dilutions were used to
reduce the conductivity of the samples prior to analysis by IC and prevent column
overloading.
Leachate was filtered and analyzed by IC with the conditions listed in Table 2.
Because it was not practical to remove all the leachate between the initial leach
and the second leach, some residual ions were expected to be present in the leach,
equivalent to ~9% of the initially leached ion, based on the volume of leachate
carried over from leach 1 to leach 2.
12

Figure 3: Comparison of measured concentration in a sequential leach (blue) and
the expected concentration in the leach based on the carryover from the initial
leach (orange). Red dotted line indicates the detection limit.
Figure 3 shows the measured ion concentration in leach 2 vs the expected
concentrations based on residual leach volume. For the most soluble ion,
perchlorate, all measured values fell within the expected range, and for both
nitrate and chloride most samples fell within the expected range excepting one
sample for both nitrate and chloride for which the measured value exceeded the
expected range. Sulfate values were consistently higher than expected based on
carry over from one leach to the next, however, this is not surprising as these
measurements are from gypsum saturated soils. In cases were changes in ionic
content between samples, rather than total ionic content, is investigated, these
results indicate that a 1 hour leach is typically sufficient to dissolve soluble ions.
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3. Evidence of Indigenous Hydrothermal Fluid Inclusions in the
Tissint Mars Meteorite
3.1 Introduction
The Tissint meteorite was observed falling over the southern border of
Morocco on July 11, 2012 and collected within months of landing on Earth. 57
Isotopic measurements of gases trapped within Tissint show that the meteorite
was ejected from the surface of Mars approximately 0.7 Mya from crustal
material formed approximately 600 Mya.56 Meteorites ejected from Mars are the
only samples of Mars that are available for study on Earth. These meteorites
allow for more in depth studies of Mars than are currently possible with in situ
analysis or remote sensing.

When surface material is ejected due to a large

impact event, evidence from the entrained chemistry is preserved and can provide
insights into the conditions on the surface at the time of crystallization.
However, prolonged terrestrial residence times prior to recovery of meteorites
often casts doubt on the origins of these features. The fortuitous nature of
collecting an observed fall Martian meteorite provides the scientific community
with a rare opportunity to evaluate a minimally contaminated specimen of
Martian material.
Elemental analysis of the freshly recovered Tissint meteorite revealed a
heterogeneous structure that included high concentrations of volatile elements
within impact melt veins.57–61 Several hypotheses were developed to explain
this:
14

1. regolith derived components introduced in the absence of fluids58
2. hydrothermal fluid inclusions resulting in oxidation and precipitation
of soluble material57,61–63
3. terrestrial contamination from the interaction of desert sand and dew
during Tissint’s residence in the hot desert environment64
In order to evaluate these hypotheses and address the origin of these
components, the soluble portion of the Tissint meteorite was analyzed within the
context of the terrestrial environment from which it was recovered.

3.2 Methods
Meteorite Analysis
The analyzed sample consisted of a single 4.0 ± 0.1 g portion of the
Tissint meteorite cut from BM.2012.M3, a larger 25g fragment collected from
approximately 29 28.927’N, 7 36.674’ W and held in the collection at the British
Museum. The supplied 4.0 g piece contained a small portion of fusion crust on
one side (Figure 4).

Figure 4: Image of the 4.0g portion of the Tissint meteorite provided by the
British museum for this study. The red line marks the location of the cut for the
initial leached portion (A)
15

Approximately 1.0 g of this sample was cleaved with rock pliers as far from the
fusion crust as possible and ground to a powder in an agate mortar and pestle.
The meteorite powder was leached in 18.2 MΩ water at a ratio of 1:10 for 1 hour
with gentle rocking. The leachate was removed and filtered through a sterile 0.2
µm syringe filter prior to analysis by ion chromatography with conductivity
detection for anions, cations and perchlorate, using the conditions specified in
Table 4.

Table 3: Ion chromatography method parameters for analysis of the Tissint
meteorite and strewn field samples. *suppressor current was set to 100 mA for
strewn field analysis.
A second 1.0 g portion from closer to the fusion crust was cut ground and leached
in the same manner for outside analysis using IC-MS. Approximately 2 mL of
the leachate from this second analysis was retained and analyzed for perchlorate
under the same conditions as the first.
Matrix interference and recovery experiments for perchlorate were
performed on previously leached portions of EETA 79001 powder. Three
16

concentrations of perchlorate were tested: 50 ppb, 75 ppb, and 100 ppb. Samples
were prepared by mixing 1.0 g of powdered and leached EETA 79001 with 1 mL
of a 50, 75, and 100 ppb solution prepared from a 1000 ppb stock, 5 mL of 18
MΩ water was added to each vial and mixed with constant stirring for 24 hours.
The samples were then removed and dried in a glass dish at 80°C for 24 hours.
The ‘innoculated’ samples were pulverized in an agate mortar and pestle and
leached in 18 MΩ water with gentle rocking for 1 hr prior to filtration and IC
analysis. Concentrations of the original spiking solution fell within the error of
the recovered concentrations and are shown in Figure 5.

Figure 5: Comparison of the initial concentration of the spiked solution as
measured by IC, and the concentration recovered after inoculation and leaching
from EETA 79001 powder
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Strewn Field Analysis
The sample site encompasses a radius of ~6 km centered around
29°29'41.29"N, 07°34'50.50"W.57 Sites were chosen in flat surfaced highs
without signs of vegetation or foot traffic. Specific locations are shown in Figure
6. At each site two pits were dug to a depth of ~20 cm where a hardpan layer of
caliche was encountered; pits were dug such that one was taken from an area with
substantial desert pavement, and a second from a nearby area without substantial
pavement if present. Samples were collected from the surface just under the
desert pavement down to 5 cm and a second from a depth of 15-20 cm and stored
in pre-sterilized whirl-pak bags.

Figure 6: Sample site locations from the Tissint strewn field

18

Soluble content analysis
Samples were split in the laboratory into a sand fraction with grain size
from 2 mm - 75 µm and a silt fraction if < 75µm prior to leaching. Leaching was
performed using ~1.0 g of soil at a 1:10 wt/vol ratio in 18 MΩ water for 1 hour
with gentle rocking on a Thermoline Labquake™. The leachate was removed
and filtered through a 0.2 µm PTFE filter prior to analysis by ion chromatography
(IC) using a Dionex ICS-2000 Reagent Free IC with suppressed conductivity
detection. Method parameters for separation of anions, cations, and perchlorate
are listed in Table 4.

3.3 Results
The soluble ionic content of Tissint is shown in Table 5 and compared to
the strewn field soil in Table 6. The soluble anions in Tissint are dominated by
chloride and sulfate while cations are dominated by sodium and magnesium.
Several oxidation states of chloride are present with chlorate the most abundant
followed by chlorite and perchlorate. In addition, bromide, nitrate and phosphate
were detected at trace levels.

19

Table 4: Ion chromatography results from the Tissint meteorite reported as ppm in
the solid sample

A second leached portion did not show perchlorate above the limit of
detection, which was 2.5 ppb in the leach, however, outside analysis using LC-MS
confirmed the presence of perchlorate at 0.2 ppb in the 1:10 leach, indicating a
heterogeneous distribution of soluble elements within the sample.
During analysis with the ultra-low hydrophobicity AS16 column, an
unidentified peak was observed at approximately 10.4 min. Subsequent testing
revealed that thiocyanate (SCN-) elutes under the same conditions at ~10.5 min,
suggesting it as a likely source of the unidentified peak.

An independent

calibration of SCN- was performed from 1 ppb to 1000 ppb, and the observed peak
area correlated with a concentration of ~150 ppb.

20

Table 5: Ion chromatography results from the strewn field soil samples reported as
mmol/kg in the solid sample
21

3.4 Discussion
The concentrations of soluble species present in our samples seems
unlikely to have arisen through the introduction of a small portion of regolith.
Comparison of the ratio of the soluble components of the Tissint to those
observed during the Wet Chemistry Laboratory (WCL) soil leaching experiments
on Phoenix65 show inconsistencies across soluble components. Specifically,
calcium, sulfate, and perchlorate are depleted relative to sodium and chloride and
the mass of regolith derived sulfate needed to produce the concentration of
soluble sulfate observed in the meteorite would be greater than is likely to have
occurred without a significant increase in calcium concentration.
Nor does our data support the hypothesis that these heterogeneous
anomalies in Tissint are the result of desert terrestrial contamination. With such
a short terrestrial residence time, the most likely source of terrestrial
contamination of the Tissint would be through deposition of desert surface dust on
the meteorite, absorption of ambient humidity, and subsequent leaching of that
material into fissures and cracks within the meteorite.

The detection of lower

concentrations of perchlorate, the most soluble species detected, closer to the
fusion crust when compared to more interior samples from the meteorite do not
point toward terrestrial contamination as a source of the perchlorate.
Additionally, surface samples taken from the strewn field did not contain
detectable levels of chlorite, perchlorate, or bromide and were depleted in
magnesium but enriched in other soluble elements relative to Tissint.66 These
differences in the soluble chemistry of the strewn field compared with the Tissint
22

meteorite preclude the likelihood that diurnal condensation in the desert
environment resulted in terrestrial contamination through leaching.
Rather, our results support the hypothesis that hydrothermal fluids
interacted with the host rock on the Martian surface and the resulting chemical
signatures were preserved within the Tissint during ejection. While the soluble
chemistry of hydrothermal fluids on Mars is unknown, thiocyanate on Earth is
formed naturally in oceanic hydrothermal vents 67,68 and its apparent presence
within the Tissint supports the hydrothermal fluid hypothesis. Thiocyanate is also
implicated as an important precursor in the abiotic synthesis of amino acids on
early Earth 69,70 and the apparent presence of thiocyanate within hydrothermal
fluid inclusions in the Tissint meteorite places this prebiotic molecule under
conditions appropriate to produce indigenous organic molecules. In addition,
work performed by Wallis et al54,55 using a combination of microscopic and
spectroscopic techniques to analyze the Tissint meteorite showed carbonaceous
structures in association with pyrite grains similar to those observed under
hydrothermal conditions on earth in conjunction with biological activity. While
the presence of these structures and thiocyanate within the Tissint do not
inherently imply biology, their inclusion in hydrothermal fluids is evidence that
prebiotic conditions were present on the surface of Mars.

3.5 Conclusion
The Tissint meteorite includes the preserved chemistry of indigenous
hydrothermal fluids from the Martian surface. These fluids contain a variety of
oxidized soluble components which do not preclude them from maintaining a
23

habitable environment. If confirmed, the presence of thiocyanate within these
same hydrothermal fluids suggests a possible process for the abiotic formation of
organic molecules on Mars. While the composition of the soluble portion of the
Tissint does not inherently suggest biology, the data presented here in conjunction
with previous works implies conditions similar to those believed to originate life
on Earth and at the very least encourages the search for bio signatures in Martian
environments exposed to hydrothermal alteration.
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4. Identification of Subsurface Habitats in the Hyper Arid
Regions of the Atacama
4.1 Introduction
The Noachian period is generally considered to be the most conducive to
the emergence of life on Mars.71 After this period, the changing Martian surface
conditions would require that life quickly evolve to survive in the increasingly
arid environment.72 During the Hesparian period, as liquid water reservoirs
became less extensive, microorganisms that may have emerged during the
Noachian would have evolved to find more permanent refuges, most likely in
protected subsurface environments. As the aridification of the Martian
environment continued into the Amazonian, microorganisms hidden within the
subsurface would face increasingly prolonged periods without access to liquid
water. While subsurface ice is observed in some locations on Mars, it is not clear
if this is sufficient to support life and the prolonged and extreme aridification of
Mars remains the biggest obstacle for the persistence of life.
The Atacama Desert is the longest persisting hyperarid desert environment
on Earth, and as such is uniquely suited as an analogue for prolonged aridification
processes.73–76 As a result of this prolonged state of aridity many regions of the
Atacama contain high concentrations of oxidized anions such as nitrate, sulfate,
and perchlorate which accumulate mainly through atmospheric deposition and are
retained in the soils due to a lack of rainfall and limited biological activity.77–80

25

The accumulation and alteration of these ionic species has been used in similar
environments to interpret past geochemical processes.81
The Atacama Desert is also frequently used to as an analogue of Martian
soil chemistry due to the low organic content. In fact, the hyper arid core of the
Atacama desert has largely been considered near the dry limit of life as little
evidence of indigenous microbial communities living outside of isolated
deliquesced salt crusts has been observed.82–84 This work examines the
relationship between the soluble inorganic profiles and the occurrence of unique
taxonomically similar groups of microorganisms, herein referred to as operational
taxonomic units (OTU), associated with intact cells across differing degrees of
aridity within the Atacama following a rare precipitation event.

4.2 Methods
In 2015 and 2016, two separate field campaigns investigated changes in
salt concentrations and potential subsurface habitats as a function of distance from
the coast along a well-established aridity front that prevents the infiltration of
coastal fog into the hyper arid core of the Atacama, and as a function of depth
within each region. While distance from the coast and aridity are not linearly
related, previous studies have indicated that among the sites sampled within this
study, the general trend of increasing aridity with distance from the coast holds
for the Atacama.85
A more extensive and higher resolution depth profile was investigated in
the Yungay region, on the edge of the hyper-arid core. Here, variation in salt
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content with depth associated with prevalent surface and subsurface sulfate
encrusted landforms was investigated to understand how transport from the
surface influences these features. The general structure of these features is
shown in Figure 7 and consists of a loose sand vein that serves as a path for
surface material to be transported to depth during intermittent rain events or
seismic activity, and a primary sulfate encrusted feature that is a signature of the
Yungay region and is indicated by surface polyps.

Figure 7: Image of the excavated and sampled portions of the subsurface salt
features in the Yungay region. The image on the left is an overhead view of the
sampled pit after excavation 70 cm into the exposed face (blue highlight).
Samples were taken from surface to 100 cm depth while excavating an additional
20 cm (green highlight). Image on the right is the sand vein and sulfate
encrusted features, prior to sampling, that were sampled during the high
resolution study.
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Site Descriptions

Figure 8: Field sites and sample pits at (a) Coastal Fog (b) Alluvial Fan (c) Red
Sands (d) Yungay (e) Maria Elena and (f) Lomas Bayas
Coastal Fog Region (CF) (Figure 8a)
The coastal fog region is located approximately 1 km inland from the coast
with an average RH during the 2015 field season of 75.5%. Coastal fog is a regular
source of moisture and occasional rain events supply sufficient moisture for widely
spaced (5-10 m) vegetation growth and distinct hypolithic microbial communities.
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A surface covering of angular lithic clasts up to 50 cm in diameter cover the surface
of the sample site and originate from bedrock outcrops located approximately 100
m upslope.
Soil extends from the surface to approximately 60 cm deep where the
transition to greyish unweathered fractured bedrock occurs.

The top 20 cm

consists of silty to sandy material with few cm sized, reddish, weathered clasts.
Very fine hair-like roots extend throughout the top 40 cm of soil, below which the
soil becomes moist and the presence of angular clasts increases until the 60 cm
transition to bedrock.
Alluvial Fan (AF) (Figure 8b)
The Alluvial Fan Region is located approximately 20 km inland from the
coast on the eastern slope of the coastal range with an average RH of 25.8%. This
site is protected from ocean spray but has sporadic input from coastal fog.
Occasional aqueous availability is indicated by the presence of shrubs and sporadic
hypolithic cyanobacteria on the proximal edge of the alluvial fan. The sample site
is located in the center of the alluvial fan between shallow gullies approximately
10 m away.
Sandy sediment covers the surface of the site with subangular clasts up to
15 cm in diameter dispersed throughout the location.

Bedrock was not

encountered and mostly homogenous soil structure extends down to the depth of
the pit at 100 cm. The general structure consists of alluvial deposits, crudely
layered according to variable grain size from sand to cobbles, all embedded within
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a loose clay and silt matrix. A porous evaporitic layer ~3 cm thick lies beneath the
surface sediment overlying the general soil structure. Discontinuous halite
cemented veins approximately 30 x 10 mm occur at a depth of 40 cm.
Red Sands (RS) (Figure 8c)
Located ~40 km from the coast on the western edge of the Yungay Valley.
Vegetation and hypoliths are absent in the region and the average RH is 18.5%.
Shallow channels of varying degrees of weathering are dispersed throughout the
area and the soil transect is located between the most recently developed of these
channels.
A cemented desert crust with embedded pebbles and cobbles covers the top
few cm of the surface. Soil is poorly sorted with unevenly layered sand down to
30 cm. From 30 – 50 cm cementation is more pronounced and both clasts and sand
particles are coated by desert varnish and thin evaporitic crusts.

Below this layer

cementation and clast size decreases until the appearance of a halite cemented layer
at 90 cm, which extends at least down to the 100 cm depth of the pit.
Yungay (YU) (Figure 8d)
Yungay is located approximately 50 km from the coast on the edge of the
central region bordering the hyper-arid core. RH at the time of sampling averaged
8.0%. Coastal fog reaches the region, however, it is not sufficient to support
morphological or biological features.

30

The surface is covered by partially wind abraded cobbles and boulders.
The top 10 cm consists of an unconsolidated layer of silt to pebble size material
with 5-20 cm diameter by 2 cm thick anhydrite polyps regularly dispersed and
visible on the surface. Below this a highly porous and brittle gypsum layer that
extends a few cm and rests atop an ~1 m diameter hardpan sulfate polygon feature.
The top of this polygon feature is composed of gypsum with poorly sorted sand and
cobbles. A transition from gypsum to anhydrite occurs between 40 – 60 cm, and
lithic clasts begin to dominate the structure below 80 cm.

These polygon

structures comprise the soil structure in the region and are separated by poorly
stratified sand veins up to 20 cm wide that taper off with depth, disappearing around
80 cm.
In 2016 a high resolution sampling was performed every 5 cm at the 2015
YU site in order to investigate the sulfate encrusted polygon features that
permeated the area. These features are indicated by surface polyps of anhydrite
ranging from 5 cm to 20 cm in diameter. Beneath these polyps a loose sand layer
covers large ~ 1.0 m in diameter salt encrusted features. The features permeate
the subsurface and are separated by sand veins that begin at the surface and taper
off with depth. Figure 7 details the surface, subsurface, and sampled features.
Maria Elena (ME) (Figure 8e)
Maria Elena is located ~60 km from the coast in the hyper arid core of the
Atacama Desert with a measured RH of 12.7%. The relative humidity (RH)
measurements conducted during this field season are higher than previously
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reported values which have shown ME to be the most arid location in the
Atacama.84 The RH measurements reported here and acquired during the 2015
field season are most likely anomalous in response to the recent precipitation
event. For the purpose of general aridity discussion, the assumption of greater
aridity at the Maria Elena field site relative to others will be considered. The
anomalously high RH during the field season should not generally affect our
discussion of depth profiles, but may bear consideration for surface samples and
highly soluble species.
No morphological or biological evidence of aqueous activity is present.
The surface of the region is inundated with large cobbles and boulders up to a few
meters in diameter originating from hills ~ 2 km to the north. Earthquake driven
kinetic sieving prevents the burying of these boulders as evidenced by their
presence exclusively on the surface and abrasive markings on their faces resulting
from rubbing during contact with neighboring boulders.
A thin loose layer of coarse sand and fine pebbles, too large for saltitation,
covers the surface. The top 20 cm of soil consists of poorly cemented silt and
coarse sand exhibiting significant planar cross bedding with a reddish to light
brown color. Below this uppermost layer soil cementation increases and color
transitions abruptly to a whitish light brown that gradually fades with depth but
does not change in particle size, composition, or lamination. Cementation increases
again at 70 cm, transitioning from a brittle material that crumbles to a hardground
that fractures, down to the depth of the pit at 100 cm. Occasional vertical sand-
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filled fractures extend from the surface at a width of a few cm, decreasing with
depth until they disappear at ~ 50 cm.
Lomas Bayas (LB) (Figure 8f)
LB is located in the hyper arid core of the Atacama Desert ~80km from the
coast with a measured RH of 9.6%. Angular clasts up to 40 cm in diameter,
covered in desert varnish with ventifact morphology, originate from bedrock
outcrops located ~ 400 m upslope from the site and cover the surface of the region.
The sample site is located where the surficial clast covering is minimized and the
surface is primarily composed of coarse sand material.

The soil composition of

the 1 m pit is mostly homogenous and consists of clay to coble sized angular
particles that are not sorted.

Sedimentary bedding is not present in the soil

structure excepting a few crude layers in the top centimeters. The 1 m transect
consists of loose soil for the first 40 cm followed by minor cementation and the
formation of a hardground layer.
Sampling Procedure
Transect pits were dug at each site down to a depth of 100 cm. Soil
samples from the top 5cm and depths of 25 cm, 50 cm, and 100 cm were collected
from each of the six locations and stored in falcon tubes or whirl-pak bags until
returned to the lab. The samples for low resolution profiles were retrieved during
the 2015 field season between April 21-28, one month after a rare precipitation
event that recorded between 33 mm and 8 mm of rain along the transect of aridity.
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High resolution sampling of the Yungay soil profile was collected during a second
campaign in February 2016.
Climate and UV Field Measurements
Local climate data was collected with a PLA 2100 (Fa. SOLAR
light/Optomolymer) which monitored the diurnal UV-B radiation dose, along with
radiation flux, simultaneously with the relative humidity and temperature at each
sample site.
Inorganic Soluble Content
Each sample was sieved to remove pebbles larger than 1.0 mm and the
subsequent soil material was homogenized in an agate mortar and pestle and used
in all analyses. Inorganic content was determined from two separate 1.0 g portions
leached at a 1:5 and 1:10 wt/vol ratio in 18 M-Ohm water for 1 hour with gentle
stirring. The leachate was removed and filtered using a sterile 0.2 µm PTFE
filter for analysis by ion chromatography (IC). The 1:10 leachate was diluted to a
conductivity of ~50-100 µS/cm and analyzed for soluble inorganic anions and
cations and the 1:5 leachate analyzed, without dilution, for perchlorate using a
Dionex ICS-2000 Reagent Free IC with suppressed conductivity detection.
Method parameters for separation of anions, cations, and perchlorate are listed in
Table 2.
Mineral saturation states were calculated using ion concentrations determined by
ion chromatography inputted into the SpecE8 application in geochemists
workbench.
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DNA extraction
Intracellular DNA (iDNA) and extracellular DNA (eDNA) were isolated, extracted,
and sequenced by Drs. Dirk Wagner and Beate Schneider of the GFZ German
Research Centre for Geosciences, Helmholtz Centre, Potsdam, Germany. DNA
extraction was performed in triplicate on two samples according to previously
developed methods for isolation of e/iDNA.86 All DNA extractions included a
blank control for both the iDNA and eDNA extraction procedures.

Their

procedure is outlined below:
Cell separation
6.5 g of soil from the Atacama and 0.4 g Polyvinylpolypyrrolidone (PVPP,
Sigma-Aldrich order No. 77627), was suspended in 5-6 mL of sodium phosphate
buffer (NaP) prepared as 0.12M Na2HPO4 and NaH2PO4 at pH 887 at 4°C in a 15
mL sterile Falcon tube. The tube was chilled for ~ 1 min on ice prior to shaking in
a horizontal position on an orbital shaker for 5 min at 150 rpm. The tube was
chilled on ice for an additional 3 min and the shaking procedure repeated. The tube
was then centrifuged at 500 x g and a temperature of 4°C for 10 min and the
supernatant transferred to a separate sterile 15 mL Falcon tube and stored on ice
while the pellet was suspended for a second time in 3-3.5 mL NaP buffer. The
extraction procedure was repeated three more times and all supernatants pooled into
a single Falcon tube. The pooled supernatant was centrifuged at 4,643 x g and 4°C
for 1 hour. The supernatant contained the eDNA and the pellet contained the intact
cells and iDNA. The pellet and iDNA were stored on ice while the supernatant and
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eDNA was filtered through a sterile 0.2 µm cellulose acetate syringe filter that was
rinsed with 500 µL of NaP buffer. Following filtration the filter was rinsed again
with 500 µL of NaP and the rinsate collected with the filtered sample in a 50mL
Falcon tube containing the eDNA and stored on ice.
The pellet containing the intact cells and iDNA was suspended in 1 mL NaP
buffer, transferred to a 2 mL reaction vial, and centrifuged at 12,000 x g for 20 min
and the supernatant discarded to remove any residual eDNA. In order to suspend
the pellet in buffer, 750 µL of NaP buffer was added to the vial containing the pellet
and incubated in a thermal shaker for 5 min at 70°C and 250 rpm. The vial was
cooled on ice for 2 min and the suspension procedure repeated. The resulting
suspension was transferred to a Mo Bio laboratories, Inc PowerBead tube, mixed
with 60 µL of C1 solution from Mo Bio laboratories PowerSoil Kit, and vortex
horizontally for 10 min. The tube was centrifuged at 10,000 x g for 1 min and the
supernatant transferred to a new 2 mL reaction vial with 250 µL of C2 solution
from the PowerSoil Kit. The tube was vortexed for additional 5 sec, incubated for
5 min at 4°C and centrifuged at 10,000 x g for 1 min. The supernatant containing
the iDNA was stored on ice in a 50 mL Falcon tube.
Recovery of iDNA and eDNA
A 6 M Guanidine hydrochloride (GuaHCl) in TE buffer (pH 6.7) with
10mM Tris HCl and 1mM EDTA was prepared and mixed with the separate eDNA
and iDNA solutions at 3:1 ratio. Approximately 15 µL of iDNA and 18 µL eDNA
solutions were prepared as silica suspensions by inverting the tubes several times.86
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The tubes were shaken on an orbital shaker in a horizontal position for 25 min at
175 rpm to allow the DNA to bind to the silica particles. The tubes were set to rest
on ice for 10 min while the silica particles settled. The tubes were then centrifuged
at 4,643 x g at room temperature for 10 min and the supernatants removed, leaving
approximately 1.5 mL of supernatant in the tube to resuspend the silica pellets.
The isolated supernatant was transferred to a sterile 2 mL reaction vial and
centrifuged at 9,000 x g at room temperature for 3 min, the supernatants discarded,
and the pellets washed with 600 µL 55% EtOH, 70mM NaCl, 10 mM Tris, 2.6 mM
EDTA (washing buffer) by vortexing for 2 sec and centrifuging at 9,000 x g for 1
min. The supernatants from the washing step were discarded and the pellets
centrifuged a second time at 9,000 x g for 3 min and the remaining buffer removed.
The pellets were allowed to air dry on a clean bench for 15 minutes and the DNA
eluted by resuspending the pellets in 1 mM Tris buffer, pH 8, 50°C (100 µL for
eDNA and 80 µL for iDNA). Resuspension was accomplished by pipetting the
solution up and down and vortexing for 2 s and then incubating on a thermal shaker
at 50°C and 300 rpm for 10 min. The suspensions were then centrifuged at 9,000
g at room temperature for 2 min and the supernatants transferred to 1.5 mL reaction
vials. A second 9,000 x g, room temperature centrifugation step was included for
5 more minutes in order to remove any residual silica particles, and the supernatants
were transferred to new vials. The elution procedure was repeated a second time.
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Quantitative PCR analysis (qPCR)
The qPCR was performed in a CFX Connect Real-Time PCR Detection System
(Bio-Rad, CA, USA) using iTaq Universal SYBR Green Supermix (Bio-Rad).
Duplicates of iDNA, eDNA, and their blank controls were run.

DNA was

amplified with the universal primers 331F and 797R (Nadkarni et al, 2002) and the
following cycling parameters. Initial denaturation at 95°C for 4 min and 40 cycles
at; 95°C, 30 s, 58°C, 30 s, 72°C, 30 s, 80°C, 3 s. The correlation coefficient for the
standard curves was ≥0.99 and the PCR efficiency was on average 90%. The
standard was a known concentration of a 16S rRNA gene PCR fragment of Bacillus
subtilis.

4.3 Results
Inorganic Salt Profiles
Coastal Fog Region (CF) (Figure 9a)
The inorganic salt profile in this region is dominated by NaCl at all depths.
The largest concentration of ions is located at a depth of 25 cm which corresponds
with a gypsum and anhydrite saturation horizon. Below 25 cm, soluble salt
concentrations decrease in association with the appearance of soil moisture and the
transition from soil to bedrock.
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Figure 9: Depth profiles from surface to 100 cm for a) coastal fog region b) alluvial
fan region c) red sands region d) Yungay region e) Maria Elena region f) Lomas
Bayas region and g) perchlorate depth profiles for all regions
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Alluvial Fan (AF) (Figure 9b)
The inorganic salt profile is dominated by NaCl at all depths with the
highest concentrations present at the surface, corresponding to the evaporitic layer.
This is followed by a sharp depletion in the first 25 cm where the lowest
concentrations are recorded. Following this minimum an increase occurs at 50 cm
for all salts and corresponds with a gypsum and anhydrite saturated layer as well as
the halite veins observed during excavation. Below this layer, calcium and sulfate
concentrations drop, but all others remain fairly constant in connection with the
continued soil horizon.
Red Sands (RS) (Figure 9c)
The RS inorganic profile alternates between a NaCl and Na2SO4 dominated
region saturated with CaSO4 phases from 50cm – 100 cm. Above 50 cm ion
concentrations are relatively depleted with a general tendency toward increase with
depth. However, at 100 cm an order of magnitude increase in concentrations is
observed for both sodium and chloride.
Yungay (YU) (Figure 9d)
The soluble inorganic profile is dominated throughout by sulfate with
alternation of associated counter-ions from potassium at the surface, to calcium at
25 cm, and sodium from 50 cm to the terminus.

The soil structure is saturated

with CaSO4 phases from 25 -100 cm. Above 50 cm, ion concentrations are typical
of other soil features in the Atacama. Below 50 cm all ions remain fairly constant
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or decrease with the exception of sodium and sulfate which reach five times their
concentration at 100 cm.
Sand Vein Feature
Concentrations of soluble salts within the sand vein oscillate between local
maxima and minima that do not vary substantially with depth, but coincide with
opposing maxima and minima within the neighboring salt feature (Figure 10 a and
d). The notable exception to this rule is perchlorate (Figure 10 g), for which the
concentration increases with depth in tandem with the concentrations in the salt
encrusted feature. Sulfate is consistently the most concentrated anion, followed
by chloride and nitrate, which have comparable concentrations throughout the
vein.

All measured anions behave similarly over the top 35 cm, remaining

mostly constant. Nitrate, chloride, chlorate and perchlorate exhibit a global
minimum at 35 cm and perchlorate has an additional local maximum at 15 cm.
Sulfate exhibits little variation over the top 35 cm, at which point minor
oscillations in concentration begin. At 55 cm all anions begin to oscillate in
tandem with a minimum occurring at 75 cm, followed by a global maximum
around 80 cm at the terminus (Figure 10 b).
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Potassium and magnesium vary in accordance with each other throughout
the sand vein and remain relatively constant with only a slight increase beginning
around 35 cm and continuing until the feature terminates. Calcium is the
dominant cation with relatively constant concentrations over the top 40 cm,
followed by dramatic oscillations resulting in a global minimum at 75 cm, and an
increase back to surface concentrations at the terminus. Sodium concentrations
decrease steadily over the first 35 cm with a global minimum at 35 cm, followed
by a sharp increase and minor oscillations to 75 cm and then a global maximum at
80 cm (Figure 10e).

Salt Encrusted Feature
Figure 13 shows the soluble anion content of the salt feature. Nitrate is
relatively constant throughout the entire profile, although a slight local maximum
is observed between 80 and 90 cm. Sulfate is constant over the top 35 cm with a
sharp increase at 40 cm and then constant concentration until the end of the
feature. Chloride concentrations are at a global minimum over the first 35 cm of
the salt feature at which point a sharp but minor increase is observed and
maintained at a constant level until 60 cm when a second increase produced a
global maximum from 65 cm to 80 cm, during which chloride is the dominant
anion. This is followed by a subsequent decrease in concentration that oscillates
until the end of the feature. Chlorate and perchlorate profiles within the salt
feature exhibit similar trends, with a general increase from the surface to a global
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maximum at 80 cm and then a subsequent drop off. Slight differences occur in
the frequency of concentration oscillations, with chlorate exhibiting more
oscillations over depth than perchlorate.
Figure 10 f shows the soluble cation profiles within the salt feature.
Calcium is the dominant cation in the upper 50cm of the salt feature and is
relatively constant throughout the profile with a global maximum spiking at
approximately 35 cm. Sodium concentrations remain low and constant over the
first 50 cm and then abruptly spike at 50 cm, becoming the dominant cation at
depth and exhibiting a global maxima at 80 cm. Potassium and Magnesium
behave similarly within the salt encrusted feature as in the sand vein, varying in
accordance with each other and maintaining a mostly constant concentration over
depth with only a slight tendency toward increasing concentrations.
Maria Elena (ME) (Figure 9e)
The soil profile at ME is dominated by Ca-SO4 at all depths and is saturated
at depths below 25 cm. The upper 25 cm has the lowest concentration and 50 cm
the highest. Perchlorate concentrations in the top 50 cm are more consistent than
other hyper arid regions, with an increase in concentration not occurring until 100
cm.
Lomas Bayas (LB) (Figure 9f)
The LB region is the only region to for which CaSO4 phases are saturated
throughout the entire profile, including at the surface. The soil is dominated by
Ca-SO4 for the first 50 cm followed by Na-SO4 for the last 50 cm. In general a
44

small spike in concentrations exist at 50 cm, however, this is most pronounced for
sodium and least for calcium and sulfate which have a relatively constant but high
concentration throughout the feature.
iDNA/eDNA of Operational Taxonomic Units (OTUs)
The identified taxonomic order of each recovered OTU is shown in Figure
11. The orders represent extremophiles that are resistant to high salinity,
desiccation and high levels of UV radiation. In general, less overlap was observed
between iDNA and eDNA pools as the aridity of the site increased, both on the
surface and at depth.

4.4 Discussion
Depth Profiles as a function of aridity and distance from the coast
Figure 12 displays anion concentrations as a function of aridity, as
indicated by distance from the coast, and depth. The first 0-5 cm of soil are
indicative of active and regular processes occurring in the region. Within this
soil horizon, the reduction in chloride concentrations with increasing distance
from the coast reflects the reduced effect of input from sea spray and coastal fog.
The corresponding increase in sulfate with increasing distance from the coast
reflects the precipitation of sulfate minerals that is common in arid environments
as atmospheric sulfate is deposited and patterns of diurnal condensation result in
precipitation of gypsum.
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In contrast to surface samples, concentrations at a depth reflect longer
term processes within the environment. The relatively constant concentration of
chloride at 50 cm regardless of surface concentrations suggests consistent and
regular flushing of soluble salts at this depth, likely in response to minimal but
regular aqueous activity. Below 50 cm larger variations suggest competing
influences on concentrations, possibly through infrequent precipitation events or
through the accumulation of smaller grained precipitated minerals in lower
horizons resulting from kinetic sieving effects related to regular seismic activity.
Sulfate increases with distance from the coast at 50 cm supporting a
general aqueous percolation depth of 50 cm, at which point gypsum and/or
anhydrite precipitate and form a hardpan barrier. This is supported by sulfate
concentrations being equal or lower at 100 cm than at 50 cm for both coastal and
the hyper-arid core regions. However, in the central regions of RS and YU a
spike in sulfate occurs. This is possibly the result of increased oxidation rates of
biologically reduced sulfur gases transported in coastal fog, the subsequent
atmospheric deposition80 and the tendency toward accumulation of sulfate
minerals in arid environments.
Consistent concentrations of nitrate down to depths of 25cm suggests a
general accumulation of nitrate from atmospheric depositions that is constant
across all regions, which is in agreement with previous studies.77,78 The
accumulation of nitrate in equal concentrations between 50 and 100 cm in the arid
regions suggests that nitrate is saturated at depth and that local mechanisms have
placed a cap on total nitrate levels.
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Coastal Regions
Coastal Region soils are primarily influenced by sodium chloride deposited
from regular input of coastal fog. Soluble profiles within the first 20 km of the
coast show that chloride is the dominant anion and its total concentration does not
exceed 300 mmol/kg soil. The relative distribution between surface and depth
depends largely on the local environment and the manner in which direct aqueous
input interacts with the soil. While distribution in the top 25 cm differ between the
two environments, below 50 cm ion distributions are similar with only a slight
increase in calcium and sulfate associated with the more arid AF region. Perchlorate
concentrations at all depths within the first 20 km of the coastline are the lowest of
any environment (Figure 9g). The two environments in this study include the
coastal fog zone, which sees occasional direct precipitation as well as regular sea
spray, and the alluvial fan region which does not receive regular precipitation but
is prone to runoff from local topographic highs during rare precipitation events.
Coastal Fog Region (CF)
In general, the soluble content profile is that of a soil horizon dominated by
inputs from ocean spray in an arid environment which allows the accumulation of
salts over time. The appearance of a moisture horizon at 40 cm which extends to
the depth of bedrock is preceded by the highest concentration of soluble salts. The
dry, salt rich topsoil is likely the result of more regular evaporitic processes that
occur in response to the regular input of coastal fog and diurnal condensation, and
the deeper moist salt depleted horizons are consequences of recent precipitation
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resulting in downward transport and flushing of salts, the extent of which being
determined by the intensity of the precipitation event.
Alluvial Fan Region (AF)
The sandy sediment surface cover is likely the result of aeolian deposition
as is reported to occur in alluvial fan environments within the Atacama.88 The
underlying evaporitic horizon containing the highest concentration of soluble salts,
is formed by run-off during infrequent precipitation events washing soluble salts
toward the distal end of the fan and rapid evaporation preventing substantial
percolation. This process results in unique ion profiles of desert alluvial fans
where in soluble content peaks at the surface and is depleted in the upper
subsurface.
Central Region
Soil profiles in the central region represent a balance between sea spray
input and hyper arid conditions. These environments are local maxima in terms of
total salt concentrations within the Atacama which highlights the balance between
insufficient aqueous availability to flush or otherwise deplete the soils of salt
content, and the more regular input of salts from fog and aeolian activity carrying
inputs from coastal regions.
Red Sands (RS)
The absence of vegetation and hypoliths is an indication that aqueous input
is sufficiently reduced and forms the border of the hyper-arid region. Poor sorting
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and cementation of the upper 50 cm of soil are indications of the lack of aqueous
activity in these soils. The relatively close proximity to the coast results in an
increased concentration of sodium chloride, and the transition to hyper aridity
results in the alteration of sulfate dominance at depths. The consistent increase in
salt concentrations with depth terminating in a halite and mirabilite cemented layer
at the bottom of the transect is indicative of slow desiccation of the soil and the
transition from arid to hyper arid soils.
Yungay (YU)
Yungay soils have the highest concentration of salts of any of the sampled
regions due to the confluence of salts carried by coastal fog and the hyper arid
conditions preventing adequate washing of soil profiles. The general saturation of
Yungay soils with sulfate rather than chloride is an indication of the dominance of
hyper-aridity over coastal fog input in this region. The relatively depleted upper
25 cm of soil is a consequence of thermally driven diurnal condensation patterns.
The irregular variations in concentration and ion dominance over the bottom 50 is
representative of a mature arid soil with discrete intermingled salt horizons
indicating little to no mixing of soluble species at depths.
The similarity in distribution between salts within the sand vein feature and
salt encrusted face over the top 25 cm and inverse behavior at depth indicates that
surface material is transported to depths via this sand vein and transported to
inclusion within the salt feature. However, it seems unlikely that this is entirely
driven by aqueous interaction as both sulfate and chloride exhibit this inverse
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correlation between features, but perchlorate and chlorate do not. Rather, it is
possible that kinetic sieving driven by regular seismic activity transports fine
grained surface material to depths and deliquescence increases local moisture
within the sand vein, precipitating salts into the salt feature according to their
solubility.
Hyper Arid Core
Salt concentrations in the hyper arid core are lower than hyper arid
environments nearer to the coast due to the reduction in input from coastal fog. In
this region calcium and sulfate are the dominant ions at the surface, and tend to be
present in higher concentrations. Profiles in the region are very similar to each
other, peaking around 50 cm and show less variation between surface and depth
concentrations than environments closer to the coast.
Maria Elena (ME)
The dominance of calcium sulfate throughout a relatively homogenous soil
profile with a slight concentrations of ions at a depth of 50 cm, demonstrates
reduced input of sea salt aerosols under hyper arid conditions. The primary drivers
of soil chemistry in this region is the slow weathering of lithic features to release
cations and the accumulation of oxidized anions from atmospheric deposition.
The general depletion of salts in the top 50 cm is possibly due to vertical transport
in response to kinetic sieving. This is supported by the relatively consistent
distribution between all ions except calcium, which is commonly released in
response to lithic weathering and for which no apparent ion pair is present.
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Perchlorate distributions in ME are anomalous compared with all other sampled
sites. Perchlorate in ME is among the least concentrated at the surface, the most
concentrated at a depth of 25 cm, and remains relatively stable down to depths of
50 cm before increasing at 100 cm to concentrations that exceed those in the more
arid LB, but not concentrations in the central regions. This stark contrast to the
other sampled sites coupled to the greater than expected %RH for the site, suggests
that the recent precipitation event resulted in a redistribution of subsurface
perchlorate horizons.
Lomas Bayas (LB)
CaSO4 phases saturate the entire soil profile and are associated with a
homogenous structure that becomes increasingly cemented with depth until a
hardpan layer is formed. This is indicative of a well-developed soil structure that
undergoes minimal weathering and processing, and could be considered an end
member for arid soil profiles. Ionic profiles are mostly unremarkable with ions
being partially depleted in the upper 25 cm but mostly homogenous with the
exception of sodium which increases dramatically at 50 cm.
Influence of aridification on Perchlorate profiles
Perchlorate, does not appear in surface samples until aqueous input is
reduced sufficiently to prevent the leaching of deposited salts from the soil, but
once accumulation occurs, concentrations remain fairly constant regardless of the
degree of aridification.

The constant concentration of perchlorate observed in

surface samples suggests a common constraint on surface concentrations of
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perchlorate independent of aridity. This could represent the balance between
deposition/formation and destruction rates of perchlorate under the UV conditions
in the Atacama. Alternatively, this could be related to the recent precipitation
event representing the accumulation per month of perchlorate in this region and
requires more consistent monitoring.
Perchlorate is present at depth in all samples with coastal samples being
the least concentrated and central regions the most. Considering that perchlorate
levels do not inversely follow aqueous availability, and instead result in a local
maxima in central regions, it is likely that the concentration of perchlorates in arid
soils is not only related to the ability of an environment to flush the highly soluble
anion from the soil. The increase in perchlorate concentrations in the central
region locations may suggest that surface chloride input from coastal fog becomes
oxidized to perchlorate after deposition on mineral surfaces. While nitrate,
sulfate, and perchlorate are all primarily deposited from atmospheric
sources77,80,89 laboratory studies indicate that with sufficient UV radiation doses,
chloride can be oxidized to perchlorate on mineral surfaces.44 These experiments
required a UV radiation dose of 600 W/m2 to produce ~2.5 ppb perchlorate,
which would take approximately 135 days in the Yungay province of Atacama.
This is insufficient to explain the 3-fold difference in total perchlorate
concentration in this region compared to other arid and hyper arid regions.
However, the initial experiments were performed under ambient Mars conditions
with 0% relative humidity and minimal available oxygen. Unpublished follow
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up work suggests that increasing the relative humidity and oxygen content
increases the amount of perchlorate produced.
The general variation in Cl/ClO4 ratios at each depth both within and
across all locations shows that in general chloride and perchlorate controls are not
uniquely linked. However, the notable exception is in the Yungay region, where
Cl/ClO4 ratios remain constant with depth (Figure 13). This constant ratio
suggests that the accumulation and depletion of chloride and perchlorate within
this region are intricately connected.

Figure 10: Comparison of the Cl/ClO4 ratio at each depth in each sample region,
organized by increasing distance from the coast. Surface samples are in blue,
25cm samples in orange, 50cm samples in yellow, and 100cm, samples in grey.
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Yungay Sulfate Features
Sand Vein Feature
The inverse oscillation of salt concentrations between the sand vein and
the salt encrusted face indicates transfer of salts between the two features. The
notable exception to this rule is perchlorate, for which the concentration increases
with depth in accordance with the concentrations in the salt encrusted feature,
suggesting that perchlorates do not have a tendency to accumulate in either face.
The features are dominated by sulfate while chloride and nitrate are present in
comparable concentrations throughout the feature. All measured anions behave
similarly over the top 35 cm, remaining mostly constant and are representative of
the atmospheric input controls on the feature. The global minimum in
concentrations for nitrate, chloride, chlorate and perchlorate at around 35 cm
marks the transition from gypsum to anhydrite mineralogy in the neighboring salt
encrusted feature – indicative of prolonged arid conditions.
Sulfate exhibits no significant variation over the top 35 cm, at which point
minor oscillations in concentration begin. At 55 cm all anions begin to oscillate
in tandem with a minimum at 75 cm, followed by a global maximum around 80
cm at the terminus. The stable salt concentrations associated with the gypsum
mineralogy and general increase in oscillations within the depths associated by
anhydrite mineralogy suggests a pattern for understanding the effect of aqueous
input on salt distributions. Regular and predictable inputs of atmospherically
derived salts, coupled to regular inputs of minimal water in the form of fog and
57

condensation from humidity serves to homogenize salt distributions in an active
hydrology zone of otherwise arid soils. Conversely, at depths were water does
not penetrate, prolonged aridification, temperature, pressure, and kinetic sieving
effects dominate the controls resulting in much more variable concentration
profiles.

Salt Encrusted Feature
The prominent subsurface feature in the Yungay region are the large
sulfate salt encrusted nodules that extend from just below the surface to
approximately 1 m, where a hardpan cemented soil appears. The relatively
constant concentrations of nitrate throughout the entire profile with a slight local
maximum between 80 and 90 cm is the result of regular atmospheric input of
nitrate and the accumulation at the base where the hardpan, impermeable layer is
reached. Sulfate is constant over the top 35 cm with a sharp increase at 40 cm in
accordance with the anhydrite mineralogy, and then constant concentration until
the end of the feature. As noted in section 2.1.1 sulfate concentrations in a
leachate are highly dependent on leaching ratio, and it is likely that variations in
sulfate are not observed due to sulfate reaching saturation in the leachate rather
than being indicative of the actual concentration of sulfate in the soils. However,
the measureable increase in sulfate concentration in connection with a change in
sulfate mineralogy supports the argument that total sulfate leaching is not
inherently required but that consistent sample treatment is more important.
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Chloride concentrations tend to remain constant over ~ 35 cm intervals
and then increase. This is likely the result of halite incorporation varying with
depth. Chlorate and perchlorate profiles within the salt feature exhibit similar
trends, with a general increase from the surface to a global maximum at 80 cm
and then a subsequent drop off. Slight differences occur in the frequency of
concentration oscillation, with chlorate exhibiting more oscillations over depth
than perchlorate. This supports our assertion that higher frequency oscillations
are attributed to more arid conditions, but also suggests that less soluble ions will
be more affected by this pattern.
Habitability
Figure 14 illustrates the potential fates of organisms differentiated by
OTUs. OTUs with iDNA unique to the surface and no eDNA found at depth (A)
are those that are deposited in the surface environment, but upon death do not
make it to the subsurface. This most likely represents organisms which have
been transported to the environment and do not survive long enough or in large
enough numbers to contribute significant eDNA to depths. OTUs with iDNA at
the surface and eDNA at depth (B) are better suited to surviving at the surface and
either migrate to depths where death occurs, or upon death are washed to the
subsurface prior to degradation or consumption by other organisms. OTUs with
iDNA present in both subsurface and surface samples (C) represent organisms
that are alive or well preserved in both locations, either because they are recently
introduced or because they are adapted to survive. OTUs with unique iDNA in
the subsurface and corresponding eDNA at the surface (D) represent the case
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where organisms are not capable of surviving at the surface, but once migrating to
the subsurface find a more habitable environment. Whereas OTUs with iDNA
unique to the subsurface and no corresponding DNA present at the surface (E)
most likely represent organisms that migrated to the subsurface from the surface
and then evolved to differentiate themselves from the surface OTUs or are
substantially better preserved within the subsurface, thereby remaining intact past
the point when surface organisms have been completely degraded. These
organisms are the most likely to represent a multigenerational habitat.

Figure 11: Potential fate of organisms that are transported from other locations
and deposited on the surface. OTUs indicated by the presence of iDNA are
represented as red bolded letters A-E, and OTUs indicated only by the presence
of eDNA are marked with a black X. Vertical arrows indicate atmospheric
deposition (blue) and subsurface transport (orange), curved arrows indicate
potential evolution over multiple generations.

60

Table 7 lists the percentages of each category of OTU observed in each
region. iDNA, which is extracted from intact cells is indicative of OTUs which
are better adapted for survival in a location compared with OTUs for which only
eDNA was collected.

Table 6: Distribution of (A) surface iDNA patterns and (B) subsurface (25cm)
iDNA patters on OTUs across the six field sites. The letters (A-E) correspond to
the potential fates illustrated in figure 17. Italicized values are counts with
percentage of total listed in parentheses.

The coastal fog region should be the most habitable with its regular input of
water. In the CF region regular input of OTUs from the coast inflates the unique
number of surviving surface units but the vast majority of these cannot survive
long enough to contribute to the subsurface eDNA pool and a very small
percentage are either in flux or have found both environments habitable.
Similarly, a large percentage of organisms are uniquely alive in the subsurface
potentially indicating a multigenerational habitat that evolved uniquely in this
environment and smaller, but still significant percentage have migrated from the
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surface to inhabit the subsurface. The large number of unique organisms in both
surface and depth environments suggests that the 5% found in both environments
may represent an OTU viable in both environments.
The largest percentage of OTUs in the YU region is associated with
unique strains present at depth. The environments described by the soluble
chemistry in the higher resolution sampling indicates a depth of regular water
penetration that is < 40 cm. The presence of a large percentage of unique
subsurface iDNA within this horizon supports the hypothesis that even in this
hyper-arid, high UV, and high salinity environment, organisms transported to
protected subsurface layers can survive over multiple generations.
The only hyper-arid environment in which the smallest percentage of
OTUs are unique to depth samples (~10%) is LB, which is the most stable, least
altered region in this study. The endmember state of LB soil profiles suggests a
finite limit on the duration of viability for microorganisms even in the event of
adaptation to harsh subsurface conditions, and that for potential subsurface
habitats to remain viable today, regular aqueous activity must occur and random
punctuated events may not be sufficient to support a subsurface habitat.
The largest disparity between subsets of OTUs exists within the CF region
and likely represents the most stable and robust environments, with uniquely
adapted and well established communities at different depths. As aridity and
distance from the coast increases, general surface survivability decreases and
subsurface survivability increases.
62

4.5 Conclusion
Soil salt profiles observed across a front of increasing aridity within the
Atacama desert record differences in the origin of soil salts as well as the degree
of aqueous input. The primary salts observed in each region show less variation
over regions of the subsurface for which regular aqueous input is observed due to
redistribution and homogenization of soluble salts. The effects of regular
aqueous alteration of salt concentrations is observed preceeding a spike in salt
concentration due to the transport of dissolved salts with percolating water and the
subsequent precipitation of those salts as aqueous availability decreases. These
salt features can serve as indications of potentially habitable environments as
determined by more consistent aqueous availability.
Variations in the proportion of iDNA of unique OTUs exist at different
depths within the soils of the hyperarid core of the Atacama. The relative
proportion of iDNA unique to subsurface OTUs is higher in the hyper arid regions
than in the coastal regions. This tendency suggests that indigenous microbial
communities exist in the subsurface soils of hyper-arid environments that only see
occasional and minimal water activity. However, the low percentage of iDNA
unique to subsurface OTUs in the LB region, where soil profiles indicate little or
no aqueous alteration for a much longer period than other locations, indicates that
dormancy cannot be maintained indefinitely and that a reliable mechanism of
aqueous input must be available.
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By analogy, such indigenous communities could exist in the subsurface of
Mars, lying dormant for long periods and activating only in the presence of rare
subsurface liquid water mobilization. The prevalence of subsurface ice and high
salt concentrations capable of stabilizing liquid water at low temperatures
provides a theoretical basis for the existence of subsurface liquid water. If
natural processes on Mars can sustain regular mobilization of liquid water in the
subsurface, even minimally, evidence presented here suggests that organisms in
subsurface habitats on Mars could have evolved to survive the prolonged
aridification of Mars.
Using inorganic profiles to predict areas with more regular aqueous
processes, could be an effective method for informing our search for habitable
subsurface environments on Mars. Even though the profiles observed within this
work are the result of atmospheric input, and any liquid water on Mars would
likely be from subsurface reservoirs, the generalized patterns associated with
subsurface salt distributions in response to limited aqueous input are likely to
hold. That is, soil horizons which are bounded by an increase in salt
concentration, and for which the distribution of salts within the horizon is
relatively homogenous compared with the bounding horizon, are more likely to be
influenced by regular sources of water. Therefore, these horizons are more likely
to sustain subsurface habitats and are strong candidates for the search for life on
Mars.
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5. Evaluation of Antarctic Water Track Features as Analogues to
Recurring Slope Lineae on Mars
5.1 Introduction
The search for habitable environments on Mars has primarily taken the
“follow the water approach” resulting in searches for evidence of past and current
water flows. In 2011, McEwen et al described a series of dark streaks 0.5-5m
wide that appeared on slopes > 25° in the southern latitudes with temperatures in
the range of 250-300 K. These features, termed recurring slope lineae (RSL),
appear in the late spring and lengthen throughout the summer before vanishing in
the early fall.90 Since this time similar features have been observed at numerous
locations throughout the midlatitude regions in both the Northern and Southern
hemispheres.91,92 The appearance of these features emerging from bedrock
outcrops during warm periods on sloped landforms, and their tendency to grow in
length over time and divert around surface obstacles has led to the speculation
that these features are evidence of stable liquid water, in the form of brines, on the
surface of Mars.92–95 However, the source of water sufficient to supply these
regular features has not been identified96 and recent evidence suggests that, at
least for some RSL, granular flows may be sufficient to explain the features.97
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Although hydrated salts have been detected in association with some
RSL,98 the resolution of current instruments is insufficient to fully map the
potential co-occurrence of these features and liquid water.99 Analogous features
that transport water and salts in the absence of well-defined physical channels
have been observed in the dry valleys of Antarctica and have been used to support
the brine origin of Martian RSL.100 These water track (WT) features in
Antarctica occur throughout the lower valleys, flowing along the steepest local
gradients in association with melting snowpacks, and subsurface ice resulting in
volumetric water content that is on average three times greater than the
surrounding soil and typically exhibit electrical conductivity (EC) that is an order
of magnitude higher than other local water features.101,102 The subsequent work
is an analysis of the soluble content along the flow path of several WT features in
Taylor and Wright Valley Antarctica. The resulting distribution patterns are used
to evaluate the potential for Martian RSL to be formed by regular brine features.

66

5.2 Methods
Sample collection
In the 2009/2010 austral summer, samples from water track features in
Antarctica were collected, filtered on-site through 0.45 µm PTFE syringe filters,
and stored frozen at -20°C in polypropylene bottles. In the laboratory, samples
were left to thaw and come to room temperature on the lab bench and 20 mL
aliquots were removed and placed in scintillation vials for analysis. The
remaining samples were frozen and stored at -20°C. The electrical conductivity
of each sample was analyzed using an Orion combination temperature and
conductivity probe connected to an Orion 4 star meter. Samples were analyzed
for soluble ions using a Dionex 2000 Ion Chromatography System and the
conditions specified in Table 6. Dilutions were prepared using 18 M-Ω water for
anion and cation analysis to prevent overloading of the column. Details
regarding dilution factors, elevation, gradient, and specific descriptions for each
sample are listed in Table 8.
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Site Descriptions
Don Juan Pond (DJP) (Figure 15).
A detailed description of DJP and the Water Track analyzed in this study
that feeds the pond has been previously described.103 In Summary, DJP is a
shallow (10-23cm), saline pond located in the Southern fork of Upper Wright
Valley. Despite regular temperatures down to -50°C, DJP remains ice free due to
the high concentration of salts which constitute ~40% of the pond by mass, with
CaCl2 accounting for 90% of the salt content. The primary sources of water in
DJP are upwelling from an underground aquifer, seasonal feeding from a dilute
stream on the western edge, and a high saline water track on the eastern edge.
This WT is fed from seasonal snow melts at the base of the Asgard Range and has
been observed in time lapse photography to change albedo in response to
atmospheric humidity in the absence of melt water suggesting the presence of
deliquescing salts in the soils. In total 4 samples were taken from the DJP
region, 3 from a WT feature to the east of DJP and one from a ponding feature
that forms the terminus of the WT.
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Figure 12: Google earth image with locations of samples taken from the water
track feature in Don Juan Pond. Water track feature is highlighted in white. The
exact locations of retrieved samples from the water track in DJP are adjusted
from the provided gps coordinates. The boxed insert shows the justification for
the adjustments. The gps coordinates provided for camp pond (30) and vxe6
pond (29), known features in the region, were shifted ~350 m ENE from their true
locations. This adjusted was used on the remaining coordinates in the DJP
region and all coordinates were located in an observable water track feature.
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Lake Fryxell (Figure 16)
Lake Fryxell is a stratified ice covered lake in Taylor Valley abutting the
eastern edge of Canada glacier. Surface waters are typically fresh but salinity
increases below 9m.104 Four samples were retrieved from 2 separate water tracks
in the Lake Fryxell region. The higher elevation track, LF-1, was sampled twice,
once at the origin and again approximately 350 m further down track at the
approximate midpoint. The second track, LF-2, located approximately 600 m
downslope toward the northeast of the first was sampled twice, the first sample
was taken approximately 525 m from the origin at a bend in the track and the
second from a location approximately 50 m further down the track.

Figure 13: Google earth image with locations of samples taken from water track
features in the Lake Fryxell Basin. Water track features are highlighted in white.
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Lake Hoare (Figure 17)
Lake Hoare is a freshwater lake ponded by the western edge of Canada
glacier and water tracks are observed throughout the region. Two water tracks
on the southern edge were sampled for a total of seven samples from the Lake
Hoare region. Both sampled tracks are at approximately equal elevations and
drain into Lake Hoare. LH-1 at the eastern edge next to Canada glacier was
sampled approximately 350 m from the origin of the track and then twice more 80
m apart where the track drains into Lake Hoare. WT-2 is located at the
approximate midpoint of the lake and was sampled four times. The first sample
was retrieved from the origin of the track, a second near the midpoint 380 m later,
a third near the terminus 900 m from the start of the track, and a fourth sample
was retrieved from a ponding feature located between the second and third
samples, approximately 660 m from the start of the track.
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Figure 14: Google earth image with locations of samples taken from water track
features in the Lake Hoare Basin. Water track features are highlighted in white.

Lake Bonney (Figure18)
Lake Bonney is the largest lake in Taylor valley consisting of two distinct
lobes, an east lobe and a west lobe. The east lobe is perennially ice covered with
fresh surface waters that become saline at depth and the smaller western lobe is
similar to the eastern lobe due to water exchange at the surface, but varies at depth
due to differences in biological activity.104 Three samples were collected from
Wormherder Creek (WHC), an ephemeral seep containing microbial mats105 in
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the Lake Bonney region. The first from approximately half way down the
eastern branch, another 30 meters downslope at the confluence of the two
branches, and the last from approximately 200 m downslope near the terminus of
a water track feeding the western lobe of Lake Bonney.

Figure 15: Google earth image with locations of samples taken from WHC, water
track feature in Lake Bonney Basin. Water track feature is highlighted in white.

5.3 Results
The concentration of primary anions and cations for all samples are listed
in Table 9 and 10.
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Table 10: Ion concentrations (mM) for primary cations as measured by ion
chromatography for samples from each of the six water tracks.

Lake Fryxell
Variation along the path length of the two sampled water tracks leading
toward Lake Fryxell are displayed in Figure 19a and b. Although the water
tracks are not physically connected, salinity increased both down the length of a
water track and from the highest elevation water track, LF-1 (Fig 19 a), compared
to the lower elevation track, LF-2 (Fig 19b). In LF-1, all ions concentrate
downslope proportionally to each other resulting in sample 42 being
approximately one and a half to three times more concentrated in all ions.
However, while cations concentrate proportionally downslope in LF-2 resulting in
a 25-30x increase, anion do not. Nitrate and nitrite increase from sample 39 to
40 by 40x while chloride increases only 20x, and sulfate only 5x. All samples
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are dominated by chloride and chlorate is present in all samples except for the
most concentrated sample (40), which contains perchlorate instead.

Figure 16: Ion concentrations down the length of (a) LF-1 and (b) LF-2 in the
Lake Fryxell Basin. The surface gradient, elevation a.s.l, and distance from the
origin of the water track are marked for each sample.
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Lake Hoare
Variation along the water track features in Lake Hoare are shown in
Figure 20a and b. Both water track features showed variable changes in anionic
content proceeding downslope from the origin. Cationic content in LH-1 (Figure
20b), located on the edge of Canada Glacier and the border of the Lake Fryxell
Basin, increases by 1.5-2.0x between samples heading downslope. While
Anionic content also exhibits this 1.5- 2.0x difference between the last two
samples collected approximately 80 m apart on the edge of Lake Hoare, anionic
concentrations between the first two samples, located 800 m apart, are 5x more
depleted in sulfate and nitrate, 1.5x depleted in chlorate, and exhibit equal
amounts of chloride and nitrate heading downslope.
LH-2 (Figure 20a) from the same region exhibits a ~2.0-4.0x decrease in
all measured ions between the first two sampled locations, with the exception of
nitrite which increased slightly. However, concentrations between the last two
samples, were consistently 1.5-3.0x more concentrated moving downslope. An
additional sample was taken from a ponding feature within the water track prior to
the final sample point which was more concentrated in all ions by one to two
orders of magnitude and was the only sample to contain detectable levels of
perchlorate.
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Figure 17: Ion concentrations down the length of (a) LH-2 and (b) LH-1 in the
Lake Hoare Basin. The surface gradient, elevation a.s.l, and distance from the
origin of the water track are marked for each sample.
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Lake Bonney, Wormherder Creek (WHC) (Figure 21)
The highest elevation sample taken before the convergence of the two
branches of WHC is the most concentrated sample, although the least diverse in
terms of anionic content, containing detectable levels of chloride and sulfate only.
At the confluence of the two branches there is an average 2x decrease in all ions
except for sulfate which decreases by a factor of 5. However, both nitrate and
nitrite are present, which were not present in the upslope sample on the eastern
branch. Toward the terminus, the concentrations increase by a factor of 1.25-2,
except for nitrite which decreased by a factor of 1.5. This lowest elevation
sample near the distal end contains trace levels of chlorate, and is the only sample
along WHC to contain any oxychlorine species.

Figure 18: Ion concentrations down the length of WHC in the Lake Bonney Basin.
The surface gradient, elevation a.s.l, and distance from the origin of the water
track are marked for each sample.
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Don Juan Pond (Figure 22)
Samples taken from the WT feeding DJP steadily and clearly increase
~1.5-2.0x in concentration for all primary anions and cations downslope from the
proximal to distal end. Chlorate is present in all samples from the water track with
decreasing concentration, while nitrite remains approximately equal throughout
the track. Perchlorate is not present until the last sample from the water track.
The camp pond sample taken from the distal end of the water track is the most
concentrated sample, with chloride, sulfate, nitrate, potassium, and sodium
increasing at a similar, although slightly higher, rate to samples from the water
track (2.0-3.5x). However, magnesium, calcium, and perchlorate all concentrate
to a much larger extent at ~6, 12, and 8 times their concentrations in the last
sample from the water track, respectively.
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Figure 19: Ion concentrations down the length of the water track feeding DJP.
The surface gradient, elevation a.s.l, and distance from the origin of the water
track are marked for each sample

5.4 Discussion
There is a general trend of increasing soluble ion content downslope from
proximal to distal end within the flow of a water track, however, several tracks do
not strictly follow this observation. In WHC, an initial decrease occurs at the
confluence of two branches, and may be attributable to differences in the water
volume and chemistry of the two branches. Unfortunately, no samples were
retrieved from the western branch, and so no comparison can be made.
Microbial mats have been observed in WHC105 and a second possible explanation
is alteration of the ionic composition of the water track by biological activity.
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This could result in an ionic distribution that is dependent on the location and
abundance of microbial life, rather than the physical structure of the flow.
Neither water track in the lake Hoare region strictly adheres to increasing
concentration downslope, although LH-1 tends toward this trend more than LH-2.
A more thorough description of the hydrology and higher resolution sampling of
LH-1 has been previously described and suggests that the depletion in anion
concentrations is the result of melting snowpacks located between sample 9 and
sample 10.101

In LH-2 the samples were taken at bends within the WT and

previous reports suggest that these features are the result of localized damming
and are associated with changes in the depth of saturation of the water track.
This depth of saturation is a result of increased melting of pore ice and effects the
volumetric water content. 101

An increase in melting pore ice associated with

bends in discrete location within LH-2 may affect the relative concentration of
ions within the feature and distort the general ion trends.
It is also of worth noting that within the Taylor Valley samples, the
predictability of ionic transport downslope decreases with increased hydraulic
conductivity of the soils which increases in association with a decrease in fines.106
While the grain sorting and prevalence of fines associated with RSL on Mars are
not known, grain size and soil chemistry has been analyzed at several mid-latitude
locations by Spirit,107 Opportunity,108 and Curiosity,109 and are in agreement
regarding the similarity in composition. Even though specific grain sorting
values are not listed for these sites, and therefore a direct comparison cannot be
made to Taylor Valley samples, Martian soils generally consist of fine grained
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material and should thus have a lower hydraulic conductivity. If this hypothesis
holds true, regular wetting of RSL features would be expected to result in an
increase in ionic content, especially perchlorate salts, toward the terminus of RSL
features.
Recent laboratory investigations of the effects of deliquescing salts, mixed
with JSC Mars-1a analogue soil show that darkening of the analogue soil and ion
mobility occurs in response to relative humidity (RH) > 70%. Furthermore, this
study showed that the type of salt present (i.e. Ca(ClO4)2 vs CaCl2) greatly
influenced the time required for wetting to occur from several hours to several
days.110 Unfortunately, this study did not investigate the effects of different
concentrations of deliquescing salts on the time to deliquescence, precluding our
ability to infer the effects of changes in soil salt content on the pattern of
deliquescence induced darkening.

5.5 Conclusion
If wetting of RSL features follows trends observed for WT features in
Antarctic, it is expected salts would be transported downslope as occurs in poorly
sorted, finer grained soils of Taylor Valley. Additionally, the lack of sufficient
subsurface ice in RSL locations on Mars suggests deliquescence should be the
primary driver of such wetting. Therefore, additional information on
concentration dependent deliquescence under ambient Martian conditions would
indicate if the darkening of RSL features downslope can be attributed to
deliquescent induced wetting or whether a colluvial origin is more likely. Recent
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modeling experiments suggest that during warm months a Knudsen pump effect
resulting from warming of surface fines and enhanced by bordering of cooler
fines shadowed by boulders, is sufficient to mobilize the oxidized surface fines
that cover the surface of Mars.97 As this occurs the darker subsurface would then
be exposed resulting in dark streaks. The occurrence of hydrated salts within
RSL is not inconsistent with this hypothesis. Subsurface regolith rich in salts
may absorb small amounts of ambient humidity and become hydrated, but this
does not inherently imply the formation of flowing brines.
Even if a dry origin for RSL features are unequivocally established, this
does not preclude the presence of liquid water on Mars. RSL features are
primarily observed within the equatorial region, and localized climate differences
between the northern plains and the equatorial region have implications for the
presence of subsurface water. Specifically, subsurface ice has been confirmed
within a few centimeters of the surface in the northern plains.33 While ice alone
does not imply liquid water, evidence in the phases and isotopic ratios of the
soluble components of the Martian soil in this region does. Isotopic signatures of
atmospheric CO2 at the Phoenix landing site suggest equilibrium with low
temperature water and the precipitation of carbonate minerals to explain the
measured δ13CVPDB = -2.5% ± 4.3% and δ18OVSMOW = 31.0% ± 5.7%.111 This
evidence for aqueous interaction is supported by the presence of primarily CaSO4
phases112 which would form through the interaction of volcanic SO2 and liquid
water.113
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A more complete and consistent sampling of the water track features in
Antarctica would provide a better understanding of how salts are transported
down slope in response to water track features and provide additional insight into
the RSL features seen on Mars. Additionally, investigations into the effect of salt
concentration on deliquescent induced darkening under relevant Mars conditions
should be pursued. The combination of data from these experiments would
provide key insights into the cause of RSL features on Mars that does not require
an increase in instrument resolution or new and costly missions.
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6. Identification of a Geochemical Analogue for Noachian Soils
6.1 Introduction
The penultimate Mars analogue for assessing aqueous alteration and
habitability are the McMurdo Dry Valleys. These hyper arid valleys in
Antarctica not only mimic the limited aqueous availability and perennially frigid
temperatures, but also have minimal impact from human activity. These Valleys
provide us with a unique view of how temperature and aqueous availability alter a
landscape. This is due to the existence of three distinct climate zones that differ
in elevation and distance from the coast resulting in distinct hydrological,
geomorphic, and geochemical characteristcs.102,114,115 Subsequently these
environments exhibit different degrees of aridity across a landscape with a single
geologic origin and history. The differences between these environments can be
used to understand how varying degrees of aridity affect the geochemistry of an
environment. These effects can be used by analogy to infer changes in Martian
aqueous processes over time as the surface was subject to increasing aridity from
the early Noachian when stable water features existed, through the Hesperian,
where temporally stable water features dominated the landscape, to the present
day Amazonian, where liquid water is no longer stable.
Because the MDV are located in such a remote location and are difficult to
access, it is necessary to describe additional arid environments to understand the
aqueous processes on Mars. While these environments are on average much
warmer than Mars, they still serve as important environments for understanding
the effects of aqueous interactions in environments with varying degrees of
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aridity. In particular, the Tindouf Basin region in Morocco, is an arid
environment with conditions that support stable water features when sufficient
water is available but does not include any perennial water features, similar to that
of the transition from the Noachian to Hesparian period on Mars.
This chapter focuses on describing a new Mars’ analogue environment for
Noachian and Hesperian aridification. The Noachian period is the most likely
period during which life would have developed on Mars. Not only does the
Noachian temporally overlap with the development of life on Earth, but the
extensive aqueous availability and hydrothermal activity,4,6,20,42 provided the most
habitable of the Martian epochs.
McMurdo Dry Valleys (MDV)
The MDV are a series of cold hyper-arid deserts in Antarctica located
between the Ross Sea and the Transantarctic Mountains. Their prolonged history
of hyper-aridity, subzero temperatures, and minimal anthropogenic contamination
make them the most Mars-like climate on Earth and a valuable resource for
studying geochemical processes on Mars.116–119 There is a complete lack of
precipitation in the MDV with the exception of a few instances near the coast and
wind blown snowfall. The influence of moisture on the MDV soils is limited to
groundwater transfer between surface snow, soil, and permafrost but is sufficient
to provide some mobilization of ions without flushing even the most soluble
species from the soil.120 Within the MDV three distinct geographic regions are
described based on elevation and distance from the coast (figure 26). These are
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the coastal thaw zone (CTZ), inland mixed zone (IMZ), and the stable upland
zone (SUZ) and vary in temperature and aqueous availability. The SUZ is the
highest elevation and furthest from the coast with a gravimetric water content
(GWC) < 5%, the mid-elevation IMZ has a GWC of < 30%, while the lowest
elevation CTZ has a GWC of > 30%.121

Figure 20: Map of the McMurdo Dry Valleys with labeled locations and color
overlay indicating Different microcliamte zones. Purple – Coastal Thaw Zone
(CTZ), Green – Inland Mixed Zone (IMZ), and Orange – Stable Upland Zone
(SUZ). Adapted from Marchant & Head, 2007.115

SUZ
Little to no meltwater exists in the SUZ and geomorphic features are not
active, as indicated by old overlying sediments. The primary loss of ice and
snow in this region is the result of sublimation. However, in some areas localized
increases in temperature result in isolated and minimal meltwater events.115
Polygon surface features in the SUZ are unique in that they are not the thermal
expansion based features seen in other environments, but instead are driven by the
sublimation of subsurface ice.122 This Hydrology is similar to that observed
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during the Amazonian epoch (present day Mars) in that subsurface ice is lost due
to sublimation rather than melting, although localized temporal increases in
surface temperatures may be sufficient to produce meltwater events that do not
outwardly effect geomorphic features. Similarly, the surface of Mars contains
many geomorphic features that were likely the result of an older period of
aqueous activity, but are now dormant and preserved.
IMZ
The IMZ has a more variable and complex contribution to soil moisture
content due to the influence of dry katabatic winds which are likely to carry
windblown snow from nearby plateaus – although precipitation levels are low and
sublimation, rather than melting, is still a dominant source of water loss in the
region.115 However, the warmer temperatures in this region and more frequent
occurrences of isolated heating alongside rocks is sufficient to support ground
meltwater. Additionally, the conditions in the IMZ are sufficient for soil
movement in response to groundwater saturation and flow over subsurface ice to
be maintained in soils with high salt content.123 This slightly more active
hydrology which depends on localized events and brine formation is likely similar
to occurrences during the Hesperian epoch. During the Hesperian, gully and
outflow features were formed as geologic activity slowed and surface conditions
ceased to support pure liquid water. This period was marked by punctuated,
localized aqueous activity within a predominantly and increasingly arid
environment.

90

CTZ
Moisture and RH in the CTZ is significantly higher and more consistent
than other regions in the MDV as a result of a constant source of moisture
provided from winds approaching from the Ross Sea. This moist air and average
warmer temperature is sufficient to produce minimal precipitation in the form of
snow.115 Additionally, temperatures in this region frequently exceed freezing
conditions and melt water permeates the soils and increases soil moisture content.
Meltwater on sloped faces is occasionally sufficient to produce soliflucation as
pore space becomes saturated and form channels several meters deep.105
Standing meltwater is stable long enough for evaporation of small pools to
produce evaporite minerals.120 Another intriguing feature of the CTZ is the
formation of ice-wedge polygons. These features are the result of thermal
contraction cracks in the soil filling with wet active layers which freeze.124
These features are an important aspect of habitability as transport of water and
microorganisms to different layers of the subsurface depends on this mixing.
This region is most similar in nature to the Noachian period on Mars when
standing water was stable, and groundwater was sufficient to form valley
networks.
Other Desert Environments
While the microclimates within the MDV represent pristine analogues –
both geomorphic and geochemical - to past habitats on Mars, the remoteness of
these locales make studying them costly and difficult. Instead, this work
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proposes alternative, more accessible, analogues on Earth that share similar
geochemistry, and in some instances geomorphic features, and are useful for
study in order to understand how the change in aridity and the subsequent effect
on geochemistry of the Martian surface has influenced the habitability over time.
Atacama Desert
The Atacama Desert has maintained an extreme degree of aridity over the
past 150 Ma,125 and began cycling between arid and hyper-arid over the last 14
Ma.74 This unique record of extreme and prolonged aridification provides a
unique insight into the geochemical record, habitability, and preservation
potential of this type of transition. This is an important aspect in the search for
signs of past or present life on Mars because this is the type of prolonged and
punctuated aridification that occurred during the transition from the Hesparian to
the Amazonian, when any life that had developed must have evolved and found
refuge in subsurface environments that would support or preserve it. The soils of
the Atacama are typically characterized by high levels of oxyanions such as
sulfates, nitrates, and perchlorates which are deposited inland from atmospheric or
volcanic sources, with some input from coastal fog on the outer edges of the
desert nearer the coast.77,89,126
Tindouf Basin, Morocco
The Tindouf Basin is a small expanse on the northern edge of the Sahara
desert, bordering Southern Morocco and Northern Algeria. Early in Earth’s
history this region was a coastal land mass and is subsequently composed of 8km
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of Cambrian to Carboniferous marine sediment with approximately 100m of
Pliocene soils derived from the Atlas Mountains above it.127 As a consequence
of the aridification of this environment, atmospherically derived oxyanions have
been deposited and retained within the soil. The region of study is located at the
northern edge of the basin between the Aglâb mountains and the Ga’ïdat plateau.
The region is characterized by alluvial fans, dry river beds, and variable
topography indicative of ephemeral streams and other fluvial processes that occur
during sporadic precipitations events and feed the river Draa, which is typically
dry. The southern portion is bounded by the Ga’ïdat plateau and is a stable, wellformed surface features with little indication of fluvial activity.

6.2 Methods
Prolonged aridification of an environment influences the pedogenic
processes that distribute soluble ionic species, preserving a record of the
mechanism and extent of aridification.81 The relative ratio of these preserved
ionic signatures is a function of their production rates through mineral weathering
and atmospheric deposition and the rate and frequency with which they are
flushed from the environment due to precipitation or groundwater events.77,89,128
Therefore, by examining environments with similar production rates, but different
degrees of aridity, these ratios can serve as geochemical proxies to understand the
aridification of the Martian surface.
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Sampling Procedures
The sample site (figure 6) consists of the strewn field of the Tissint
meteorite and is located on the northern edge of the Tindouf Basin encompassing
a radius of ~6km centered around 29°29'41.29"N, 07°34'50.50"W.57 The site is
located within a restricted access zone controlled by the Moroccan military and is
uninhabited. Anthropogenic influence is limited to well-established 4x4 tracks
used for military patrols, and foot traffic by Bedouins collecting fragments of the
Tissint meteorite. The site was split into two geographically distinct but
physically proximate regions for the purpose of this study. The Aglâb region is
located at the northern edge of the site and is characterized by a variety fluvially
altered features including alluvial fans and variable topography indicative of
ephemeral streams.
The Ga’ïdat region located on the southern edge is characterized by stable
surface features and minimal landform modification. Samples were collected
from six sites and eleven pits in the Aglâb region and six sites from nine pits in
the Ga’ïdat region. Sites were chosen in flat surfaced highs without signs of
vegetation or foot traffic. At each site two pits were dug to a depth of ~20 cm
where a hardpan layer of caliche was encountered; pits were dug such that one
was taken from an area with desert pavement, and a second from a nearby area
without substantial pavement if present. Samples were collected from the
surface just under the desert pavement down to 5 cm and a second from a depth of
15-20 cm and stored in pre-sterilized whirl-pak bags.
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Soluble content analysis
Samples were split in the laboratory into a sand fraction with grain size
from 2 mm - 75 µm and a silt fraction if < 75µm prior to leaching. Leaching was
performed using ~1.0 g of soil at a 1:10 wt/vol ratio in 18 M-Ω water for 1 hour
with gentle rocking on a Thermoline Labquake™. The leachate was removed
and filtered through a 0.2 µm PTFE filter prior to analysis by ion chromatography
(IC) using a Dionex ICS-2000 Reagent Free IC with suppressed conductivity
detection. Method parameters for separation of anions, cations, and perchlorate
are listed in Table 4.
Comparison of ionic ratios of anions were chosen in order to compare the
Tindouf Basin to the Atacama desert and to various microclimate regions in
Antarctica, because the input of these species is the result of atmospheric
deposition and relative abundances should vary depending primarily on post
depositional processes.81,129 This allows these regions to be compared in terms of
the climate differences, and evaluated in terms of the aridity of the environment.
Results are also compared to the direct measurements of the Martian soil from the
Wet Chemistry Laboratory (WCL) experiments on Mars65 and leachate of the
Mars meteorites EETA 79001.130
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6.3 Results
Measured anion concentrations are listed in Table 8, and the pH, EC, and
particle size distribution for are in Table 11, for both sites. Soils across all sites
have a neutral pH and are primarily sandy with an accumulation of fine grained
particles at the surface. Electrical Conductivity measurements vary up to 200%
both within and across regions indicating a heterogeneous distribution of salts and
ion concentrations are consistently greater at depth than at the surface. This
effect is more pronounced for the most soluble ions, including perchlorate, where
none is detected in the surface samples, but present at concentrations up to 250
ppb at depth.
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In order to reduce the effects of varying degrees of salinity that result from
localized differences in transport within the region, individual anions were
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normalized against total measured anionic content. The interquartile range for
these normalized anion concentrations are shown in Figure 24. In general, nitrate
varied the most between regions followed by chloride and sulfate showed the least
variation. This trend was reversed for sites within a given region with chloride
exhibiting the greatest variation and nitrate the least, whereas concentrations of all
anions varied consistently between surface and depth samples.

Figure 21: Box and whisker plots of primary anion molar fractions from each
sample region, and from surface and depth.

6.4 Discussion
In general, the trend toward similarity between the geomorphically
disparate regions and pronounced difference with depth – exacerbated for the
most water soluble species - indicates that the primary driver for soil
geochemistry in this region is post depositional mobilization from intermittent
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precipitation events and diurnal condensation. Further evidence is found in
comparing the differences between surface and depth concentration between the
two regions. The more complex and fluvially altered Agläb region is
characterized by a much greater difference between surface and depth
concentrations within the region than the more stable and well developed Ga’ïdat,
which tends to show less variation in surface depth differences between each
sampled site. As such, despite geomorphic dissimilarity, the data collected from
the region can be combined into one data set for the purpose of comparison to
other environments. Figure 25a shows the relationship between the measured
oxyanion and chloride concentrations for the samples from the Tindouf Basin
region of this study.
Comparing the ionic ratios of the Tindouf region to previously proposed
deserts allows us to place the Tindouf Basin region within the context of
aridification and oxidation of desert environments on Earth that have been
compared as geochemical analogues to Mars.

Comparing the Tindouf region to

these environments, which have similarly been compared to various Martian
epochs, provides a context for comparison of the Tindouf region as an analogue of
Martian soil geochemistry.
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Desert Environment Comparisons
Beacon Valley, which is located in the SUZ has a greater tendency toward
an increase in oxyanions compared with Cl- but an overall comparable ratio
between NO3/Cl and SO4/Cl (Figure 25b). The tendency toward an increase in
oxyanions relative to Cl-, but an overall similarity in their ionic ratios is indicative
of a more rapid accumulation of oxyanions, likely the result of the higher
elevation and input from atmospherically derived sources. A similar, but more
exaggerated version of this trend toward accumulation of oxyanions relative to Clis seen in comparison to the University Valley samples (Figure 25c), which is a
higher elevation valley that also falls within the SUZ.
Contrastingly, the Victoria Valley samples, which are typical of IMZ
microclimate have comparable NO3/ClO4 (Figure 26) ratios and correlation
whereas NO3/Cl are similar only in ratio and exhibit a tendency toward more
rapid accumulation of NO3- relative to Cl- (Figure 25d). The similarity in the
correlation and ratio between NO3- and the more soluble ClO4- compared to Clsuggests a difference between the environments related to post-depositional
aqueous transport. The competing influences between shallow groundwater,
permafrost, and drying katabatic winds in Victoria Valley complicates the postdepositional transport compared with the processes in the Tindouf Basin.
In Taylor Valley, which is located well within the CTZ, NO3- and Cl- are
comparably correlated to the Tindouf Basin samples (Figure 25e), this is
indicative of similar deposition and transport processes occurring within the
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region. However, all oxyanion/Cl ratios are enriched in Cl- which is likely the
result of input from coastal sea spray.
Atacama samples are similar in both correlation and magnitude for NO3/Cl
(Figure 25f), but are reduced in their ratio of NO3/ClO4 (Figure 26). The
prolonged state of the Atacama as a hyper-arid region would result in a greater
accumulation of ClO4- since the lack of aqueous availability reduces transport of
this highly soluble anion, thereby reducing the NO3/ClO4 ratio.
Mars Comparison
Figure 25g shows the comparison between the Tindouf Basin samples and
two direct measurements of Martian material. One from direct in-situ leaching of
soil as part of the WCL analyses during the Phoenix Lander mission65 and the
second from a leach of the Mars meteorite EETA 79001.130 Oxyanion species
are more concentrated, while Cl- is depleted relative to Tindouf Basin samples for
both direct Martian measurements. Despite this general trend toward enrichment
in oxyanions on Mars, the relative SO4=, NO3-, and ClO4- values in EETA 79001
are similar to those in the Tindouf Basin samples and the ratios of these
oxyanions/Cl are consistently and similarly higher in the EETA 79001 samples.
It is also worth noting the larger concentration of ClO4- measured by WCL
compared to EETA 79001, which may be attributable to a steady increase in ClO4concentrations on Mars over time as Cl- is oxidized to ClO4-.44 This tendency
toward an increase in ClO4- is also noted across analogue sites as aridity increase,
supporting the proposition that more arid environments such as those found in the
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SUZ can serve as analogues to recent Martian epoch while less arid environments
would serve as analogues to earlier Martian epoch geochemistry.
Figure 26 includes a comparison between all sampled analogue sites, the
Mars meteorite EETA 79001130, and direct measurements of the Martian
surface.34,41,131

Figure 22: Correlation of NO3/ClO4 and ClO4/Cl ratios for each Martian analog
site, the Mars meteorite EETA 79001130 and surface measurements obtained from
the Phoenix lander34 and Curiosity rover41,131 (Present day Mars).

The primary trend observed in the data set is increasing NO3/ClO4 corresponding
to a decrease in ClO4/Cl ratio as the aridity of the environment decreases, with
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measurements from the present day surface of Mars at one end and the Tindouf
Basin region of Morocco at the other. An outlier within this trend exists in
Taylor Valley, which has the lowest NO3/ClO4 ratio and highest ClO4/Cl ratio.
This deviation is the result of a higher concentration of perchlorate in the soils of
Taylor Valley than other regions. The relative abundance of moisture and
chloride input as a result of Taylor Valley’s proximity to the coast may account
for this increase in perchlorate, as the hydrogeological controls of the
environment result in redistribution of soluble elements, but are insufficient to
remove them from the environment.120

Comparison to Martian Epochs
The different Martian epochs and their proposed geochemical terrestrial
analogues are shown in Figure 270. Considering first the various microclimate
zones in order of decreasing aqueous influence we have SUZ > IMZ > CTZ and
placing the different MDV within that same structure we find University Valley >
Beacon Valley > Victoria Valley > Taylor Valley.
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Figure 23: Proposed Martian epochs most relevant to Mars analog sites based on
soluble soil geochemistry and aridity

We can then roughly compare these environments to different Martian epochs
with University and Beacon Valley being analogous to the Amazonian/Hesperian
epochs and Victoria Valley as analogous to the Hesperian/Noachian epochs, due
to the confounding influence of sea spray in Taylor Valley, this region is excluded
from our aridity analogues. The Tindouf Basin showed the greatest similarity to
the geochemistry associated with Victoria Valley in terms of aqueous influences
within the regions. Additionally, deviations from similarity were the result of
depletion of more soluble species in response to more regular aqueous influences.
Therefore, we argue that the Tindouf Basin region of Morocco can be considered
a geochemical analogue of aridity processes in late Noachian soils on Mars.

6.5 Conclusion
The similarities in oxyanion/Cl ratios and correlations as well as the
consistent manner in which deviations occurred in response to increasing aridity
support the ability of various degrees of arid environments to serve as analogues
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to geochemistry throughout Martian history. The relative similarity in ionic
distribution between the samples from the Tindouf Basin and other Mars analogue
sites demonstrates the usefulness of the Tindouf Basin region as a more easily
accessible analogue to Noachian soil geochemistry. It is important to expand the
number of Noachian analogues in order to evaluate the ability of these regions to
host life and support evolution. Geochemical analogues are of particular
importance in the understanding of Martian habitability because the geochemistry
of an environment is what allows for the sustainability of life.
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7. Conclusion
The evidence preserved within fissures and cracks in the Mars meteorite
Tissint suggests that hydrothermal activity similar to what was believed to
abiotically produce biological precursors on Earth occurred on Mars as well. This
provides a potential mechanism for the emergence of life on Mars in the past. If
we then consider the scenario observed in the Atacama, wherein an environment
has largely been seen as uninhabitable due to the extreme lack of precipitation for
prolonged periods, but due to occasional and rare rainfall events supports isolated
habitats in the protected subsurface. We can similarly imagine a scenario in the
protected Martian subsurface where microbes, which have evolved to stay
dormant for prolonged, highly desiccated periods, can be mobilized due to
subsurface liquid water.
The question remains whether or not subsurface water events occur on
Mars. The RSL observed on Mars are one possible location for such water
events. Despite the evidence presented in this work that does not support a
downward flow of water being the source, further work is required to more
definitively distinguish between an aqueous vs dry source. Even if a dry origin
for RSL features are unequivocally established, this does not preclude the
presence of liquid water on Mars as localized climate differences between the
northern plains and the equatorial region have implications for the presence of
subsurface water.113
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Subsurface environments which are subject to infrequent but regular
aqueous input can potentially be identified by analyzing the distribution of soluble
salts within the subsurface. The difference in ion profiles across degrees of
aridity, and the difference in distributions with depth associated with aqueous
percolation, make ion profiles a simple first approximation approach to
identifying potential subsurface habitats. The search for habitable subsurface
environments through the analysis of these profiles in potentially habitable
regions of Mars will further improve our chances of detecting evidence of past or
extant life on Mars.
However, to further understand how prolonged aridification effects the
development of extremophiles, how inorganic profiles are affected by sources and
frequency of water availability, and how these can be related to the potential
development of life on Mars, aridity analogues to the various epochs on Mars are
necessary. Since the Noachian epoch is largely considered the most likely
habitable period on Mars, identification of Noachian epoch analogues on Earth,
such as the Tindouf Basin region of Morocco, are necessary to further our
understanding of the habitability of Mars. Further investigation of these
environments will provide insights into the transport of microbial species to
subsurface sanctuaries under punctuated aqueous availability and inform our
understanding of the habitability of Mars.
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Appendix 1: Operation and performance of Dionex ICS 2000
Discussion here focuses primarily on practical considerations regarding
specific components and operational parameters of the Dionex ICS 2000, the
measurements obtained, as well the application of experimentally determined
parameters. Ion chromatography (IC) is a form of high performance liquid
chromatography wherein the stationary phase is an ion exchange resin and the
mobile phase is an acid or base. Separation of ionic analytes is achieved through
competition for binding sites on the ion exchange column between the acidic (for
cations) or basic (for anions) component of the eluent and the ionic analyte. For
inorganic analytes, the primary considerations affecting retention are valence,
polarizability, and size. The IC is coupled to a conductivity detector, and the
conductive eluent suppressed prior to detection, reducing the eluents contribution
to the measured signal. For the analyses in this work, all IC measurements were
obtained using a Dionex ICS 2000 with suppressed conductivity and reagent free
eluent generation. A diagram with the basic operation of each component is
shown in Fig A1 and described below.
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Figure A1: Block diagram of the ICS 2000. Arrows indicate the direction of flow
of the eluent stream. Individual components are further described in the text.

1. 18 M-Ω water filtered through a 0.2 μm filter is required to meet the
standards of ultra-low ionic impurities and prevent clogging. This is
provided through a Barnstead NANOpure™ water system. An internal
degassing unit is placed between the water reservoir and the eluent mixing
valve.
2. The eluent valve is placed in front of the pump head and controls the flow
of water into the system.
3. The pump is a dual piston design. The primary pump head (a) includes a
manual priming valve on the front, and the waste valve (which will divert
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eluent to waste rather than through the chromatographic system) is located
on the front of the secondary pump head (b).
4. The pump transducer monitors the pressure of the system which can be
recorded from the Chromeleon software interface.
5. The pulse damper is a long coil of 0.75 mm i.d PEEK tubing which is
connected on both ends to the rest of the system with 0.125 mm i.d PEEK
tubing. The larger diameter coiled tubing creates an area of low pressure
which reduces the amplitude of the pulses generated by the piston
pumping system.
6. The eluent generator cartridge (EGC) consists of a reservoir of
concentrated electrolyte separated from a pressurized eluent generation
chamber by an ion exchange membrane. Pt electrodes form an electrolytic
cell with one electrode exposed to the electrolyte reservoir and the other to
the eluent generation chamber. A current is applied between the Pt anode
and cathode resulting in the electrolysis of water in both chambers. The
generated H+ (in an anion reservoir) or OH- (in a cation reservoir)
displaces the counter ion in the electrolyte reservoir, which crosses the ion
exchange membrane into the eluent generating chamber, where it pairs
with the OH- (in an anion cartridge) or H+ (in a cation cartridge) to
produce the desired concentration of eluent. Gas generated during this
process is vented to waste.
7. The continuously regenerated trap column (CR-TC) is an electrolytic
column designed to eliminate impurities from the eluent stream prior to
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separation. The electrolytic cell is bifurcated by an ion exchange
membrane. One side of the membrane is filled with an ion exchange
resin which retains any impurities as well as the eluent while allowing the
counter ion to pass. Lost eluent is replaced at the exit of the column
through the electrolysis of water.
8. Eluent is degassed with an external degassing unit to remove the H2 and
O2 produced during eluent generation.
9. Degassed eluent is loaded into the injection port and mixed with sample
from the sample loop.
10. Injected sample and eluent are passed through a length of tubing coiled
and sandwiched between heat exchanging plates mounted on the column
heater in order to equilibrate the sample temperature with the column
temperature.
11. Sample is injected through a guard column to retain potentially damaging
sample contaminants and then through the analytical column for
separation.
12. Post separation, the sample and eluent is passed through a suppressor to
remove ionic components from the eluent and reduce the background
conductivity (Figure A2).
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Figure A2: Diagram of the electrolytically regenerated suppressor (ERS)

The analyte stream passes through a central chamber, bordered on either
side by ion exchange membranes. One side chamber includes an anode,
the other a cathode, and through the electrolysis of water OH- or H+ is
generated within each chamber. For a suppressor in a system separating
anionic species (utilizing a basic eluent), a cation exchange membrane
separates the analyte stream from the electrolytic cells. Generated H+
crosses into the analyte stream neutralizing the basic eluent and the eluent
counterion crosses out of the sample stream to the opposite chamber.
13. The conductivity of the suppressed sample is measured and then returned
to the suppressor for recycling back to the CR-TC and diverting to waste.

113

A1.1 Column and method descriptions
All Cations were separated using a Dionex CS12 column, eluent
concentration of 20 mM methylsulfonic acid (MSA) at a flow rate of 1.0 mL/min
and a suppressor current of 59 mA. This suppressor current was sufficient to
reduce the background contribution from the eluent to ~ 0.12 µS. Primary anions
(excluding highly hydrophilic, polarizable anions) were separated with an AS18
column. Eluent flow rate was maintained at 1.0 mL/min for all analyses.
Analyses conducted prior to July 2015 used eluent concentration 23 mM KOH,
and all subsequent analyses used 22 mM KOH. This shift in eluent concentration
is the result of peak overlap between sulfate, nitrate, and bromide that occurred a
result of a change in the dwell volume of the instrument following a complete
replumbing of the system that was necessary to remove contaminated tubing.
The suppressor current was maintained at 75 mA for all analyses which was
sufficient to reduce the background signal to ~0.18 µS – 0.23 µS depending on
the efficiency of the suppressor, which varied with age.
Perchlorate and other polarizable hydrophilic anions were separated using
an AS16 column. Eluent was maintained at 35mM KOH and a flow rate of 1.25
mL/min for all analyses. The initial suppressor current used was 200 mA per
previous protocols. However, the optimal suppressor current is described in the
manual as:
𝑚𝐿

𝐶𝑢𝑟𝑟𝑒𝑛𝑡 (𝑚𝐴) = 𝐹𝑙𝑜𝑤 𝑅𝑎𝑡𝑒 (𝑚𝑖𝑛) ∗ 𝐸𝑙𝑢𝑒𝑛𝑡 𝐶𝑜𝑛𝑐 (𝑚𝑁) ∗ 𝐶
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(1)

Where C= 2.47 for the anion suppressor and C=2.94 for the cation suppressor,
and it is not recommended that the suppressor current be operated at greater than
10% of the optimal current for extended periods of time or damage may occur.
Under current operating conditions, the suppressor current should be maintained <
120 mA. Over the course of the four years during which the analyses contained
within this body of work were conducted, replacement parts, regular cleaning and
preventative maintenance procedures were employed that were sufficient to
reduce the suppressor current to 100 mA and maintain a background contribution
to signal of ~0.2 – 0.25 µS. These procedures and their purposes are described
below.

A1.2 Procedures for optimal performance
Optimal performance of the ICS 2000 cation system includes a baseline
conductivity with pure water of 0.11-0.17 µS, with random baseline peaks of less
than 0.00001 µS. The ICS 2000 anion systems is performing optimally when the
baseline conductivity with pure water of 0.15-0.2 µS and cyclical baseline
fluctuation of less than 0.0001 µS amplitude and frequency of ~15-20 minutes.
The performance of the ICS 2000 operated for anion separation varies greatly
depending on the maintenance performed. The proper diagnostic procedure,
most common causes of this variability, and required instrument maintenance to
reduce variability will be described systematically. The most common
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encountered causes of reduced sensitivity and analytical variability for the anion
ICS 2000 used here:
1. High, but stable background signal/increasing baseline
2. Excessive time required to reach a stable background signal
3. Erratic baseline noise
A High but stable background signal is defined for our purposes as a
background that does not drop below 0.3 µS and is decreasing at a rate of <0.01
µS/min. This is generally indicative of poor suppression, either from the precolumn CR-TC, or from the post-column suppression system. The manual places
a lifetime limit for both of these at 6 months, however, this is not strictly the case
and if operated properly with cleaning and regeneration these components can last
a year or more.
The most common cause of a high but stable baseline is depletion of the CRTC. The purpose of the CR-TC is to remove impurities from the eluent prior to
separation. Post column suppression is designed to neutralize the acidic or basic
components of the eluent and may not address eluent impurities. Therefore,
ionic impurities in the eluent stream will contribute to a higher than normal
background signal despite maximum suppression. General operation of the CRTC requires that this component be turned on whenever eluent is being generated.
If eluent flows through the CR-TC when the component is turned off, the ionexchange capacity becomes exhausted and a higher than normal baseline is
observed.
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It is also necessary that high purity 18 M-Ω water be used in the eluent
generation process. If the source water contains high concentrations of
impurities, the CR-TC will become contaminated leading to reduced function.
Cleaning and regeneration procedures for the CR-TC are well described in the
CR-TC manual, and generally include flushing the CR-TC with a moderate
concentration of acid (sulfuric, HCl, or oxalic depending on the contaminate) for
cleaning, and allowing to soak with high concentration HCl for extended periods
of time for regeneration.
To determine whether the CR-TC is the source of the high background signal
the eluent generator and CR-TC are turned off and the flow rate set to the
recommended setting and the suppressor to a current of 75 mA. Once the
baseline as stabilized, increase the suppressor current to 100 mA, if the baseline
stabilizes at <0.25 µS at 75 mA and then decreases and stabilizes again at 100
mA, the suppressor is operating properly, and the source water is not significantly
contaminated. This is an indication that that CR-TC may require cleaning,
regeneration or replacement. If the baseline exceeds these values, but stability is
achieved rapidly and reduction occurs at 100 mA, the suppressor may be working
properly, and the sources water may be contaminated, indicating that the CR-TC
should be cleaned and it may also be necessary to replace filter in the Barnstead
NANOpure™ system to provide cleaner source water.
An excessive time required to reach a stable background is typically the result
of the post-column suppression system. Under optimal conditions a stable
baseline is reached in less than 1 hour, however, up to 4 hours is not uncommon
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during the lifetime of the suppressor, if 6 or more hours is required, maintenance
should be performed to avoid excessive waste and strain on the system. If the
suppressor is less than 6 months old, it is recommended that before attempting
regeneration of the suppressor, a cleaning is performed. It is more likely that the
suppressor has become contaminated by sample impurities than is depleted. If
the suppressor has already undergone cleaning, has been used excessively, or is
past the manual recommended lifetime, regeneration can be used to improve
performance and extend the lifetime of the suppressor. If regeneration is being
performed on a monthly basis, it is recommended that a new suppressor be
purchased.
Erratic noise within the baseline can result in increased limits of detection and
irreproducible peak heights, and is typically the result of one of two issues. Either
a connection is not tight enough and air is entering the system, or the pump
pistons are contaminated and must be cleaned. At the first sign of erratic noise or
irreproducible peak height begin monitoring the pressure of the system. If the
crest and trough of the pressure spikes have a difference of greater than ~5%, the
pump pistons should be inspected, cleaned, and if any part of the pump head is
damaged, replaced. If the problem persists, the connections between the
injection port, column, suppressor, and conductivity cell should be tightened as
these are typically the first to loosen, and then the remaining connections
throughout the ICS system should be tightened.
IC analyses conducted on highly saline samples may result in ionic
concentrations that exceeded the capacity of the IC columns. This is evidenced
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by peak fronting and tailing for primary ions, preventing quantification and in
some cases obscuring neighboring peaks. When high salinity is the result of
excessive chloride concentrations solutions should be filtered through an Ag/H
filter prior to separation. In all other cases samples should be diluted to a
conductivity of 50 - 100 µS prior to injection. This maximum conductivity was
determined by injection of undiluted natural samples with high NaCl and CaSO4.
Approximate concentrations of all measured ions were calculated from standard
curves and used to determine minimum dilutions required to prevent overloading
while still retaining trace ions. This method was employed for natural water
samples as well as concentrated soil leaches.

A1.3 Analytical Metrics
Dynamic Range was experimentally determined for all anions (excluding
oxychloride species) by injecting a range of concentrations of a Dionex
multianion standard, whereas perchlorate, chlorate, and chlorite standards were
prepared from individual 1000 ppm standard solutions. Concentrations of
successive dilutions for all tested anions are listed in Table A1. Calibration
results for the full range of standards was plotted and the upper limit determined
based on visual inspection and determination of deviation from linearity (Figure
A3).
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Calibration statistics were calculated from the lowest prepared standard to
the determined upper limit and limit of detection (LOD) was calculated from the
calibration curve as:
𝑦𝐿𝑂𝐷 = 𝑏 + 3 ∗ 𝑠(𝑦)

(2)

Where yLOD is the lowest detectable signal, b is the y-intercept of the calibration
curve, and s(y) is the standard error of the regression. Calibration points below
the calculated yLOD were removed and calibration statistics recalculated until only
standards with signals larger than yLOD remained. The final dynamic range for all
anions are listed in Table A2.

Dynamic range is calculated from standard

solutions and represent an idealized range, for higher conductivity and more
complex samples, the LOD may increase if the baseline has not stabilized at the
retention time of the observed peak.

Table A2: Dynamic range of common anions using the ICS 2000 with suppressed
conductivity detection.
The LOD of perchlorate is strongly dependent on the calibration range. While a
calibration curve extending up to 400 ppb is linear, the error associated with the
regression over this range results in an LOD of ~20 ppb. Reliable calibrations
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for trace levels of perchlorate can be achieved if the calibration is kept an order of
magnitude lower and regression statistics are calculated from 2 – 50 ppb. The
upper limit determined for sulfate is not a result of deviation from linearity as is
the case for all other anions, but is instead a result of the large error associated
with high sulfate values. Error in the upper and lower detection limits were
calculated based on the error from the calibration:

𝑠𝑥 =

𝑠(𝑦)
𝑚

1

1

(𝑦 −𝑦̅)2

𝑖
∗ √𝑁 + 𝑛 + 𝑚2 ∑(𝑥
−𝑥̅ )2
𝑖

(3)

Where sx is the error in concentrations, m is the slope of the regression, N is the
number of replicates, n is the number of calibration points, yi is the measured
signal, y̅ is the average of the signals from the calibration, and ∑(𝑥𝑖 − 𝑥̅ )2 is the
sum of the square of the deviation of x in the calibration. In general, this is the
primary method used to calculate errors throughout this body of work, with
propagation of errors for dilutions and leaches considered as necessary.
A maximum total sample conductivity of 100 µS/cm was also determined
to prevent overloading of the column, sample carryover between injections, and
swamping of later eluting peaks, as described previously in section 2.1.2. This
maximum sample conductivity was not applied to analysis for perchlorate, as few
sample components are retained on the AS16 column, and overloading does not
result in peak overlap or swamping of the perchlorate signal. However, a high
sample conductivity may raise the LOD for perchlorate resulting from an increase
in the background signal as the unretained species are flushed through the system.
This is typically of concern for samples with conductivity greater than 500 µS/cm.
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Diluting these samples, as is recommended for high conductivity anion analysis,
would result in a lower concentration of perchlorate in the analyzed sample and
an effective increase in the detection limit, therefore, it is not recommended.
Instead, chloride should be filtered from the samples prior to analysis and a blank
be inserted between each sample in order to allow sufficient time for the baseline
to stabilize.
A1.4 Software Control
The ICS 2000 is controlled using Chromeleon software. The currently
installed Chromeleon software is setup to expect two ICS instruments. If one
instrument is not working properly and needs to be shut down while the other one
runs, the software requires that the disconnected ICS be set as a virtual machine.
This is accomplished through setting the instrument from ‘Live’ to ‘Virtual’ in the
Chromeleon server configuration. Whenever an ICS is set as a virtual machine,
the system must be physically disconnected from the computer by unplugging the
USB cable at the computer port. While each system can be operated from the
front LCD panel on the instrument, the master control board will not recognize
any maintenance that has been performed unless the system is reattached to the
computer and the instrument is returned to a ‘Live’ configuration. This is
because Chromeleon server configuration sets the identity of the instruments by
associating the serial number to a chosen ID (i.e. ECD_2), these associated IDs
are referred to throughout the software user interface. When installing a new
ECG, or control circuit board, the correct serial number must be manually
inputted to the server configuration in association with the appropriate ID.
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