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FOREWORD

My life and the US space program changed on August 7, 1996. That was the day a group
of scientists in the NASA Headquarters auditorium in Washington, District of Columbia,
announced they had found evidence of life in a meteorite from Mars that landed on Earth
roughly 13,000 years earlier. That meteorite was the first recovered in a 1984 collecting
expedition to Antarctica’s Allan Hills, hence its designation, ALH84001.On that summer
day in 1996, I had been working at NASA Headquarters for eight years. I watched the
press event from a windowless conference room because the auditorium was filled with
television cameras and folks higher than me on the NASA food chain. As of that day I had
never taken a biology course—not even in high school. But I knew that working on the
questions raised by the announcement, particularly Has there ever been life on Mars and even
beyond?, was going to be too exciting not to be a part of. So I embarked on a path of
learning and practice that led to the Directorship of the NASA Astrobiology Institute
(NAI) and two decades of immersion in the quest to understand the potential of the
universe to harbor life beyond Earth.
The changes to the space program that began that day have led to countless outcomes,
this book among them. For the Space Summit that President Clinton called for that afternoon as he left the White House for California resulted in NASA’s Origins Program with
its doubling of funding for Mars exploration and its creation of the NAI. And after his
arrival in California, speaking to students and educators at the John Muir Middle School
in San Jose, he linked the announcement to education.
…what it says is that…if we can nurture scientific interest and capacity in our young
people…they will be able to do work and discover things that we have not imagined yet.

And thus began a journey of exploration and inspiration—personal, national, and international—that continues to this day. It really doesn’t matter that the scientific community
reached a consensus (with some notable hold-outs) that there was no evidence of life in
ALH84001. What matters is that it raised the consciousness of scientists and politicians
and the public alike to the potential for life beyond Earth and the tools within our grasp to
evaluate that potential.
As we progress on this journey, our thinking evolves. The titular transition of this
volume—From Habitability to Life—represents such an evolution. We have thought of
a planet’s potential for life in terms of its habitability. But as one of the editors of this
book has pointed out,1 habitability is a generality. Life exists in habitats. And so we must
think in terms of habitats and ecosystems as we explore for life beyond Earth.
1

Cabrol, N.A., 2018. The coevolution of life and environment on mars: an ecosystem perspective on the
robotic exploration of biosignatures. Astrobiology 18, 1–27.
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Foreword

From Habitability to Life can also represent the evolution of a planet. But perhaps
those planetary states are closer than we have thought. Life may be a planetary-scale phenomenon—something that happens not on a planet, but rather to a planet.2 From this
perspective, we are asking the question Was Mars ever alive? The answer may depend
on whether the chemical disequilibrium conditions of early Mars led not only to abiotic
processes of free energy dissipation, but to biotic ones as well.3
Should we find that biology was involved, it will be one of the most important and
profound discoveries in human history. For if we find Martian life that shares a common
origin with life on Earth, we will add branches to the tree of life that will illuminate evolution in a way never before possible. And if we find Martian life that originated separately from life on Earth, we will have found the holy grail of astrobiology—a second
example of life (N ¼ 2)—with all its implications for distinguishing what is necessary
from what is contingent in life. And if, as we explore Mars, we begin to conclude it
has never been alive despite at least transient conditions of habitability, it may affect
how we regard the significance of life on our own planet.
So our exploration of Mars and the quest of astrobiology are contributing to society in
many ways, with the potential for even greater contributions to come. Readers of and
contributors to this volume are joined in a journey of discovery addressing fundamental
questions of our existence: What is the nature of life? How does it arise? Mars has a role to play
in this journey not so much as a destination, but as an intellectual waypoint. A place to
stop and consider a particular set of circumstances that may or may not have led to life.
Beyond Mars are Europa, Enceladus, Titan, Triton, and countless worlds and moons
around other stars. Each presents different circumstances and possibilities. The potential
of the universe is vast. The potential for life seems vast as well, but it is only through the
journey on which we have embarked that we will come to understand how, and
whether, that potential has been realized.
Carl B. Pilcher
Blue Marble Space Institute of Science

2
3

Credit for this formulation goes independently to David Grinspoon, Sara Walker, and Eric Smith.
For much more on this point, see Smith, E., Morowitz, H.J., 2016. The Origin and Nature of Life on
Earth, Cambridge University Press.

Plate 1 From habitability to life? Forty years of exploration has provided converging evidence that early Mars was habitable for life as we know it.
Whether life ever took hold is a question that will be addressed by the next generation of missions, starting with Mars 2020 and ExoMars. Credit
image: NASA/JPL-Caltech/MSSS. Dingo Gap captured by the Curiosity rover at Gale crater, Mars.

Plate 2 Elements of Martian habitability. Top left—Mastcam image of a section of the Murray Buttes at
Gale crater captured by the Curiosity rover on 8 September 2016. The buttes and mesas are eroded
remnants of ancient sandstones. Credits: NASA/JPL-Caltech/MSSS. Top right—Lava deposits and
sequences of sedimentary layered deposits in the background captured in the foothill of Mount
Sharp, Gale crater, Mars. Credits: NASA/JPL-Caltech/MSSS. Middle panel—The Comanche outcrop
holds key mineralogical evidence for an ancient lake in Gusev crater. Image by NASA/JPL-Caltech/
Cornell University: Mars Exploration Rover mission and Spirit rover. Bottom left—Opaline silica
deposits in a series of depressions in Noctis Labyrinthus as viewed from orbit by HiRISE onboard
MRO. The opal could have formed by chemical weathering of basaltic lava flows or ash in the
presence water. Credit image: NASA/JPL/University of Arizona. Image ID: ESP_023359_1710. Bottom
right—Mastcam image showing a pattern typical of a lake-floor sedimentary deposit not far from
where flowing water entered a lake. Credits: NASA/JPL-Caltech/MSSS: NASA’s Curiosity Mars rover.
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1.1 OVERVIEW
The exploration strategy currently guiding the search for life in the solar system begins
with a short list of the fundamental resources required by terrestrial life. The most important
of these requirements is liquid water. Second in importance are sources of biologically
essential elements, the so-called CHNOPS elements (required for all living systems),
plus a dozen or so transition metals that fulfill important roles in coenzyme functions in
cells. Third, life requires sources of energy, obtained through chemical redox reactions.
This simple, three-pronged strategy is usually embodied in the phrase “follow the water.”
This approach to habitability has served astrobiology well, with recent missions reporting
evidence for past and present water on Mars and in the subsurface of tidally heated icy
moons (e.g., Enceladus and Europa). While the “follow the water” strategy has proved
successful in discovering potentially habitable zones (HZs) of liquid water in these and
potentially other extraterrestrial environments, understanding the potential for life to
actually develop and persist in these places remains unclear. On Earth, habitability depends
on the coexistence of three things: liquid water, energy sources and chemical building
blocks. However, it is also clear that, on Earth, life exists within a complex web of ecological interactions that, through evolution, have continually reshaped the origin, nature,
and distribution of species. Stated differently, life on Earth is a powerful ecological force
that itself shapes habitability.
From Habitability to Life on Mars
https://doi.org/10.1016/B978-0-12-809935-3.00002-5
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As a testimonial to the power of eco-evolutionary forces to shape the history of the
biosphere, discoveries of extremophiles have revealed that terrestrial life occupies a much
broader range of environmental extremes than once thought possible. On planetary
surfaces, organisms have evolved metabolic strategies that extract energy from sunlight,
over an impressive range of environmental conditions (e.g., temperature, pH, and water
activity). Particularly impactful, however, are life forms that do not require sunlight but
rather subsist on chemical energy from their surrounding environment. These “chemotrophic” microorganisms are part of an extensive subsurface biosphere that resides in deep
subsurface habitats on the Earth. Of particular interest for astrobiological exploration are
“chemolithoautotrophic” microorganisms that obtain energy from the chemical
by-products of aqueous weathering of mafic crustal rocks. These microbes require no
connection to the surface and can exist unseen from surface exploration.
While “follow the water” has been an extraordinarily effective strategy in the search
for habitable environments in the solar system, astrobiologists will require a more refined
approach to exploration during the next phase of exploration when we will begin to target specific habitable sites for deploying a new generation of in situ life detection experiments. Identifying the best sites for in situ experiments or for selecting samples for return
to Earth will likely require a more refined knowledge of past and/or present aqueous
environments, with an ability to detect HZs at the microscale. Success in detecting extraterrestrial life may require a spatially integrated sampling strategy that includes the ability
to measure multiple microenvironmental factors at each study site. Such microscale, multidimensional approaches have been employed in the past by microbial ecologists to
refine and quantify biological concepts like the niche. Such approaches may prove useful
in more effectively conveying the concept of habitability.

1.2 INTRODUCTION
The concept of “habitability” has emerged as a core principle in NASA’s exploration
strategy to search for signs of extraterrestrial life in the solar system and beyond. Goal
1 of NASA’s Astrobiology Roadmap seeks to “understand the nature and distribution
of habitable environments in the universe” (Des Marais et al., 2008). The general concept
of habitability has been used widely to identify potential sites for future astrobiology missions. However, definitions of the term are typically very generalized and in some
instances downright confusing. Looking beyond simple strategies based on the presence
of liquid water, elemental building blocks, and energy sources, at a deeper level, there are
environmental factors that, in combination, clearly challenge our assessments of potential
habitability. The purpose of this chapter is to (1) broadly review the concept of habitability, particularly as it relates to astrobiology and exploration strategies for extraterrestrial life, and (2) illustrate how the concept of the ecological niche, originally developed
by Hutchinson (1957), may provide a multivariate statistical approaches with the potential to contribute more broadly based discussions of habitability.

Habitability as a Tool in Astrobiological Exploration

1.3 DEFINING HABITABILITY
Habitability has been defined as the capability of an environment to support life. Often,
the term is used to target specific locations (“habitable zones”) within the solar system, on
other planets, or moons where extraterrestrial life may be present. The potential for
habitability is presently based on comparisons with the known requirements for life
on Earth.

1.3.1 Follow the Water
Arguments for the habitability of other planetary bodies in the solar system have focused
on the inferred presence of liquid water at the surface, or within the subsurface of a planet
or moon. Because all living organisms require liquid water for survival and growth, it is
often referred to as a universal requirement of life. Given the close relationship between liquid water and life, it is not surprising that the search for water, in all its forms (liquid, ice,
or vapor), has provided a consistent strategic focus in NASA’s search for past or present
HZs in the solar system. This is reflected in the widely embraced mantra “follow the
water.” Indeed, the effectiveness of this strategy is evident in recent discoveries of
water (past and present) by NASA’s missions to Mars (e.g., Squyres et al., 2004; Ruff
et al., 2011; Grotzinger et al., 2013) and the outer solar system icy moons, Europa
(e.g., Roth et al., 2013; Lowell and DuBosse, 2005) and Enceladus (Meyer and
Wisdom, 2007; McKay et al., 2014; Glein et al., 2015).
But why water? Water is often identified as a “universal solvent.” In large part, this
traces to the basic dipolar structure of the water molecule and its ability to form hydrogen
bonds with other water molecules and/or cations/anions in solution. In addition to
water’s extraordinary solvent properties, it easily outcompetes other potential biological
solvents in its combination of biologically favorable physical and chemical properties
(Table 1.1; Plaxco and Gross, 2011). Water remains liquid over a broad temperature
range and has a high molar density, heat capacity, and dielectric constant, all of which
can favor habitability. Given its properties, it is perhaps not surprising that liquid water
is the required medium for carrying out all of the basic cellular functions of organisms
(e.g., energy transduction, reproduction, and locomotion).
However, the recent discovery of hydrocarbon lakes on Titan (Mitri et al., 2007)
highlights the importance of considering the potential for alternative solvents for life.
A comparison of some of the basic physical and chemical properties of water and other
solvents (see Table 1.1) places this in perspective. While a strong case has been made for
water as the solvent for life, it is not the only possibility. Some forms of life may have
followed different evolutionary pathways involving other hydrocarbon-based solvent
systems (e.g., HF or NH3). It seems prudent to keep this in mind as we think about
habitability.
Another property that is important to consider with regard to habitability is the chemical activity of water (Aw). This provides a measure of water’s availability to carry out
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Table 1.1 Alternative solvents for life based on their common physical and chemical properties
Physical properties of potential biological solvents
Solvent

Formula

Water
Hydrogen
fluoride
Ammonia

H2O
HF
NH3

Hydrogen
sulfide
Methane

H2 S

Hydrogen

H2

CH3

Liquid range
(°C at 1 atm)

Molar density
(mol/L)

Heat capacity
(cal/g °C)

Dielectric
constant

From 0 to +100
From 83 to
+19
From 78 to
34
From 85 to
6
From 182 to
161
From 259 to
253

55.5
48.0

1.0
0.8

80
84

40.0

1.1

25

26.8

0.5

9

26.4

0.7

25

35.0

0.002

1

From Plaxco, K.W., Michael, G., 2011. Astrobiology: A Brief Introduction, second ed. Johns Hopkins University Press,
Baltimore. ISBN 978-1-4214-0096-9.

chemical reactions in aqueous solutions. Aw provides a thermodynamic measure of salinity, another variable of common interest in planetary exploration. Aw values range from
0.0 to 1.0, where 1.0 (the value for pure water) indicates that water is 100% available to
host reactions. An Aw value of 0.0 indicates that water is unavailable. With minor exceptions, Aw values for life on Earth fall between 1.0 and 0.6 (Beuchat, 1983). Aw has the
potential to provide a more sensitive indicator of habitability than just “follow the water”
by addressing the specific composition of the water (e.g., hypersaline brine vs fresh
water). This was shown in geochemical modeling of Martian water activities by
Tosca et al. (2008). This study revealed how the salinity of the water at Meridiani Planum
may have exceeded the limit for terrestrial life based on the range of Aw values obtained
using models that were constrained by independent in situ measurements of Martian
mineralogy.
Astrobiologists are also interested in the search for liquid water in far-flung places
beyond the solar system. Astrophysicist Su-Shu Huang (1960) was the first to suggest
the presence of an orbital zone around sun-like, main-sequence stars where planetary
surface environments are likely to meet two fundamental requirements for the long-term
habitability of a planet. These requirements include a sustained energy source (the central
star), coexisting with liquid water on the surface of the planet. This orbital region where
liquid water is stable at the surface of a planet is referred to as the HZ (Kasting et al., 1993).
It is notable that the HZ has also been applied in searching for habitable extrasolar planets
in orbit around other stars in the nearby galaxy (Lammer et al., 2016). Near the end of
2013, the Kepler mission team announced that there could be as many as 40 billion
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Earth-sized planets orbiting within HZs of sun-like stars and red dwarfs within the Milky
Way Galaxy.
The discovery of subsurface zones of liquid water within the interiors of some outer
solar system icy moons, maintained by internal frictional heating from tidal flexing (Peale,
2003), has further broadened our view of the HZ to include icy moons of gas giants in the
outer solar system (Williams et al., 1997). And with the discovery of a deep, hot biosphere
on Earth (Gold, 1999; Farmer, 2000), populated by subsurface thermophilic chemotrophs, an even broader shift in thinking has been required by astrobiologists. This has
opened up potentially large subsurface zones of liquid water within the interiors of terrestrial planets and moons. More recently, the interior HZ concept has been expanded
further to include subsurface hydrothermal habitats populated by subsurface chemolithoautotrophic organisms that obtain energy by fixing carbon dioxide (CO2) released
by the aqueous weathering of mafic crustal rocks. These organisms convert the CO2
derived from aqueous weathering to energy-storing glucose (Kuenen, 2009). The impact
of these discoveries on potential habitability is noteworthy (Chapelle et al., 2002) and
indicates that such ecosystems may survive independently of surface energy sources, with
the potential to thrive within extensive, stable subsurface environments that are basically
undetected by orbiting spacecraft.

1.3.2 Follow the Bioessential Elements
We now know of many potential destinations in our solar system where zones of liquid
water likely exist to support life. And while liquid water is usually regarded as the most
crucial requirement of living systems, as noted above, life also requires sources of elements for the synthesis of complex macromolecules that comprise the basic building
blocks of living systems. Almost 99% of the human body consists of six elements: oxygen,
carbon, hydrogen, nitrogen, calcium, and phosphorus (i.e., the so-called “CHNOPS”
elements). In the human body, <1% is accounted for by just five elements: potassium,
sulfur, sodium, chlorine, and magnesium. The remaining elements are present in trace
amounts. These trace elements are mainly transition metals that include V, Cr, Mo,
Mn, Fe, Co, Ni, Cu, Zn, and Se. Despite their low abundance, these trace elements
are considered to be micronutrients that fill essential cellular functions, mainly as components of coenzymes.
While they are essential for life, the CHNOPS elements also fulfill many nonbiological roles. Thus, they may provide fewer constraints for inferring habitability. It can be
argued that the bioessential trace elements may actually be more sensitive indicators of
habitability because they are micronutrients that may be limiting and may require biological concentration mechanisms for their enrichment in organisms. In other words, the
trace metals that fulfill vital roles in living systems, while far less abundant, may be more
useful as biological indicators than the CHNOPS elements.
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1.3.3 Follow the Energy Sources
Life also requires sources of energy to support basic cellular functions. Energy for metabolism is produced through electron transfers during oxidation-reduction reactions.
Redox-based energy systems have been discussed by Nealson and Conrad (1999) who
concluded that the extreme metabolic plasticity observed among prokaryotes allows
them to exploit essentially every redox couple available on Earth.
Metabolic plasticity in energy production is well illustrated by the bacterium Shewanella putrefaciens (Nealson and Saffarini, 1994). In the absence of oxygen, this species is
able to use a number of alternative electron sources for respiration. That terrestrial organisms obtain energy using transduction systems that share many similarities in common
suggests that these pathways have been widely conserved in biological evolution
(Hoehler et al., 2007; Thauer et al., 1977).
As noted, metabolic flexibility is a general feature of prokaryotes (see Anderson et al.,
2014) and is particularly widespread in all low-oxygen environments. Nealson and
Conrad (1999) noted the importance of this “metabolic extremophile” in shaping our
approaches to the exploration for extraterrestrial life. Certainly, such examples impact
our view of potential habitability by opening up alternative environments (e.g., low oxygen) that, until recently, were not believed possible. This illustrates how the discovery of
alternative biochemistries on Earth can provide an important reality check when considering the potential of an extraterrestrial environment to support extreme forms of “weird
life” (National Research Council, 2007).

1.4 EXPLORING THE EXTREMES OF LIFE
On Earth, life occupies a broad range of environmental extremes (Table 1.2; see also
National Research Council, 2009; Rothschild and Mancinelli, 2001; Plaxco and
Gross, 2011). The upper temperature limit for microbial growth is presently reported
as 121°C (Kashefi and Lovley, 2003), with a survival temperature of perhaps 130°C.
At >150°C, complex biomolecules are degraded to their basic components. In between,
specialized survival mechanisms, such as heat shock proteins, work to stabilize molecular
structures (e.g., Trent et al., 1994).
In moderate-temperature surface environments, where water is lost through high
rates of evaporation (e.g., warm playa lakes), the main challenge for life is high salinity
and alkalinity. But salinity can also be an important constraint on the habitability of lowtemperature environments where interstitial brines form by freeze exclusion. Some
groups of psychrophilic halophiles have been shown to grow and reproduce down to
18°C, well below the freezing point of fresh water. They do this by being halophilic
and by living within brine films around grains of rock and soil found within permafrost,
or in brine-filled microfractures or fluid inclusions in glacial ice (Mazur, 1984).
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Table 1.2 Environmental limits for microbial species
Parameter
Classification
Definition

Temperature

Hyperthermophile
Thermophile
Psychrophile

>80°C
Growth from 60°C
to 80°C
Growth <15°C
Active at 18°C

pH

Acidophile
Alkaliphile

Low pH (<5)
High pH (>9)

Salinity
Oxygen
tension

Halophile
Aerobe
Microaerophile
Anaerobe

2–5 Molar NaCl
Requires O2
Tolerates some O2
Not tolerant of O2

Dessication

Xerophile

Anhydrobiotic

Radiation

Radiophile

Pressure
Chemical
extremes

Piezophile
Gases
Metals

Ionizing radiation to
15 kGy
Pressure-loving
Metalotolerant

Examples

Archaeal strain 121; 121°C
Pyrolobus fumarii;
116°C
Synechococcus lividis;
73°C
Psychrobacter
Himalayan midge
Ferroplasma acidarmanus
pH 0
Alkaliphilus transvaalensis,
pH 12.5
Natronobacterium;
pH 10.5
Halobacteriaceae
Bacteria, archaea
Neutral pH Fe2+oxidizing bacteria
Methanogens, SO24
reducers
Lichens, cyanobacteria;
arid deserts
Deinococcus radiodurans
Obligate strain MT41
Cyanidium caldarium
Ferroplasma

Modified from NAS, 2009.

Psychrophilic organisms have been shown to stabilize bimolecular structures with heat
shock proteins that are similar to those employed by hyperthermophiles (Trent et al.,
1994). The main problem faced by microorganisms living near the freezing point of such
brines is the potential for cell lysis due to the formation of ice crystals (Mazur, 1984).
Even where the minimum requirements for sustaining metabolism, growth, and
reproduction are absent, many organisms survive combined extremes of temperature,
pH, radiation, and desiccation (including freezing) as endospores, or other resistant structures. In some cases, survival has been documented over extremely long periods of time.
Navarro-González et al. (2003) confirmed a lower limit for habitability in the Atacama
Desert of Chile where water activities fell below 0.6. Indeed, below this value, living
organisms were absent, as well as endospores, suggesting the environmental limits for
both cells and endospores had been exceeded.
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Life has also been shown to occupy the full range of pH, with the fungus, Ferroplasma
acidarmanus, growing at a pH of 0.77, in waters that originate from an acid mine drainage
(Bond et al., 2000). At the other end of the pH scale, hypersaline alkaline lakes support
microbial alkaliphiles at pH values >10. Adaptations for extremes in radiation are seen in
terrestrial microbes that have evolved extremely rapid DNA repair systems, such as
Deinococcus radiodurans (Battista, 1997). This organism lives in association with natural
radioactive mineral deposits and on fuel rods in nuclear power plants (Rothschild and
Mancinelli, 2001). Rapid repair of DNA basically allows Deinococcus to maintain a
working genome.
The observations presented support the following conclusions: terrestrial life is
extremely robust and has evolved to occupy a broad range of (as yet unknown) environmental and metabolic limits, seemingly constrained by only the presence of liquid water,
sources of biogenic elements, and metabolic energy. This perspective has had a profound
impact on our perception of habitability, greatly expanding the scope of environmental
possibilities for life on Mars and other planets or moons in our solar system. However, as
researchers debate the habitability of the ocean beneath the icy crust of Europa, or in the
deep subsurface of Mars where liquid, likely hypersaline water, circulates through sediments and cracks in permeable igneous rocks, the first-order question is whether life
is permitted to be present at all. To answer, this question requires more specific studies
of habitability, in particular, those that can lead to quantification.

1.5 NICHE-BASED MULTIVARIATE APPROACH TO HABITABILITY
The concept of the ecological niche is rooted in a complex and interesting history (see
MacArthur, 1968), with early definitions ranging from the niche as the role played by a
species in a community, to the type of environment a species occupies. In 1957, immanent ecologist G.E. Hutchinson formulated a new definition using set theory to quantify
the concept of the niche (Hutchinson, 1978). In this new definition, the niche was represented as an n-dimensional hypervolume in multidimensional biospace, occupied by the species being investigated, including the complete range of environmental factors
(dimensions) required for successful reproduction of the population (Green, 1971). In
this niche model, the n-dimensional hypervolume occupied by the species, including
all of its required resources, was deemed the fundamental niche of the species. This
approach has achieved popularity among ecologists, primarily because there are so many
biologically relevant environmental factors in nature that can be easily measured and
quantified (Chase and Leibold, 2003; Austin, 2006).
To further illustrate Hutchinson’s niche concept, Fig. 1.1 shows three environmental
variables (conditions) displayed in one-, two-, and three-dimensional “biospace.” Each
dimension of the fundamental niche represents an independent environmental variable that
is required for the growth and survival of the species. The realized niche is the portion of
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Fig. 1.1 Three environmental variables (“conditions”) mapped in (A) one-, (B) two-, and (C) threedimensional “biospace.”

the fundamental niche that is actually occupied by the species in question, whereas the
unoccupied part of the hypervolume represents the unrealized portion of the niche
(essentially the potential biospace not yet occupied).
As discussed by Guisan et al. (2006), there have been a number of modifications to the
Hutchinsonian niche concept, including the development of multivariate statistical
approaches (e.g., multiple discriminate analysis; see Green, 1971). Another example uses
habitat suitability models (HSMs; Hirzel and Le Lay, 2008) that relate a set of environmental variables to the likelihood of occurrence of a particular species. Results from
HSMs are usually displayed as 2D maps in environmental space that can be quickly compared with the 2D spatial distribution of a species in geographic space. Such comparisons of
spatial (geographic) distributions and correlated environmental data can lead to testable
hypotheses regarding the nature of species-environment interactions.
Returning to the simplified, unscaled 3D representation of Hutchinson’s niche
(Fig. 1.1C), we can see how the hypervolume/biospace approach might be repurposed
to represent “habitability” space. For example, we could redefine the three axes (conditions) to represent environmental variables, such as temperature, salinity and water activity, and/or spatial dimensions. To expand the analysis to n-dimensional habitability space,
we could add the environmental limits for each of the extremophilic species shown in
Table 1.1. By including the full range of environmental data for all known microbial species, we could begin to define (qualitatively) the “shape” of n-dimensional habitat space
for terrestrial extremophiles. We could then add additional dimensions to the distribution
(e.g., radiation tolerance, redox, and hydrostatic pressure). The uncolored part of the
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boxed region in Fig. 1.1A–C could be redefined as “prospective” habitability space. A
multidimensional data set for extremophiles may provide new insights into the nature of
habitability and how certain groups (e.g., polyextremophiles) have evolved to occupy
certain region’s habitability space and how the competition for resources might have
occurred, driving evolution. Factors selected for analysis could focus more specifically
on key environmental dimensions for extremophiles that hold high scientific interest
for understanding the limits of habitability on Earth. This information could be used
in strategic mission planning.

1.6 CONCLUSIONS
While we acknowledge the recent successes of solar system exploration and extrasolar
planet research based on the state and distribution of water, we still lack a system-level
understanding of how other factors required by life influence habitability. In articulating a
more complete conceptual framework for habitability and one that extends beyond simply “follow the water, elements, and energy,” we need to also consider the importance of
biological factors that directly contribute to habitability. It seems clear that astrobiological
exploration of the solar system has benefitted greatly from basic discoveries in extremophile research, which have significantly expanded the environmental limits of life on
Earth. This work has been foundational for astrobiology in expanding our understanding
of where extraterrestrial life could exist and how we might be able to detect it. But next
steps are needed to further refine our understanding of habitability. On Earth, species and
populations are organized into ecosystems made up of interactive networks of individuals
that manage energy flow through various ecological interactions. The success of future
life detection experiments could ultimately depend on recognizing spatially integrated
ecological interactions between species at the microscale, with the capability to quantify
associated processes in situ. Multidimensional ecological models like those developed by
Hutchison for the niche could provide useful direction to lead us to more focused strategies for astrobiological exploration, including science-driven technology developments
that will allow us to identify and measure dimensions of the environment most critical
for life.
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2.1 OVERVIEW
Mapping of Mars by orbiters revealed significant geologic evidence of past water activity,
including enormous outflow channels carved by floods, ancient river valley networks,
and lake beds. Further clues of water activity have come from the identification of
aqueously altered rocks at the surface and from Martian meteorites. Three possible
sources for organics are considered: a primitive atmosphere, hydrothermal systems,
and space delivery of meteorites and micrometeorites. So far, the inventory of organic
molecules found on Mars is rather poor, mostly in Martian meteorites. The early histories
of Mars and Earth clearly show similarities, having in common liquid water and organic
material. Chemistry being reproducible, processing identical ingredients should have
produced the same effects. There are, however, some limitations: the complexity of
the origin of terrestrial life and the three specific features of the Earth (generalized plate
tectonics, global magnetic field, and a large moon generating oceanic tides). The discovery of a second independent genesis of life would demonstrate that life is not a magic
one-shot process, but probably a rather common phenomenon.

2.2 INTRODUCTION
The upcoming Mars Science Laboratory (Grotzinger et al., 2012; Mahaffy et al., 2015a, b)
and ExoMars (Vago et al., 2017) missions are largely motivated by the potential that Mars
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harbored life in the past or even at the present. This chapter aims to present the chemical
arguments supporting a possible emergence of life on the red planet. When listing the
requirements for life to originate on Mars, it is generally assumed that life on Mars could
have originated as carbon-based organized molecular systems in water, as did life on Earth.
Apart from an anthropomorphically skewed perspective, there are specific reasons to
believe that searching for a carbon-based life is the most appropriate.

2.3 LIQUID WATER
As parts of an open system, the constituents of a living system must be able to diffuse at a
reasonable rate. Solid-state life is generally discarded, the constituents being unable to
migrate and to be easily exchanged. A gaseous phase would allow fast diffusion of the
parts, but the limited inventory of stable volatile organic molecules would constitute a
severe restriction. A liquid phase offers the most efficient environment for the diffusion
and the exchange of dissolved organic molecules.
Liquid water is a fleeting substance that can persist only above 0°C and under a pressure higher than 6 mbar. Salts dissolved in water (brines) depress the freezing point. For
instance, the 5.5% (by weight) salinity of the Dead Sea depresses the freezing point of
seawater by 2.97°C. Large freezing-point depressions are observed for 15% (wt%) LiCl
(23.4°C) and for 22% (wt%) NaCl (19.2°C). Monovalent and divalent salts are essential
for terrestrial life because they are required as cocatalysts in many enzymatic activities.
Usually, the tolerated salt concentrations are quite low (<0.5%) because high salt concentrations disturb the networks of ionic interactions that shape biopolymers and hold
them together. However, extreme halophiles tolerate a wide range of salt concentrations
(1%–20%), and some bacteria have even managed to thrive in hypersaline biotopes
(salines and salt lakes) up to 25%–30% sodium chloride (Ollivier et al., 1994).
According to its molecular weight, water should be a gas under standard terrestrial
conditions by comparison with CO2, SO2, and H2S, for example. Its liquid state is
due to the ability of the water molecules to exchange hydrogen bonds. The polymeric
network of water molecules via H-bonds is so tight that the boiling point of water is
raised from 40°C, a temperature inferred from the boiling point of the smallest alcohols,
to 100°C.
In addition to the H-bonding capability, water exhibits a large dipole moment of 1.85
D. This large dipole moment supports the dissociation of ionizable groups such as NH2
and –COOH leading to ionic groups, which can form additional H-bonds with water
molecules, thus improving their solubility. Water is also an outstanding dielectric
(ε ¼ 80). When oppositely charged organic groups are formed, their recombination is
disadvantaged, the attraction force of recombination being proportional to l/ε. This is
also true for mineral ions, which have probably been associated with organic molecules
since the beginning of life’s history.
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Water facilitates the formation of clay minerals via aqueous alteration of silicate
minerals. As soon as liquid water appears on the surface of a rocky planet, clay minerals
can accumulate and become suspended in putative oceans or lakes. Bernal (1949) listed
the advantageous features of clays: (i) their ordered arrangement, (ii) their large adsorption capacity, (iii) their shielding capacity against sunlight, (iv) their ability to concentrate organic chemicals, and (v) their ability to serve as polymerization templates. Since
the seminal hypothesis of Bernal, many prebiotic scenarios involving clays have been
written (e.g., Cairns-Smith and Hartman, 1986), and numerous prebiotic experiments
have used clays. The most impressive results were obtained by Jim Ferris’s group
(Huang and Ferris, 2007). Oligomers up to 50 monomers long formed for both nucleotides and amino acids in the presence of montmorillonite for nucleotides and of illite
for amino acids.
Water is also a good heat dissipator. Hydrothermal vents are often disqualified as efficient reactors for the synthesis of prebiotic molecules because of the high temperature.
However, the products that are synthesized in hot vents are rapidly quenched in the surrounding cold water thanks to the good heat conductivity of the milieu (see below the
production of hexaglycine under simulated hydrothermal conditions).
Water can also act as a driver for chemistry. Adding the activating agent N,N 0 carbonyldiimidazole (CDI) to free amino acids in organic solvent led to aminoacylimidazolides, a carboxylic acid derivative, very sensitive to hydrolysis and therefore useless
for making peptides in aqueous phase. Adding the activating agent to amino acid directly
in water formed N-imidazoyl-(1)-carbonyl amino acid, an amino activation that generated pure oligo-L-leucines in 70% yield with a molecular weight of eight. Oligomers up
to the 11-mer were identified with glutamic acid. A mixture of amino acids containing
both protein and nonprotein amino acids, close to that found in the Murchison meteorite, was treated with CDI in water, and the condensate was enriched in protein amino
acids (Brack, 1987).

2.4 CARBON CHEMISTRY
Life is autocatalytic in essence and must be able to evolve, that is, to increase its diversity.
The molecules bearing the hereditary memory must be able to be extended and diversified by combinatorial dispersive reactions. This can be best achieved with a scaffolding
of polyvalent atoms. From a chemical viewpoint, carbon chemistry is, by far, the most
productive in this respect. Another clue in favor of carbon is provided by radio astronomers: About 110 carbon-containing molecules have been identified in the interstellar
medium, while only 9 silicon-based molecules have been detected. Looking for a carbon-based life appears therefore as a highly plausible prerequisite when searching for life
elsewhere.
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Fig. 2.1 L-form and D-form, mirror image enantiomers of a generic amino acid that is chiral.

Carbon chemistry generates another remarkable feature, namely, one-handedness,
also called homochirality (from the Greek kheiros, the hand). Pasteur was probably
the first to recognize that homochirality could best distinguish between inanimate matter
and life. The carbon atom occupies the center of a tetrahedron. When the four substituents at the apexes are different, the carbon atom becomes asymmetrical and shows two
mirror images, a left-handed form and a right-handed form (Fig. 2.1).
Theoretical models show that autocatalytic systems fed with both left- and righthanded molecules must become one-handed in order to perpetuate. The use of onehanded molecules sharpens the sequence information needed to replicate a chain. For
a polymer made of n units, the number of sequence combinations will be divided by
2n when the system uses only one-handed monomers. Considering macromolecules
made up of hundreds of monomers, the tremendous gain in simplicity offered by the
use of homochiral monomers is self-evident.

2.5 WATER ON MARS
The size of Mars and its distance to the Sun allowed the young planet to be located at the
edge of the habitable zone, that is, a zone where water can exist in the liquid phase
(Kasting et al., 1993). Determining whether liquid water existed on Mars is central to
understanding its potential for the emergence of life. The present-day Martian climate
is too cold to be conducive to abundant liquid water, with an average temperature of
53°C, and the 6 mb CO2 atmosphere is too thin for water to be stable at the surface
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(e.g., Carr and Head, 2015). Mars does nevertheless have water but mostly as vapor in the
atmosphere, as polar ice deposits, and as water ice in the subsurface as observed by the
SHAllow RADar (SHARAD) instrument on Mars Reconnaissance Orbiter (MRO)
(Holt et al., 2008). Epithermal neutron data from the Mars Odyssey Neutron Spectrometer showed hydrogen-rich mineralogy far from the poles, including about 10 wt% water
equivalent hydrogen on the flanks of the Tharsis Montes and >40 wt% at the Medusae
Fossae Formation, suggesting the presence of bulk water ice (Wilson et al., 2018).
Mars mapping by orbiters (Mariner 9, Viking 1 and 2, Mars Global Surveyor, Mars
Odyssey, Mars Express, and Mars Reconnaissance Orbiter) revealed much geologic evidence of past water including outflow channels carved by floods (Craddock and Howard,
2002; Fairen et al., 2003; Rodriguez et al., 2015a), ancient river valley networks as on
Fig. 2.2 (Hynek et al., 2010), deltas (di Achille and Hynek, 2010; Salese et al., 2016),
and lake beds (Cabrol et al., 1998; Cabrol and Grin, 1999, 2010; Fassett and Head,
2008; Grotzinger et al., 2014; Cardenas et al., 2017). Long-term subsurface water circulation has also been suggested (Ehlmann et al., 2011; Michalski et al., 2013).
Further clues of water activity come from the identification of aqueously altered minerals and rocks at the surface. Hematite has been identified on the surface using thermal
emission spectroscopic measurements (Christensen et al., 2000). Hematite is an iron
oxide weathering product inferred to have been precipitated from water flowing on
the surface or through the crust. The identification of clay minerals with Observatoire
pour la Mineralogie, l’Eau, les Glaces et l’Activite (OMEGA) on Mars Express
(Poulet et al., 2005) and Compact Reconnaissance Imaging Spectrometer for Mars
(CRISM) currently flying on MRO (Murchie et al., 2009) implies that liquid water
was present on Mars (Carter et al., 2013). Curiosity’s Sample Analysis at Mars (SAM)
experiment measured the D/H ratio of Hesperian water within a Yellowknife Bay

Fig. 2.2 Ancient fluvial valleys in Libya Montes, Mars. Credit: ESA/Mars Express HRSC/DLR/FU Berlin.
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mudstone, whose clay minerals were formed in an active lacustrine environment. These
measurements helped constrain the volume of water lost through escape processes over
the past 3 billion years (Mahaffy et al., 2015a, b).
Hydrated minerals are present in several of the Martian meteorites as well. Prior to the
Viking missions, it was shown that SNC meteorites (after their type specimens Shergotty,
Nakhla, and Chassigny) had comparatively young crystallization ages of 1.3 Ga or less
( Jagoutz and W€anke, 1986). EETA 79001 was found on Antarctica in 1979. The meteorite had gas trapped within glass pockets, which both compositionally and isotopically
matched, in all respects, the makeup of the Martian atmosphere as measured by the mass
spectrometer used to assess the level of organic compounds present in the soil (Bogard and
Johnson, 1983; Becker and Pepin, 1984; Carr et al., 1985). The data provide a very strong
argument that at least that particular SNC meteorite came for Mars. There are now 96
Martian meteorites known, and the number continues to increase. It can be demonstrated that they are all related by comparing their oxygen isotopic compositions. Only
these specimens (out of a total of >20,000 meteorites) define a correlation line of slope
0.5 on a plot of δ18O versus δ17O with Δ17O ¼ 0.321  0.013%, that is, displaced from
the Earth reference line. Hydrated minerals of clay-type structure have been found in
Martian meteorites (Hutchison, 1975; Gooding and Muenow, 1986; Gooding et al.,
1988, 1991; Treiman et al., 1993) as well as evidence for subsurface hydrothermal alteration of clay (Chatzitheodoridis et al., 2014).
It remains difficult to estimate the total amount of water that may have existed on the
surface of Mars. The estimated depth ranges from a few meters to several hundred meters.
Observations at powerful ground-based observatories, Very Large Telescope (VLT),
Keck, and InfraRed Telescope Facility (IRTF), of atmospheric water and its deuterated
form (HDO) across the Martian globe showed strong isotopic anomalies, and a significant
deuterium/hydrogen (D/H) enrichment indicative of great water loss and also that of
early Mars (4.5 billion years ago) had a global equivalent layer (GEL) at least 137 m deep
(Villanueva et al., 2015). Geomorphological records on Mars do indicate a wetter past, up
to >2000 m GEL. Yet, as summarized by Carr and Head (2003) and confirmed by subsurface observations with the Mars Advanced Radar for Subsurface and Ionosphere
Sounding (Mouginot et al., 2012), the best estimate is provided by the Vastitas Borealis
Formation, which implies a 156 m GEL, in relatively good agreement with the 137 m
GEL inferred from the D/H enrichment. The density profiles of water and water ions
in the ionosphere/thermosphere have been computed. They are in fairly good agreement
with the measured values by the Neutral Gas and Ion Mass Spectrometer instrument on
the Mars Atmosphere and Volatile EvolutioN (MAVEN) spacecraft (Fox et al., 2015).

2.6 THE TIMING OF AQUATIC HABITATS
Several features suggest that aquatic habitats existed during the late Noachian about 3.8
billion years ago (Grotzinger et al., 2014), at the end of the Hesperian about 3 billion years
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ago (McKay and Davis, 1991), and during the Early Amazonian (Fairen et al., 2009;
Rodriguez et al., 2015b), although the presence of liquid water on the surface of Mars
at any time is not universally agreed upon (e.g., Hynek, 2016; Wordsworth, 2016). At
that time, most of the surface of Mars was emerged land, even when liquid water was
abundant (Carr and Head, 2015).
Even some of the youngest features on Mars appear to show evidence for liquid water.
Gullies have been identified on the walls of canyons, channels, and impact craters (Malin
and Edgett, 2000; Cabrol et al., 2001). These gullies are 10–30 m wide and appear to
emanate from a region typically 100–300 m below the rims of the walls. Debris eroded
from the gullies has accumulated as fans at the bottom of the walls. The sharp, unweathered appearance of such small features and the fact that their debris overlie features that are
themselves thought to be very young suggest that the gullies were formed very recently
and possibly within only the last 1–2 million years. Their origin from below the rims of
cliffs is consistent with a formation by seepage of some fluid from within the crust, liquid
water being the most likely (Kolb et al., 2010). This can occur at shallow depths in places
where the surface materials have low thermal conductivity, which means that temperatures rise very quickly with depth (Mellon and Phillips, 2001). As an alternative mechanism, liquid CO2 has also been suggested as an agent for carving the gullies, based on the
fact that the pressure within the crust at the depth from which many of the seeps occur is
very close to the pressure at which CO2 liquefies (Musselwhite et al., 2001). There are
two issues that appear to rule out this explanation: First, pressurized liquid CO2 in the
crust that is released to the surface would catastrophically vaporize upon expansion, a
process that would not produce the observed gullies (Stewart and Nimmo, 2002). Second, no plausible physical mechanism has been suggested by which the crust could be
filled with liquid CO2.
Recurring slope lineae (RSL), which are narrow streaks of lower reflectance compared with the surrounding terrain, appear and grow incrementally in the downslope
direction during warm seasons when temperatures reach about 250–300 K, a pattern consistent with the transient flow of a volatile species (e.g., McEwen et al., 2011, 2013; Ojha
et al., 2014). Spectral data from the Compact Reconnaissance Imaging Spectrometer for
Mars (CRISM) instrument on board MRO (Ojha et al., 2015) strongly support the
hypothesis that RSL form as a result of contemporary water activity on Mars (see also
Chapter 10).

2.7 POSSIBLE SOURCES OF ORGANIC MOLECULES ON MARS
There is abundant evidence for liquid water on early Mars, thus attesting the presence of
an atmosphere thicker than the current one (for a review, see Lammer et al., 2013).
Could this atmosphere dominated by carbon dioxide have generated organic molecules?
When Stanley Miller replaced methane by carbon dioxide in his historic sparking experiments, only small yields of amino acids were obtained (Schlesinger and Miller, 1983).
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More recent studies show that the low yields previously reported could be the outcome
of oxidation of the organic compounds during hydrolytic reprocessing by nitrite and
nitrate produced in the reactions. The yield of amino acids is greatly increased when oxidation inhibitors, such as ferrous iron, are added prior to hydrolysis, suggesting that synthesis from neutral primitive atmospheres may be more important than previously
thought (Cleaves et al., 2008). Nevertheless, the production of large amounts of organic
molecules by reducing carbon dioxide directly in the atmosphere was probably limited.
More recent studies suggest the presence of methane and H2 components in the early
Martian atmosphere (e.g., Ramirez, 2017; Kite et al., 2017; Wordsworth et al., 2017).
The early Martian atmosphere was also capable of decelerating meteorites and micrometeorites. The carbonaceous chondrites delivered organic materials to the Earth
(Pizzarello et al., 2001; Glavin et al., 2006; Pizzarello and Shock, 2010, 2017). They contain from 1.5 to 4% of carbon, for the most part as organic materials. The Murchison
meteorite, a CM2-type carbonaceous chondrite that fell in Australia in 1969, has been
extensively analyzed (Pizzarello, 2007; Pizzarello and Shock, 2010; Cooper and
Riosa, 2016). For instance, the amino acid diversity has been analyzed in detail. The total
number of amino acids detected in meteorites is about 100. All the possible α-amino
alkylamino acids up to seven carbons were identified, as well as large abundances of
N-substituted, cyclic, β-, γ-, δ-, and ε-amino acids (Cronin et al., 1988). Eight biological
amino acids (glycine, alanine, proline, leucine, isoleucine, valine, aspartic acid, and glutamic acid) have been found. Nucleic acid bases, purines and pyrimidines, have also been
found in the Murchison meteorite (Stoks and Schwartz, 1982; Callahan et al., 2011). No
ribose (the sugar linking together the nucleic acid building blocks) was detected in meteorites. Droplet-forming fatty acids have been extracted from different carbonaceous
meteorites (Deamer, 1985, 1998). A combination of high-resolution analytic methods,
including organic structural spectroscopy applied to the organic fraction of Murchison
extracted under mild conditions, has extended its indigenous chemical diversity to tens
of thousands of different molecular compositions and likely millions of diverse structures
(Schmitt-Kopplin et al., 2010; Hertkorn et al., 2015).
Micrometeorite collections in the Greenland and Antarctica ice sheets (Maurette,
1998, 2006) show that the Earth captures interplanetary dust as micrometeorites at a rate
of about 20,000 t/year. About 99% of this mass is carried by micrometeorites in the 50–
500 μm size ranges (Fig. 2.3). This value is about 2000 times higher than the most reliable
estimate of the meteorite flux, about 10 t/year (Bland et al., 1996). At least approximately
20 wt% of these micrometeorites survives unmelted upon atmospheric entry. As their
kerogen-like fraction represents about 2.5 wt% of carbon, this amounts to a total mass
of 2.5  1022 g of kerogen-like material on the early Earth surface (Maurette and
Brack, 2006).
One amino acid, α-amino isobutyric acid, has been identified in Antarctic micrometeorites (Brinton et al., 1998). These grains also contain a high proportion of metallic
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Fig. 2.3 Micrometeorites (50–100 μm) collected in Antarctica ice. (Courtesy of M. Maurette.)

sulfides, oxides, and clay minerals, a rich variety of inorganic catalysts that could have
promoted the reactions of the carbonaceous material leading to the origin of life. Many
similarities can be found between Antarctic micrometeorites and samples from Comet
Wild 2, in terms of chemical, mineralogical, and isotopic compositions, and in the structure and composition of their carbonaceous matter (Dobrica et al., 2013). The cometary
origin has been confirmed by a zodiacal cloud model based on the orbital properties and
lifetimes of comets and asteroids and on the dynamic evolution of dust after ejection. The
model is not only quantitatively constrained by Infrared Astronomical Satellite observations of thermal emission but also qualitatively consistent with other zodiacal cloud
observations, meteor observations, spacecraft impact experiments, and the properties
of recovered micrometeorites (Nesvorny et al., 2010).
The reducing conditions in hydrothermal systems, which are due to serpentinization
reactions (reviewed in Holm et al., 2015), may have been an important source of biomolecules (Baross and Hoffman, 1985; Holm, 1992; Holm and Andersson, 1998,
2005). These reducing environments result from the flow of substances dissolved in seawater passing through very hot crustal material. The reduced compounds flow from the
hydrothermal system, and the inorganic sulfides formed will precipitate when they mix
with the cold (4°C) ocean water. For example, hydrocarbons and oxidized organic compounds have been detected in hydrothermal fluids from the Rainbow and Lost City
ultramafic-hosted vents (Konn et al., 2009). There is much evidence for ancient hydrothermal systems on Mars, such as the hydrothermal seafloor deposits in Eridania basin
(Michalski et al., 2017) and hydrothermal clay systems at Nili Fossae (e.g., Ehlmann
et al., 2011; Mustard and Tarnas, 2017), observed by MRO’s Compact Reconnaissance
Spectrometer for Mars, which would have provided favorable environments for these
processes to take place.
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2.8 WHERE ARE THE MARTIAN ORGANIC MOLECULES?
The early histories of Mars and Earth clearly show similarities. Mars should have therefore
inherited an abundance of micrometeoritic organic material. Yet, so far, the inventory of
such a material is very poor. The Viking landers could not find any organic carbon in the
Martian soil by gas chromatography-mass spectrometry (Biemann et al., 1976; Biemann,
2007). The lack of GC-MS evidence for nonterrestrial organic carbon at either Viking
landing site led to speculation that chemical oxidation processes (Biemann et al., 1977;
Chun et al., 1978; Encrenaz et al., 2004; Oyama et al., 1977; Yen et al., 2000) and/or
ultraviolet and ionizing radiation (Moores and Schuerger, 2012; Oró and Holzer, 1979;
Stalport et al., 2009; ten Kate et al., 2005) could have either destroyed or transformed the
organic material into forms that are not readily detectable. It was concluded that the most
plausible explanation for these results was the presence, at the surface, of highly reactive
oxidants like H2O2 that would have been photochemically produced in the atmosphere
(Hartman and McKay, 1995). The Viking landers could not sample soils below 6 cm, and
therefore, the depth of this apparently organic-free and oxidizing layer is unknown.
Bullock et al. (1994) have calculated that the depth of diffusion for H2O2 is <3 m.
Direct photolytic processes can also be responsible for the dearth of organics at the Martian surface (Stoker and Bullock, 1997). However, nonvolatile salts of benzenecarboxylic
acids and perhaps oxalic and acetic acid should be metastable intermediates of meteoritic
organics under oxidizing conditions. Salts of these organic acids would have been largely
invisible to gas chromatography-mass spectrometry (Benner et al., 2000).
The SAM instrument on board the Mars Science Laboratory Curiosity rover detected
chlorobenzene and C2–C4 dichloroalkanes with the SAM gas chromatography-mass
spectrometry and detection of chlorobenzene in the direct evolved gas analysis mode,
in multiple portions of the fines from the Cumberland drill hole in the Sheepbed mudstone at Yellowknife Bay (Freissinet et al., 2015).
At least three Martian meteorites (EETA 79001, ALH84001, and Nakhla) that have
carbonates with elevated δ13C have coexisting organic matter (Wright et al., 1989; Grady
et al., 1994; Becker et al., 1999). EETA 79001 is the best studied, including a variety of
lithologies investigated. Without exception, specimens without carbonate have a uniformly low organic matter content, as estimated by the ignition temperature established
during stepped combustion experiments. In contrast, for the carbonate-rich fractionations, organic contents are significant. The amounts of carbon are a factor of five higher
than any other bulk Martian meteorite. The implication is that the organic matter associated with carbonates came to Earth with the meteorite and is cogenetic. None of the
organic matter in EETA 79001 or for that matter Nakhla and ALH 84001, with the
exception of minute amounts of PAHs in the latter (MacKay et al., 1996), has been fully
characterized in terms of compound class or individual structures.
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2.9 SEVERAL POSSIBLE WAYS TO START LIFE ON MARS
Two types of originating living species are generally considered depending on their use of
organic molecules. Autotrophs produce their own organics from CO2, while heterotrophs use already made organics. In a “metabolism-first approach,” the proponents of
an autotrophic life call for the spontaneous formation of simple molecules from carbon
dioxide and water to rapidly generate life (W€achtersh€auser, 1988). In the second hypothesis, the “primeval soup scenario,” rather complex organic molecules accumulated in a
warm little pond before leading to life (Haldane, 1929; Oparin, 1924).
Carbon dioxide was abundant in the primitive Martian atmosphere. The energy
source required to reduce the gas might have been provided by the oxidative formation
of pyrite from iron sulfide and hydrogen sulfide. Pyrite has positive surface charges and
bonds the products of carbon dioxide reduction, giving rise to a two-dimensional reaction system, a “surface metabolism” (W€achtersh€auser, 1994, 2007). Laboratory work has
provided some support for this hypothesis. An early laboratory simulation of hydrothermal synthetic reactions is the reduction of carbon dioxide to organic sulfides in the presence of FeS and H2S provided mainly methyl and ethyl thiol along with smaller amounts
of other thiols containing up to five carbon atoms. The CO2 was also converted to CS2
and COS (Heinen and Lauwers, 1996). The direct reduction of CO2 to acetic acid, acetaldehyde, ethanol, and smaller amounts of carbon compounds containing up to six carbon atoms was observed to take place at 350°C and high pressure in the presence of
magnetite (Fe3O4) and small amounts of water (Chen and Bahnemann, 2000). Along
with the scenario proposed by Michael Russel (Martin et al., 2008), a laboratory setup
simulating conditions prevailing in alkaline hydrothermal vents generated low yields of
simple organics (Herschy et al., 2014). So far, the proponents of a metabolism-first
approach have not been able to produce large enough precursor prebiotic molecules
to create simple primitive life in a test tube.
The primeval soup approach, also called “replication first,” supposes complex organic
molecules accumulating in a warm little pond, “à la” Darwin. By analogy with contemporary living systems, it is tempting to speculate that life emerges as a cell-like system.
Such a system requires, at least, boundary molecules able to isolate a system from the
aqueous environment (membrane), catalytic molecules able to conduct the basic chemical work of the cell (like enzymes), and information molecules able to store and to transfer the information needed for reproduction (like nucleic acid polymers). Great efforts
have been deployed in laboratories to produce these three prerequisites, albeit separately.
Fatty acids are known to form vesicles when their hydrocarbon chains contain >10
carbon atoms. Such vesicle-forming fatty acids have been identified in the Murchison
meteorite, as already mentioned. However, the membranes obtained with these simple
amphiphiles (amphiphilic molecules bearing both water-soluble and water-insoluble
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portions) are not stable over a broad range of environmental conditions (Deamer, 1998,
2017; Pohorille and Deamer, 2009). How different prebiotically available building blocks
could have become precursors of phosphorus-containing lipids that form vesicles has
been reviewed (Fiore and Strazewski, 2016).
Chemical reactions able to selectively condense protein amino acids, at the expense of
the nonprotein ones in water, have been identified (Brack, 1987). Helical and sheet structures can be modeled with the aid of only two different amino acids, one hydrophobic,
the other hydrophilic. Polypeptides with alternating hydrophobic and hydrophilic residues adopt water-soluble layered β-sheet structures (β-sheets) due to hydrophobic sidechain clustering (Fig. 2.4).
Owing to the formation of a β-sheet, alternating sequences gain good resistance
toward chemical degradation. Aggregation of alternating sequences into β-sheets is possible only with all-L or all-D polypeptides. Short peptides have also been shown to
exhibit catalytic properties (Brack, 2007). Matsuno and colleagues (Imai et al., 1999)
reported peptide formation in a flow reactor that mimicked the conditions in a hydrothermal system. The team was able to polymerize glycine monomers up to six units in the
presence of Cu ions. With this setup, the authors were able to demonstrate polymerization at temperatures of 200–250°C, contrary to the popular belief that organic molecules
are unstable under high temperatures. Rodriguez-Garcia et al. (2015) mimicked this
hydrothermal system and developed an automated method to expose glycine monomers
to prolonged dehydration-hydration cycles, and interestingly, chain lengths of 20 amino
acids were observed.

Fig. 2.4 A β-sheet structure in the presence of calcium ions.
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In a cell-like system, the hereditary memory is stored in nucleic acids, long chains
built from nucleotides. Each nucleotide is composed of a base (purine or pyrimidine),
a sugar (ribose for RNA and deoxyribose for DNA), and a phosphate group. The synthesis of nucleotides is a complex issue due mainly to the instability of sugars and the poor
yield of sugar formation in the formose reaction (Decker et al., 1982). Ribose has not
been detected in meteorites; however, irradiation by UV photons of interstellar ice analogues made of water, methanol, and ammonia at 78 K in a high-vacuum chamber generated substantial quantities of ribose and a diversity of structurally related sugar molecules
such as arabinose, xylose, and lyxose (de Marcellus et al., 2015; Meinert et al., 2016).
Binding phosphorus to sugars is another complex issue. Studies using the mineral schreibersite, (Fe,Ni)3P, conducted independently by Pasek (2017) and Kee et al. (2013), provide a possible solution to this problem. Diamidophosphate (DAP), a plausible prebiotic
agent produced from trimetaphosphate, efficiently phosphorylates a wide variety of prebiotically relevant sugar molecules (Krishnamurthy et al., 2000). Phosphorylation of various sugars can also proceed spontaneously in aqueous microdroplets containing a simple
mixture of sugars and phosphoric acid (Nam et al., 2017).
Instead of trying to assemble the three subunits of a ribonucleotide in several steps,
some laboratories turn to a single-pot approach. Sutherland’s team produced simultaneously precursors of nucleic acid, amino acids, and lipids starting with hydrogen cyanide, hydrogen sulfide, and UV light (Patel et al., 2015), a step toward the
congruence hypothesis advocated by de Duve (2003). DAP, already mentioned, efficiently phosphorylates a wide variety of potential building blocks—nucleosides/nucleotides, amino acids, and lipid precursors—under aqueous conditions. Significantly,
higher-order structures—oligonucleotides, peptides, and liposomes—are formed under
the same phosphorylation reaction conditions. This plausible prebiotic phosphorylation
process running under similar reaction conditions could enable the chemistry of the three
classes of prebiotic molecules and their oligomers, in a single-pot aqueous environment
(Gibard et al., 2017).
The discovery of the ribozyme, a class of RNA with catalytic properties (Zaug and
Cech, 1986), opened the RNA world hypothesis. For example, they increase the rate of
hydrolysis of oligoribonucleotides and can also act as polymerization templates. Since
their primary discovery, the catalytic spectrum of these ribozymes has been considerably
enlarged by directed test-tube molecular evolution experiments (Prywes et al., 2016;
Horning and Joyce, 2016). Since RNA was shown to be able to act simultaneously as
an information molecule and as a catalytic molecule, RNA has been considered as a possible primordial living entity. A ribozyme-based “RNA world” has been modeled in
some detail and reviewed (Higgs and Lehman, 2015). The route to a possible RNA world
has been paved by the impressive work of Jim Ferris who polymerized RNA-like monomers on clays (Ferris 2005, 2006). One should, however, remember that the complete
synthesis of RNA under “prebiotic conditions” remains an unsolved challenge. It seems
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therefore unlikely that life could start with RNA molecules; they are not simple enough,
yet too difficult to assemble.
For some scientists, the first step toward the origin of life could be the spontaneous
condensation of amphiphilic molecules to form vesicles (Morowitz, 1992). Examples of
autocatalytic micelle growth have been described (Bachmann et al., 1992). However,
these simple autocatalytic systems do not store hereditary information and cannot therefore evolve by natural selection. Szostak and colleagues (Hanczyc et al., 2007; Schrum
et al., 2010) found that the presence of naturally occurring clay minerals, such as montmorillonite, can bring RNA into the interior of the vesicles, thus providing information
to the vesicular system (for a comprehensive review, see Meierhenrich et al., 2010).
Chemists are also tempted to consider that primitive replicating systems can use
simpler information-retaining molecules rather than biological nucleic acids or their analogues and looked for simple self-sustaining chemical systems capable of self-replication,
mutation, and selection. It has been shown that simple molecules unrelated to nucleotides
can actually provide exponentially replicating autocatalytic models. Autocatalysis is
observed when the product of the reaction catalyzes its own formation. Von Kiedrowski
(Terfort and von Kiedrowski, 1992) tested different templates, while Burmeister (1998)
reported information transfer templates in complex systems. In most cases, the rate of
the autocatalytic growth did not vary in a linear sense, in contrast to most autocatalytic
reactions known so far. Two preformed fragments of a peptide have been demonstrated
to be autocatalytically ligated by the whole peptide acting as a template (Lee et al., 1996;
Saghatelian et al., 2001). However, the replicated molecules possess a very low level of
information.
Interplanetary transfer of life represents another way to start life on Mars. The different steps for such a process include (1) the escape process (i.e., the removal to space
of biological material that has survived being lifted off from the surface of a parent body
to high altitudes), (2) the travel conditions in space (i.e., the survival of the biological
material over timescales comparable with an interplanetary journey and exposure to
extreme conditions such as temperature, pressure, and UV), and (3) the entry process
(i.e., the likelihood for the nondestructive deposition of the biological material on Mars).
Following the identification of meteorites of lunar and Martian origin, the escape of
material ranging from small particles up to boulder-size particles from a planet after
the impact of a large asteroid is a feasible process. Bacterial spores have been shown to
survive shockwaves produced by a simulated meteorite impact (Horneck et al., 2001)
and huge accelerations (Roten et al., 1998). In order to study step (2), the survival of
resistant microbial forms in the upper atmosphere and free space, Bacillus subtilis spores,
bacteria, bacteria-infecting virus, tobacco mosaic virus, microbes adapted to high salt
concentrations (osmophilic), cyanobacteria, and lichens have been exposed aboard
balloons, rockets, spacecraft, and space stations—such as Gemini, Apollo, Spacelab, Long
Duration Exposure Facility, Foton, Eureca, and ISS (Fig. 2.5)—and their responses
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Fig. 2.5 EXPOSE facility on board the International Space Station (credit ESA).

investigated after recovery (Horneck et al., 2010; Raggio et al., 2011; Panitz et al., 2015;
Mancinelli, 2015).
Laboratory experiments under simulated interstellar medium conditions point to a
remarkably less damaging effect of UV radiation at low temperatures. Treating B. subtilis
spores with three simulated factors simultaneously (UV, vacuum, and temperature of 10 K)
produces an unexpectedly high survival rate, even at very high UV fluxes. It has been estimated that under average conditions in space spores may survive for hundreds of years
(Weber and Greenberg, 1985). Based on the mean sizes and numbers of meteorites ejected
(e.g., from Mars) and percentages falling on Earth, models for galactic cosmic rays, and laboratory responses to accelerated heavy ions of B. subtilis spores and Deinococcus radiodurans
cells, it has been calculated that viable transfer of microbes from Mars to Earth via impact
ejecta is possible due to the high number of meteorites and the impressive resistance of
microorganisms to the dangers of space (Mileikowsky et al., 2000).

2.10 THE ODDS FOR AN ORIGIN OF LIFE
In addition to liquid water and carbon molecules, specific environmental components
and conditions were needed for the origin of life, that is, reactive rocks and minerals
bathed by warm to hot hydrothermal fluids (Westall et al., 2015). Such minerals that
existed on Earth and probably on Mars as well (Bibring et al., 2006; Christensen
et al., 2004; Yen et al., 2005) could have supported the concentration of organic molecules and contributed to their conformation and stabilization and to the complexification of larger, stable molecules. Like a pastry recipe, chemistry is reproducible, and
processing identical ingredients leads necessarily to the same products. There are however some limitations. First, the complexity of the emergence of terrestrial life is still
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unknown. By demonstrating in 1953 that it was possible to form amino acids—the building blocks of proteins—from a gas mixture, Stanley Miller generated the ambitious hope
that chemists will be able to recreate life in a test tube. They have a good knowledge of
the environmental landscape and of some of the chemical actors, but no working scenario
for a self-replicating and evolving molecular system has been released so far (Dass et al.,
2016). The simplicity of such a process (or chemists’ skillfulness) is therefore questionable. Second, compared with Mars, the Earth has some specific features, that is, global
plate tectonics, global magnetic field, and a large moon generating oceanic tides. For
instance, tides could have boosted prebiotic chemistry by allowing wet-dry cycling
chemical reactions (Mamajanov et al., 2014; Higgs, 2016). The magnetic field generated
a magnetosphere, which prevented the loss of Earth’s atmosphere via stripping by the
solar wind, unlike what happened on Mars ( Jakosky et al., 2015). On the other hand,
if despite these differences life had originated on Mars, then it would clearly demonstrate
that the existence of these terrestrial features is not mandatory for worlds where liquid
water and organics are present.

2.11 CONCLUSION
In addition to the societal impact, the discovery of a second genesis of life would bring great
advances to the scientific study of the origin of life (Brack, 1997; Brack and Pillinger, 1998).
The discovery of a second independent genesis of life on Mars, a body presenting environmental conditions similar to those that prevailed on the primitive Earth, would strongly
support the idea of a rather simple genesis of terrestrial life. It would also demonstrate that
life is not a random one-shot process, but likely a rather common occurrence. However,
Martian life would have to be sufficiently different from terrestrial life to rule out the
possibility of planetary transfer of microorganisms to Mars. Conversely, although Mars
is generally considered as the twin planet of the Earth, the odds for the emergence of a
carbon-based life on the red planet have several limitations. The fact that, despite tremendous efforts, chemists have not been able to recreate life in a test tube under plausible prebiotic conditions seems to indicate that the origin of life is not really simple. The possible
role of Earth’s specific features—plate tectonics, global magnetic field, and a large moon
generating oceanic tides—is still unknown. Consequently, the astrobiology community
must be prepared to explain to the public that searching for life on Mars is a real challenge
and that failure is a real possibility. Finding an overabundance of organics on the surface of
Mars compared with the composition of the mantle would itself be a great discovery. Any
extraterrestrial explorer searching for life on Earth would probably be struck by the fact that
carbon, which constitutes 17.9% of the biomass, holds only 0.094% of the mantle. Surface
missions at Mars are investigating the type and abundance of organics and biogenic elements in order to provide clues about the possibility of life on Mars. One of the preferred
pieces of advice from the late Stanley Miller was “never demand too much.”
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3.1 OVERVIEW
Identification of phyllosilicates and short-range ordered (SRO) materials on Mars has led
to new insights about the early martian climate and habitability. Phyllosilicates were first
conclusively identified on Mars in 2005 using visible/near-infrared (VNIR) remote sensing by the Observatoire pour la Mineralogie, l’Eau, les Glaces et l’Activite (OMEGA)
instrument. Following these detections, phyllosilicates and poorly crystalline aluminosilicates were documented in numerous large and small outcrops using the Compact
Reconnaissance Imaging Spectrometer for Mars (CRISM) VNIR instrument. Analyses
of the Thermal Emission Spectrometer (TES) imagery also support the presence of phyllosilicates and SRO materials in several locations on Mars. These orbital detections are
reinforced by measurements taken by the Chemistry and Mineralogy (CheMin) instrument on the Mars Science Laboratory (MSL) rover at Gale Crater. Characterization of
Mars analog materials containing phyllosilicates such as smectites, kaolin-serpentine
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group clay minerals, chlorites, mica, talc, prehnite, and SRO phases such as hydrated
silica, allophane, imogolite, ferrihydrite, schwertmannite, and akaganeite has enabled
constraints to be placed on the geochemical conditions of formation for alteration materials on Mars. Association of phyllosilicates with related minerals such as carbonates, sulfates, iron oxides/hydroxides, and Cl salts on Mars provides further constraints on the
temperature, pH, salinity, and water/rock ratio of potentially habitable environments
on Mars. These observations together support warm and wet conditions on early Mars
where liquid water was stable on the surface during parts of the Noachian, followed by
periods during the Hesperian and Amazonian where surface water was only transient.
Subsurface alteration and formation of clays also occurred on Mars during its early
history and may have enabled the formation of clay minerals more recently when surface
conditions no longer could support liquid water. Both surface and subsurface aqueous
environments could have provided important niches for astrobiology on Mars. The phyllosilicates and associated minerals formed in subaqueous and subaerial surface environments on Mars provide constraints on the climate. Smectite clays that formed in
surface environments mark a time when liquid water was stable on the surface with temperatures likely 20°C or warmer. Transitions to SRO materials rather than phyllosilicates
on Mars indicate a change in climate to colder conditions where water was only transiently present on the surface.

3.2 PRESENCE OF PHYLLOSILICATES AND POORLY CRYSTALLINE
ALUMINOSILICATES ON MARS
The current understanding of Mars as a planet containing abundant phyllosilicates on the
surface (Murchie et al., 2009a; Ehlmann and Edwards, 2014; Carter et al., 2015a) was
formed over the past decade. The martian surface chemistry measured by the Viking
landers first led scientists to believe clay minerals were likely present on Mars. Modeling
of the major element data from instruments on Viking was found to be consistent with
60–80 wt% smectite (Baird et al., 1977; Toulmin III et al., 1977). However, telescopic
spectra of Mars collected over regions spanning hundreds of kilometers in the 1980s and
1990s did not provide evidence of any clay minerals (McCord et al., 1982; Singer, 1985;
Bibring et al., 1990; Bell III et al., 1994). As the signal-to-noise ratio of these data
improved and the spot size became smaller and still no clay minerals were found
(Christensen et al., 2001), skepticism about clay minerals on Mars arose. Phyllosilicates
were definitively identified on Mars in 2005 using VNIR spectra collected by the
OMEGA instrument at 1–3 km spot sizes (Poulet et al., 2005).
Soon after OMEGA’s confirmation of clays on Mars, the CRISM instrument was
launched on the Mars Reconnaissance Orbiter and began collecting targeted highresolution (18 m/pixel) spectral images in 2006. Analyses of these VNIR CRISM
images are largely responsible for characterization of the clay-rich outcrops on Mars
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(e.g., Mustard et al., 2008; Murchie et al., 2009a). These phyllosilicate-rich regions
include a wide range of clay minerals and are frequently mixed with other aqueous alteration products including opal, sulfates, carbonates, iron oxides/oxyhydroxides, and
poorly crystalline aluminosilicates (e.g., Bishop et al., 2008b, 2013a; Bishop and
Rampe, 2016; Ehlmann et al., 2008b, 2009, 2010; Weitz et al., 2011, 2014b;
Milliken et al., 2010; McKeown et al., 2009a). Phyllosilicates have different spectral
properties depending on their crystal structures (Clark et al., 1990; Bishop et al.,
2008a). The formation conditions (water/rock ratio, temperature, pH, and water chemistry) vary for each type of phyllosilicate (e.g., Chamley, 1989; Velde, 1995), and for this
reason, phyllosilicates can be used to provide information about the aqueous geochemical
environment and climate at the time of clay formation or subsequent alteration. In fact, it
is the abundance of phyllosilicates in ancient martian rocks that shaped the view that early
Mars was warm and wet (Bibring et al., 2006), although this argument was presented
previously to explain geologic features such as valley networks, dendritic channels,
and deltas that indicate frequent running water and fluvial erosion on early Mars
(Ansan et al., 2008; Fassett and Head, 2011; Craddock and Howard, 2002). Phyllosilicates likely formed in a variety of environments on Mars but primarily during the
Noachian period (Fig. 3.1).

Fig. 3.1 Schematic diagram illustrating geologic eras and mineral formation on Mars. This
approximate timeline of the formation of phyllosilicates and associated minerals was derived based
on this study and previous studies (Bibring et al., 2006; Murchie et al., 2009a, b, 2018; Ehlmann
et al., 2011a, b).
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Phyllosilicates and associated alteration phases form in aqueous environments on the
surface of Mars and also in subsurface aqueous environments. Subsurface environments
were proposed for the formation of “crustal” clays on Mars that require elevated temperatures and different conditions from those found on the surface (Ehlmann et al.,
2011b, 2013). The NE Syrtis region neighboring Isidis basin hosts multiple outcrops
of phyllosilicates including mixtures of Fe/Mg smectite, chlorite, prehnite, serpentine,
and possibly talc (Mustard et al., 2007, 2009; Ehlmann et al., 2009; Brown et al., 2010;
Viviano et al., 2013). Many of these Mg-rich phyllosilicate assemblages in the Nili
Fossae region occur as varying outcrops with different morphologies in neighboring
environments, which is also consistent with multiple, distinct subsurface regions controlled by different chemical environments. These crustal clays formed at elevated temperatures near 150–300°C where chlorite or serpentine is present (Velde, 1995) and in
some cases up to 400°C where prehnite is present (Velde, 1995; Ehlmann et al., 2011a).
These subsurface conditions are not associated with the surface environment or climate
on Mars.
In contrast, phyllosilicate outcrops dominated by smectites on Earth are
typically formed in subaqueous or subaerial surface environments (Chamley, 1989).
These phyllosilicates are a common alteration product of volcanic ash and tephra
(e.g., Grim, 1968; Chamley, 1989; Cuadros et al., 1999). Smectites are swelling clays
with expandable interlayer regions. They occur as trioctahedral (three cations per formula
unit in octahedral sites, Mg2+- or Fe2+-rich) and dioctahedral (two cations per formula
unit in octahedral sites, Al- or Fe3+-rich) phyllosilicates. Smectites typically form in temperate to warm climates with alternating wet (>50 cm/year) and dry seasons. Mawrth
Vallis is a location on Mars at the border of the southern highlands and northern plains
in Arabia Terra that exhibits wide expanses of Fe/Mg smectite with vertical profiles of
phyllosilicates, iron oxides/oxyhydroxides, and sulfates (Bishop et al., 2013a) consistent
with formation in surface environments. These outcrops are similar to the multiple, colored, and clay-bearing horizons observed at the Grand Canyon and Painted Desert in
Arizona (e.g., McKeown et al., 2009b). A common stratigraphy containing phyllosilicates, hydrated silica, and sulfates is found across hundreds to thousands of kilometers
in this region (Noe Dobrea et al., 2010; Bishop et al., 2013a). A 150–200 m-thick unit
containing abundant Fe/Mg smectite (e.g., Mg-rich nontronite) is the dominant aluminosilicate material observed here (Loizeau et al., 2007, 2010). It is covered by sulfates in
some areas (Wray et al., 2010; Farrand et al., 2009; Bishop et al., 2016) and then a 50 mthick Al-phyllosilicate/opal unit (Loizeau et al., 2010; Bishop et al., 2013a). Such dioctahedral smectite-rich outcrops and laterally extensive vertical profiles of Fe/Mg smectites, sulfates, and Al-rich clay assemblages are more consistent with formation in surface
environments (Bishop et al., 2018).
The importance of poorly crystalline aluminosilicates including allophane
and imogolite as soil components and protoclays on Earth was recognized long ago

Remote Detection of Phyllosilicates on Mars

(Wada et al., 1972; Farmer et al., 1979, 1983; Parfitt et al., 1980). More recently, the
importance of these for remote sensing on Mars has been recognized (Rampe et al.,
2012; Bishop and Rampe, 2016). Poorly crystalline aluminosilicates such as Fe-rich opal
and allophane were observed at Coprates Chasma (Weitz et al., 2014a), the nanophase
iron hydroxide akaganeite was observed in the region surrounding Gale Crater (Carter
et al., 2015b), and allophane- and imogolite-type materials were observed at Mawrth
Vallis (Bishop and Rampe, 2016). The investigation at Mawrth Vallis found that the
poorly crystalline aluminosilicates are present at the top of the clay profile and that these
were linked to a change in climate from the warm and wet conditions necessary for smectite formation to a colder environment where water activity was limited (Bishop and
Rampe, 2016).

3.3 REMOTE DETECTION OF PHYLLOSILICATES AND RELATED
MATERIALS AT MARS
Identification and characterization of phyllosilicates and poorly crystalline aluminosilicates and other SRO materials on Mars is mainly conducted using orbital VNIR reflectance spectra from 0.4–4 μm acquired by CRISM on the Mars Reconnaissance Orbiter
(Mustard et al., 2008; Murchie et al., 2009a) and from 0.4 to 5 μm using OMEGA on
Mars Express (Bibring et al., 2005). Thermal infrared (TIR) spectra collected in the midIR (MIR) region from 200 to 2000 cm 1 (5–50 μm) by TES on Mars Global Surveyor (Christensen et al., 2001) also provide orbital information about mineralogy
including phyllosilicates and poorly crystalline aluminosilicates. The MSL rover uses
an X-ray diffraction (XRD) instrument called CheMin to identify minerals on the surface
at the landing site inside Gale Crater (Blake et al., 2013). CheMin results have been coordinated with APXS data to infer the composition of phyllosilicates and SRO materials
(e.g., Vaniman et al., 2014).
Remote sensing of phyllosilicates and SRO materials is performed at Mars using
reflectance spectra at VNIR wavelengths with the CRISM and OMEGA instruments
and using thermal emission spectra at mid-infrared (MIR) wavelengths with the TES
instrument. Remote detection of phyllosilicates and SRO materials in the MIR region
with TIR spectra uses Si(Al)-O stretching and bending vibrations and M-OH bending
vibrations (where M is a metal cation such as Al, Fe, or Mg), while NIR detections of
phyllosilicates and related materials employ primarily overtone and combination bands
for H2O and OH vibrations. Fe excitation features are used in the VNIR region as well
to characterize Fe-bearing materials. Coordinated investigations using both VNIR and
MIR regions enable optimal detection of rocks and minerals on Mars. XRD identifies
phyllosilicates using their mineral structures. The instrument must be in contact with
the sample, so XRD can be used on surface missions but not in orbit.
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3.3.1 Detection of Phyllosilicates and SRO Materials on Mars Using
VNIR Spectra
Detection of phyllosilicates and SRO materials in the VNIR region varies with mineral
structure and cation type and has been summarized recently (Bishop et al., 2017). Remote
detection of phyllosilicates and associated phases on Mars has been enabled through
decades of lab investigations of pure clay minerals (King and Clark, 1989; Clark et al.,
1990; Post and Noble, 1993; Bishop et al., 1994, 2008a; Petit et al., 1999, 2004;
Decarreau et al., 2008), SRO materials (e.g., Anderson and Wickersheim, 1964;
Bishop et al., 2013b, 2015; and Bishop and Murad, 2002), phyllosilicate mixtures (e.g.,
Madejová et al., 2002; McKeown et al., 2011; Cuadros et al., 2015; Michalski et al.,
2015), and clay-bearing Mars analogs (e.g., Bishop et al., 2002; Hamilton et al., 2008;
Ehlmann et al., 2012). VNIR spectra of selected phyllosilicates and SRO materials are
shown in Fig. 3.2 in order to illustrate how these minerals/phases can be detected on Mars.
Smectites are the most common phyllosilicates detected on Mars and include Al-rich
montmorillonite and beidellite, Fe-rich nontronite, and Mg-rich hectorite and saponite,
as well as mixed cation smectites. All smectite spectra exhibit an H2O stretching overtone
at 1.41 μm and a H2O combination band centered at 1.91 μm (Fig. 3.2, Bishop et al.,
1994). VNIR smectite spectra include MOH combination bands as well that depend
on the presence of Al, Fe, or Mg cations in octahedral sites in the mineral structure
and are often the most diagnostic for smectites and other phyllosilicates on Mars.
Montmorillonites exhibit an Al2OH stretching plus bending combination band near
2.20–2.21 μm, depending on if there is some Fe or Mg substitution for Al in the octahedral sites (Bishop et al., 2002). The Al2OH stretching overtone for montmorillonite
lies at 1.41 μm, at the same wavelength as the overtone of the H2O stretching vibration,
which was a source of confusion for decades in making band assignments. Beidellite spectra exhibit Al2OH bands at 1.40 and 2.18 μm (Bishop et al., 2011), which occur at shorter
wavelengths than the related bands observed in montmorillonite spectra due to increased
tetrahedral Al substitution for Si in beidellite. Nontronite spectra (Bishop et al., 2002)
3+
include an Fe3+
2 OH overtone at 1.43 μm and an Fe2 OH combination band at 2.29
μm, while saponite spectra (Post, 1984) include an Mg3OH stretching overtone at
1.39 μm and an Mg3OH combination band at 2.31 μm. VNIR smectite spectra include
an additional OH band that is diagnostic of the mineral chemistry at 2.38 μm for
saponite, 2.39 μm for hectorite, 2.41 μm for nontronite, 2.44 μm for beidellite, and
2.45 μm for montmorillonite (e.g., Bishop et al., 2008b).
Several additional phyllosilicates have been found on Mars as well, but they are less
common than smectites. Clays from the kaolinite-serpentine group are also frequently
detected on Mars. Except for halloysite, phyllosilicates in this group do not have H2O
bands. Kaolinite spectra exhibit an Al2OH stretching overtone doublet near 1.4 μm
and a doublet at 2.17 and 2.21 μm for the stretching plus bending combination bands.
Serpentine spectra include an Mg3OH stretching overtone at 1.39 μm and an Mg3OH
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Fig. 3.2 VNIR reflectance spectra from 0.3 to 2.65 μm of several phyllosilicates and SRO phases
observed on Mars. The spectra are offset for clarity and grouped by type. (A) Smectites:
montmorillonite (Mt), nontronite (Nt), Fe/Mg smectite (Fe/Mg-Sm), and saponite (Sap); chlorites:
clinochlore (Cln) and chamosite (Chm); micas: celadonite (Cld) and glauconite (Glt). (B) SRO
aluminosilicates (AlSi): allophane (Allo) and imogolite (Imo); SRO iron oxides/oxyhydroxides (FeOx):
ferrihydrite (Fh) and akaganeite (Ak); kaolinite-serpentines: kaolinite (Kaol) and chrysotile (Ctl);
other Mg-rich clays: talc (Tal) and prehnite (Prn); gray lines mark features near 1.4, 1.9, 2.2, 2.3, 2.4,
and 2.5 μm in order to facilitate the comparison of the spectral features among different
phyllosilicates. Dotted lines mark features due to Fe: the Fe2+ electronic excitation near 0.75 μm in
chlorites and micas, the Fe3+ electronic excitation near 0.95 μm in nontronite, and an FeOH
combination band at 2.46 μm in akaganeite. These spectra were measured as particulate samples
at Brown University’s RELAB for previous studies (Bishop et al., 2008a, 2013b) or at the USGS
Spectroscopy Lab (Clark et al., 2007).

combination band near 2.33 μm. Many serpentine spectra also include bands near
2.52–2.57 μm.
Chlorites or mixed-layer smectite-chlorites (corrensites) have also been observed in
VNIR spectra of Mars and include similar OH bands to serpentines near 1.39 and 2.33–
2.35 μm. These band positions vary depending on the relative abundance of Fe and Mg in
the clay structure. Chlorites can be distinguished from serpentines by the presence of an
additional AlMgOH (or AlFe2+OH) combination band near 2.25 μm. Additional phyllosilicates such as mica, illite, palygorskite, sepiolite, and talc have spectral features similar
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to the others, where water bands occur near 1.4 and 1.9 μm and OH combination bands
occur near 2.20–2.22 μm for Al-rich clays and near 2.30–2.36 μm for Mg-rich clays.
SRO materials such as nanophase or amorphous aluminosilicates, opal, and ferrihydrite can be difficult to characterize using XRD data but may be readily detectable using
spectroscopy. The VNIR spectral features for opal include H2O and OH stretching overtones near 1.39–1.41 μm depending on the degree of H-bonding, an H2O combination
band near 1.91 μm, and a Si-OH combination band centered near 2.21–2.23 μm with a
shoulder toward longer wavelengths depending on the degree of H-bonding. The nanophase (np) aluminosilicates allophane and imogolite have VNIR spectral features similar
to those of Al-rich smectites and opal. The primary difference is the broadened spectral
features for the np-aluminosilicates due to a distribution of AlOH and Si-OH sites in the
structure. Another difference is that the H2O combination band is centered at 1.92 μm
instead of 1.91 μm. The corresponding MOH bands are also shifted. The Al2OH stretching overtone occurs as a doublet at 1.38 and 1.40 μm for allophane and at 1.37 and 1.39
μm for imogolite, while the Al2OH combination band occurs near 2.19 μm for both of
these materials. The H2O bands for ferrihydrite are typically shifted toward even longer
wavelengths toward 1.42 and 1.93 μm, and FeOH combination bands occur near 2.3 μm
in some cases.

3.3.2 Detection of Phyllosilicates and SRO Materials on Mars in TIR Spectra
TES spectra of Mars have provided global information about rock composition across the
planet (Christensen et al., 2001) through modeling TES spectra (Rogers and Christensen,
2007) with lab TIR spectra of numerous minerals (Christensen et al., 2000b) and rocks
(Hamilton and Christensen, 2000). Detailed lab studies of clay minerals (Michalski et al.,
2005, 2006) and related materials such as zeolites (Ruff, 2004), glass (Minitti et al., 2002;
Byrnes et al., 2007), and amorphous phases (Kraft et al., 2003; Rampe et al., 2012) were
performed to support detection of these phases by TES. Phyllosilicates are typically
pressed into powders in order to improve the band strength in emission spectra
(Michalski et al., 2005). Pressing finely grained materials into powders decreases pore
space and reduces internal scattering, which strengthens the reststrahlen bands (reflectance maximum or emission minimum). Most importantly, clay minerals occurring naturally within rocks behave spectroscopically similar to coarse materials or pressed pellets,
whereas clays in fine-grained regolith or dust behave more like fine particulates. TIR
spectral studies of clay-bearing rocks were also performed (e.g., Wyatt et al., 2001;
Michalski et al., 2004; Hamilton et al., 2008; Ehlmann et al., 2012; Rampe et al.,
2013) in order to support the identification of clays on planetary surfaces.
3.3.2.1 Si-O Stretching Vibrations
The strongest bands for the identification of clay minerals in thermal remote sensing
typically result from vibrations of the tetrahedral sheet Si(Al,Fe)O4 (Michalski et al.,
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2006). However, related Si(Al,Fe)O4 vibrations are observed in spectra of other silicates
as well. Salisbury (1993) describes the Christiansen feature (CF) as a reflectance minimum
or emission maximum located at the short-wavelength edge of the Si-O reststrahlen
feature. The CF occurs where the imaginary component of the index of refraction
approaches 0 and the real component approaches 1. Salisbury (1993) noted shifts in
the wavelength of this feature with mineral composition. Typically, the CF occurs at
longer wavelengths for clay minerals compared with mafic silicates (Salisbury, 1993).
Michalski et al. (2005) observed a shift in the SiO4 stretching vibrations in spectra of phyllosilicates, aluminosilicate glasses, and altered phases, such that the band near 1000 cm 1
transitions toward lower wavenumbers (longer wavelengths) with increasing abundance of tetrahedral Al and Fe and decreasing abundance of Si. This is consistent with
the trends observed by Salisbury et al. (1991) for a large collection of silicate minerals
and with observed transmittance spectra of clay minerals (Farmer, 1974). For example,
Michalski et al. (2005) noted an emissivity minimum at 8.8 μm (1135 cm 1) for montmorillonite with a Si/O ratio of 0.399 compared with an emissivity minimum at 9.5 μm
(1056 cm 1) for nontronite with a Si/O ratio of 0.349.
The Si(Al,Fe)O4 vibrations observed in emission spectra of several phyllosilicates
are shown in Fig. 3.3. The Si-O stretching band center exhibits a trend of increasing
wavelength across the smectites as the octahedral cation changes from Al to Fe to Mg.
The Si-O stretching band position for Al-rich smectites is similar to that observed for
kaolinite and aluminosilicate gel. The Si-O stretching band occurs at longer wavelengths
for the poorly crystalline allophane and imogolite and also for phyllosilicates rich in Fe
and Mg (Fig. 3.3).
3.3.2.2 Si-O Bending Vibrations
The bending vibrations for tetrahedral SiO4 groups and lattice deformation modes
such as Si-O-Moct absorptions (where Moct is an octahedral cation such as Al, Fe, and
Mg) occur near 400–550 cm 1 (18–25 μm) in emission spectra when little or no tetrahedral substitution occurs (Michalski et al., 2005; Salisbury et al., 1991). Spectra of
serpentines, chlorites, and biotite contain a strong SiO4 bending vibration centered
near 470–485 cm 1 (20.6–21.3 μm). In tetrahedral-octahedral-tetrahedral (TOT)
configuration clays, bands associated with Si-O-Moct absorptions partially overlap with
the Si-O bending absorption. In trioctahedral clays, the overlap between the Si-O-Si and
Si-O-Mgoct bending vibrations is significant, resulting in a single, strong band located
near 480 cm 1 (20.8 μm), which requires modeling to resolve the individual vibrational components. However, for dioctahedral clays, the Si-O-Aloct and Si-O-Fe3+
oct
bending bands shift to shorter wavelengths (510–540 cm 1 or 18.6–19.6 μm), separating
them from the Si-O-Si bending vibrations. This difference is important because the
resulting single or double band can be used to distinguish dioctahedral and trioctahedral
clay compositions using long-wavelength thermal emission remote sensing data
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Fig. 3.3 Mid-IR emissivity spectra from 300 to 1300 cm 1 (8–30 μm) of clay minerals found on Mars.
The spectra are offset for clarity and grouped by type. (A) Smectites: montmorillonite (Mt), nontronite
(Nt), Fe/Mg smectite (FeMg-Sm), and saponite (Sap); chlorite: clinochlore (Cln); mica: glauconite (Glt).
(B) Poorly crystalline aluminosilicates: imogolite (Imo), allophane (Allo), and aluminosilicate gel (Al/Si
gel); kaolinite-serpentines: kaolinite (Kaol) and chrysotile (Ctl); other Mg-clay: talc (Tc). In panel A,
medium gray dashed lines mark the Si-O stretching band of saponite near 1035 cm 1 and the
bending band near 480 cm 1, while dark gray dashed lines mark bands near 1125 and 545 cm 1
found for montmorillonite. In panel B, light gray lines mark features near 930, 595, and 415 cm 1
found in imogolite; medium gray dashed lines mark features near 1015, 470, and 340 cm 1 found
in serpentine; and dark gray dashed lines mark features near 1130, 865, and 550 cm 1 found in
kaolinite. These spectra were measured as pressed powders or particulate samples at the Mars
Space Flight Facility at Arizona State University for previous studies (Michalski et al., 2005; Bishop
et al., 2008a, 2013b; Rampe et al., 2012).

(Michalski et al., 2010a). Coordinated bending also occurs along the Si-O-Moct bonds
from the tetrahedral Si-O into octahedral O-M bonds and is responsible for the weaker
bands that often occur near 550–670 cm 1 (15–18 μm) for Al and Fe cations and near
400–450 cm 1 (22–24 μm) for Mg cations. Si-O-Mgoct bending vibrations are present
in the emission spectra of the Mg-rich clays saponite, chrysotile, talc, and clinochlore
(Fig. 3.3).

3.3.3 Detection of Phyllosilicates and SRO Materials on Mars by Rovers
The CheMin instrument has identified phyllosilicates, SRO materials, and numerous
minerals at several sites inside Gale Crater (Blake et al., 2013; Bish et al., 2013;
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Vaniman et al., 2014). CheMin results indicate that mobile surface dust is primarily composed of basalt without evidence of aqueous alteration (Bish et al., 2013), while mudstones investigated at a region called Yellowknife Bay within Gale Crater contain
trioctahedral smectite clays and amorphous components that are thought to have formed
in situ by aqueous alteration of olivine (Bristow et al., 2015; Vaniman et al., 2014). SRO
phases and phyllosilicates were also identified by CheMin in sandstone rocks from
the Windjana drill site in the Kimberley area (Treiman et al., 2016). The presence of
smectite clays with little alteration to chlorite as observed by CheMin is consistent with
orbital observations of Fe/Mg smectite using CRISM imagery (Milliken et al., 2010;
Wray, 2013). Mudstones collected from the Murray formation at Gale Crater contain
25 wt% phyllosilicate, including both dioctahedral Al-rich smectite and trioctahedral
Mg-rich smectite, and 30 wt% SRO phases (Bristow et al., 2017).
The Yellowknife Bay sediments contain 20 wt% trioctahedral smectite identified
through the CoKα patterns between 8–11°2θ (or 9.4–12 Å) for the 001 reflection
and 22–23°2θ for the 02l reflection with some variability between the John Klein and
Cumberland samples (Bristow et al., 2015). The position of the broad 02l reflection near
22.5°2θ is characteristic of trioctahedral smectites (Moore and Reynolds, 1997), while
the shape and position of the 001 and 02l peaks are most consistent with synthetic
Fe2+-bearing saponite (Chemtob et al., 2015) or Fe3+-bearing saponite from Griffith
Park (Treiman et al., 2014). The Windjana sediments contain 25 wt% SRO materials
and phyllosilicates where the bulk of this is X-ray amorphous material similar to
allophane and ferrihydrite with some Fe/Mg smectite and kaolinite (Treiman et al.,
2016). If the clays are poorly crystalline, they could be contributing to the X-ray amorphous phase. The poorly crystalline Fe3+ oxyhydroxide mineral akaganeite, found in
Yellowknife Bay sediments (Ming et al., 2014) and the Windjana sample (Treiman
et al., 2016), has been identified from orbit as well near Gale Crater (Carter et al.,
2015b) using spectral features near 2.46 μm (Bishop et al., 2015).
The clay-bearing rocks at Yellowknife Bay are Hesperian (3.4–3.7 Ga) and were
derived from a low-temperature, neutral environment under low water/rock ratio
conditions with limited chemical alteration (Grotzinger et al., 2014; McLennan et al.,
2014). Diagenetic features such as Ca-sulfate veins, raised ridges, fractures, and concretions in the Yellowknife Bay sediments were analyzed together with geochemistry in
order to deduce that alteration under diverse depositional and diagenetic sedimentary
environments was responsible for the formation of the phyllosilicates there
(McLennan et al., 2014). Degradation of the rim of Gale Crater is thought to have
allowed water to flow into the system bringing sediments and forming a lake basin with
a depth of 75 m or more (Grotzinger et al., 2015). This lake may have existed intermittently for thousands to millions of years producing thick sequences of sedimentary rocks
(Grotzinger et al., 2015) and enabling the formation of the phyllosilicates, amorphous
materials, sulfates, Cl salts, and iron oxide-bearing minerals (Bristow et al., 2015).
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Characterizing clays and SRO materials with the Mars Exploration Rover (MER) at
Gusev crater and Meridiani Planum was more difficult because neither a VNIR spectrometer nor an XRD instrument were included on these rovers. However, results from the
M€
ossbauer instrument, mini-TES, and chemistry from the alpha particle X-ray spectrometer (APXS) were coordinated to identify silica, carbonate, and sulfates at Gusev crater
(e.g., Morris et al., 2004; Ming et al., 2006; Parente et al., 2009; Rice et al., 2010; McSween
et al., 2008; Ruff and Farmer, 2016). Fe/Mg-carbonate was detected from orbit at the
Home Plate site using VNIR spectral data from CRISM (Carter and Poulet, 2012) that
coordinated well with the surface detection of carbonate using M€
ossbauer, mini-TES,
and chemistry data (Morris et al., 2008).
The Meridiani Planum region contains friable sandstone bedrock that includes sulfates,
FeMg smectite, and hematite concretions (e.g., Christensen et al., 2000a; Squyres et al.,
2006; Wray et al., 2009; Wiseman et al., 2010; Noe Dobrea et al., 2012). The sulfates
include jarosite (Klingelh€
ofer et al., 2004), gypsum (Grotzinger et al., 2005), and
Mg-sulfates (Wiseman et al., 2010) identified through analyses of the M€
ossbauer, APXS,
and mini-TES data from Opportunity and VNIR CRISM spectra from orbit. Later in the
mission, Opportunity drove to Endeavour crater and found fine-grained, layered rocks
with Ca-sulfate veins (Arvidson et al., 2014). Based on chemistry measured by the rover
and phyllosilicate signatures from orbit, both Al-smectites (Arvidson et al., 2014) and
Fe-rich smectites appear to be present in the layered rocks (Fox et al., 2016).

3.3.4 Detection of Phyllosilicates and SRO Materials in Martian Meteorites
Fe-rich phyllosilicates have been detected together with iron oxides/hydroxides and carbonates in several nakhlites, shergottites, and chassignites (Gooding, 1992; Treiman et al.,
1993). The orthopyroxenite ALH 84001 also contains small amounts of an Fe-rich
poorly crystalline material as part of the aqueous alteration phase (McKay et al.,
1996). Unfortunately, the phyllosilicates present in meteorites tend to occur in extremely
tiny aliquots, on the scale of nanometer or smaller, and are poorly crystalline, thus
challenging researchers to identify and characterize them. The nakhlite meteorite group
contains the largest quantity of phyllosilicates, and for this reason, they have been characterized in more detail. The most abundant phyllosilicates present in nakhlites include
poorly crystalline trioctahedral Fe-bearing saponite and serpentine (Hicks et al., 2014;
Hallis et al., 2014). Modeling of alteration pathways for the formation of the observed phyllosilicates and associated phases in martian meteorites suggests evaporation from lowtemperature brines in contact with parent igneous rocks (Bridges et al., 2001). More recent
modeling efforts on Fe-rich smectites in nakhlites indicate temperatures of 150–200°C
with pH 6–8 and a water/rock ratio 300 (Bridges and Schwenzer, 2012).
Identification of SRO aluminosilicates and iron oxides/hydroxides in martian meteorites has been increasing as technology is enabling characterization of smaller regions
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(McKay et al., 1996; Hicks et al., 2014). There may not be much relationship between
the phyllosilicates observed in martian meteorites and the clays observed on the surface of
Mars (Bishop and Velbel, 2017), because of differences in the ages and compositions
of these materials. The mixed clays and amorphous materials observed in martian meteorites are typically Amazonian (Lee et al., 2015, 2017), while nearly all occurrences of
phyllosilicates on the martian surface are Noachian. The one martian meteorite containing Noachian alteration materials, ALH 84001, contains carbonate and magnetite, but
not phyllosilicates (McKay et al., 1996; Treiman, 1998). One possible explanation for
this discrepancy is that the clays in rocks on the martian surface were destroyed on impact
or ejection at Mars or on entry to Earth.

3.4 CHARACTERIZATION OF PHYLLOSILICATES AND SRO MATERIALS
ON MARS
Clay minerals have been primarily detected on Mars from orbit through analysis of VNIR
spectral images acquired by the OMEGA (Bibring et al., 2005) and CRISM (Murchie
et al., 2009a) imaging spectrometers. Most of the planet has been mapped at VNIR wavelengths at kilometers to 200 m resolution using OMEGA and CRISM multispectral
mode, while CRISM targeted observations at 18 m resolution have been collected across
the planet at sites of mineralogical interest. TES orbital imaging provides additional mineralogical context with near global coverage at 1–5 km resolution (Christensen et al.,
2001). Clay minerals frequently occur on Mars in small outcrops that are below the spatial
resolution of TES. However, modeling developed by the TES team enables estimations of
major and minor surface components including clays and related altered aluminosilicatebearing materials (Ramsey and Christensen, 1998; Rogers and Christensen, 2007; Rampe
et al., 2012). Band parameters have also been developed for detection of Fe/Mgphyllosilicates using thermal emission imaging system (THEMIS) imagery (Viviano and
Moersch, 2012), which trades better spatial resolution for fewer channels (Christensen
et al., 2003). Despite detection challenges, analyses of TES spectra have identified regions
containing altered basalt, glass, zeolite, high-Si phases, and poorly crystalline aluminosilicates (Michalski et al., 2013; Michalski and Fergason, 2009; Rogers and Christensen,
2007; Rampe et al., 2012; Ruff, 2004). Recently, coordinated studies of CRISM and
TES analyses have found that including poorly crystalline aluminosilicates in the model
enables detection of clay minerals as well in TES data at Mawrth Vallis, one of the most
phyllosilicate-rich sites of Mars (Bishop and Rampe, 2016).

3.4.1 Global Observations of Phyllosilicates, SRO Phases and Aqueous
Alteration on Mars
The global distribution of clay-bearing outcrops on Mars is not homogenous (Fig. 3.4),
with the majority of detections in the southern, Noachian-aged (>3.8 Gyrs old)
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Fig. 3.4 Global map of phyllosilicates and hydrated minerals on Mars. Colored regions indicate
detections from CRISM and OMEGA images, where phyllosilicates are displayed in green and
associated hydrated materials are shown in blue (data from multiple sources summarized in Carter
et al., 2013; Ehlmann et al., 2013).

highlands (Carter et al., 2013; Ehlmann et al., 2013). Terrains younger than the Late Hesperian (3.5–3.8 Gyrs) are nearly devoid of phyllosilicate signatures, indicating that the
bulk of the clay-forming environments occurred before that time. Phyllosilicate exposures are often small in size (from a few hundred meters to a few kilometers across),
appearing in crater walls or ejecta and eroded surfaces where the ancient surface material
is visible. Recent reviews of orbital remote sensing at Mars describe the current understanding of the martian surface composition including phyllosilicates and SRO materials
(Bishop et al., 2017; Hamilton et al., 2019; Murchie et al., 2019). An early interpretation
of Mars surface mineralogy and aqueous processes based on the analyses of OMEGA data
found that clay minerals largely formed during the ancient Noachian period (Poulet et al.,
2005; Bibring et al., 2006), which continues to hold for most of the planet (Ehlmann and
Edwards, 2014; Murchie et al., 2019). Younger clay-rich materials have been observed in
isolated regions such as Noctis Labyrinthus (e.g., Weitz et al., 2011), Coprates Chasma
(e.g., Weitz et al., 2014a), and some impact craters (Carter et al., 2010). Early investigations of clay-bearing outcrops at Mawrth Vallis revealed that Al-rich phyllosilicates
always occurred in strata above Fe/Mg-rich smectites (Bishop et al., 2008b). A more
recent study found that this trend is common across most of the planet where clay
exposures are observed (Carter et al., 2015a).
TES spectra provide a global perspective at a coarse spatial resolution (hundreds of
square kilometers) on the occurrence and abundance of minerals including clays on Mars.
Martian dark regions are spectrally dominated by basaltic materials in the thermal IR
(Christensen et al., 2000c). Linear spectral unmixing of TES data suggests that dark
volcanic surfaces are composed of approximately 25%–40% plagioclase feldspar, 25%–
40% pyroxene, 15%–35% clay minerals or high-silica phases, and 5%–10% olivine
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(Michalski et al., 2006; Rogers and Christensen, 2007). Spectral unmixing depends
heavily on the spectral shape in the 900–1300 cm 1 region, where Si-O absorptions
occur in all silicate minerals and amorphous phases. In this spectral range, phyllosilicates
exhibit somewhat broad unremarkable features related to Si-O vibrations that are shared
by other poorly crystalline materials with similar Si/O molar ratios (Michalski et al.,
2005). Early results from TES showing 10%–15% of phyllosilicates or similar materials
in the dark, low-latitude regions were difficult to interpret in the pre-OMEGA era
but are now accepted as an average composition of Noachian martian crust. Such detections likely also include SRO aluminosilicates and iron oxide-bearing materials, possibly
associated with weathered volcanic ash in the ancient crust (Rampe et al., 2012; Bishop
and Rampe, 2016).
VNIR phyllosilicate exposures are observed in the peaks, walls, and ejecta of many
impact craters over Noachian-aged terrains (e.g., Carter et al., 2013; Ehlmann et al.,
2013). This indicates that clays are often buried up to a few kilometers. Impact craters
over Hesperian- and Amazonian-aged terrains rarely excavate phyllosilicates, with the
exception of larger craters (typically >20–200 km), which are thought to have penetrated
the deeply buried and altered Noachian crust. Fewer phyllosilicates are detected in the
northern lowlands of Mars, likely because Noachian-aged rocks are seldom exposed at
the surface, where the few phyllosilicate signatures are restricted to remnant Noachian
units and the largest craters.
Phyllosilicate exposures are numerous in nonimpact sites as well and include several
expansive deposits spread across the southern highlands (e.g., Poulet et al., 2005; Bishop
et al., 2008a, b, 2013c; Mustard et al., 2008; Murchie et al., 2009a, b; Ehlmann et al.,
2009; Mckeown et al., 2009a; Milliken et al., 2010; Loizeau et al., 2012a; Carter
et al., 2015a, b; Weitz et al., 2012, 2015; Weitz and Bishop, 2016). A variety of clay
minerals have been observed in these outcrops (Ehlmann and Edwards, 2014;
Murchie et al., 2019): smectites including nontronite, saponite, beidellite and montmorillonite, vermiculite, chlorite, mica, halloysite/kaolinite, serpentine, and prehnite, as
well as mixed-layer clays, zeolite, opal, allophane, and imogolite. The most common
phyllosilicate globally on Mars is an Fe-rich smectite with OH bands near 2.29–2.30
and 2.38–2.39 μm. Nearly all of these Fe-rich smectite occurrences differ spectrally
from either nontronite or saponite and were termed Fe/Mg smectite because the
spectral bands are consistent with Mg-bearing nontronite or smectite containing both
Fe and Mg in octahedral sites (Bishop et al., 2008b). Variations also occur in the band
centers of these spectra that are consistent with variations in the Fe and Mg abundance
in octahedral sites.
Correlations between the clays and related mineralogy and their morphological
context across the planet have been interpreted as originating from a number of surface
and subsurface environments (Ehlmann et al., 2011b). These include detrital and authigenic lacustrine clays, climate-mediated surface weathering (involving rain or snowfall),
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evaporitic playa environments, and hydrothermal systems (deep crustal, epithermal, and
possibly spring deposits). Geochemical conditions proposed for these environments range
from highly acidic (pH 2) to mildly alkaline, near freezing to >400°C, waterdominated to rock-dominated, mostly oxidizing, and with varying ion activities
(Ehlmann et al., 2013; Carter et al., 2015a; Murchie et al., 2019).
The globally common Fe/Mg smectite (Carter et al., 2015a) is frequently mixed with
chlorite or other high-temperature clays and termed simply Fe/Mg-phyllosilicate
(Ehlmann et al., 2011b; Carter et al., 2013; Michalski et al., 2015). Pure chlorites are
observed in 20% of phyllosilicate detections, while Al-rich phyllosilicates (montmorillonite, beidellite, halloysite, and kaolinite) are found in about one-third of phyllosilicate
detections. Hydrated SRO phases such as opal, hydrated silica, allophane, and imogolite
are also observed in numerous aqueous outcrops. Hydrated sulfates, carbonates, and zeolites are also found in altered materials and are frequently associated with phyllosilicates
(e.g., Murchie et al., 2019).

3.4.2 Regional Characterization of Phyllosilicates and Aqueous
Alteration on Mars
Phyllosilicates have been investigated in detail at numerous sites on Mars. The most
abundant clay-bearing units are present at Mawrth Vallis (Bishop et al., 2008b) and Nili
Fossae (Ehlmann et al., 2009). However, phyllosilicates are also present across a broad
region of Syrtis to NE Syrtis (Skok et al., 2010a, b; Ehlmann and Mustard, 2012;
Bramble et al., 2017; Brown et al., 2010; Michalski et al., 2010a; Viviano et al., 2013;
Mustard et al., 2009) and throughout the Libya Montes/Terra Tyrrhena region
(Loizeau et al., 2012a; Bishop et al., 2013c), surrounding Argyre (Buczkowski et al.,
2010) and at Tharsis (Viviano-Beck et al., 2017). Phyllosilicates have been detected at
many of the rover landing sites (e.g., Wray et al., 2009; Milliken et al., 2010;
Arvidson et al., 2014; Fox et al., 2016; Seelos et al., 2014; Poulet et al., 2014;
Quantin et al., 2016), and they have been observed together with sulfates and other
hydrated phases in Noctis Labyrinthus (Weitz et al., 2011; Thollot et al., 2012) and along
chasma and plateaus near Valles Marineris (e.g., Milliken et al., 2008; Murchie et al.,
2009b; Weitz et al., 2010, 2012, 2014b, 2015; Roach et al., 2010; Flahaut et al.,
2015; Weitz and Bishop, 2016; Quantin et al., 2012; Le Deit et al., 2012). Variations
in the clay mineralogy can sometimes be linked to specific geologic units with distinct
morphologies. The main limitation in characterizing these clay-bearing units is probably
linked to the availability of high-resolution CRISM images. Additional limitations come
from masking of the surface by dust or caprock and the lack of sufficiently high spatial
resolution to detect small outcrops. Another challenge is the lack of a direct analog on
Earth for some of the alteration processes and geologic contexts observed on Mars. Three
sites are described in detail as examples of the types of phyllosilicate-rich alteration
observed on Mars.
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3.4.2.1 The Phyllosilicate-Rich Mawrth Vallis Region in Eastern Chryse Planitia
The Chryse Planitia basin provides a diversity of terrains with ages ranging from
Noachian to Amazonian (Tanaka et al., 2005). This basin has long been infilled by mass
wasting, catastrophic flood deposits, and aeolian and volcanic resurfacing processes. The
Chryse Planitia region exhibits the signatures of several aqueous environments present
during the Noachian to early Hesperian time period. The Mawrth Vallis plateau in
the eastern part of Chryse Planitia at the dichotomy of the southern highlands and northern lowlands contains a wealth of phyllosilicates and associated hydrated materials
(Fig. 3.5). This region has been recognized as an example of surface pedogenesis

Fig. 3.5 Phyllosilicates and SRO materials at Mawrth Vallis. (A) Fe/Mg smectite (red) and Al-rich
phyllosilicate (blue) detections (Carter et al., 2015a) are mapped over THEMIS IR imagery color
coded (green-brown tones) with altimetry from the Mars Orbiter Laser Altimeter (MOLA)
instrument (Smith et al., 2003). (B) An oblique view from the high-resolution stereo camera (HRSC)
imager (Neukum et al., 2004) of light-toned phyllosilicate-rich material and fluvial surface features
at Mawrth Vallis (5  vertical). (C) HiRISE view of layered phyllosilicates in a crater wall over an
HRSC DTM with mineralogy from CRISM (Fe-rich smectite in red, Al-phyllosilicates in blue, and
allophane in green). (D and E) Sample CRISM spectra illustrating the materials in (C) compared with
lab spectra from the Bishop collection.
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weathering on Mars based on its stratigraphy and composition (Michalski et al., 2010b;
Bishop et al., 2013a). The lower part of the clay profile is a unit dominated by layered Fe/
Mg smectite 100–200 m thick that likely formed by the deposition of altered volcanic
sediments (e.g., Michalski and Noe Dobrea, 2007; Wray et al., 2008; Bishop et al.,
2008b; McKeown et al., 2009a; Loizeau et al., 2010, 2012b; Bishop and Rampe,
2016). Upper, highly leached strata consist of mixtures containing Al-rich
phyllosilicates, hydrated silica and opal (McKeown et al., 2011; Bishop et al., 2013a),
sulfates including bassanite (Wray et al., 2010), jarosite (Farrand et al., 2009), and
hydrated Fe sulfates (Farrand et al., 2014), and SRO phases such as allophane and
imogolite (Bishop and Rampe, 2016). Changes in climate conditions from near neutral
to mildly acidic are proposed to have caused this chemical gradient in the Mawrth Vallis
region (Bishop et al., 2016).
Layered outcrops in the Mawrth Vallis region of Mars contain a great diversity of
aqueous alteration materials that provide an opportunity to infer past aqueous environments. Numerous orbital investigations have documented aluminous and siliceous
clay-bearing units overlying the thick Fe/Mg smectite unit (e.g., Bishop et al., 2008b;
Wray et al., 2008; McKeown et al., 2009a; Michalski et al., 2010b; Noe Dobrea
et al., 2010; Loizeau et al., 2012b). Multiple secondary minerals were identified in the
upper units (e.g., Bishop et al., 2013a), but the presence of poorly crystalline phases
was reported only recently (Bishop and Rampe, 2016). Further, allophane and imogolite
comprise a significant portion of the uppermost stratum of the clay profiles, covering the
Al-phyllosilicate-rich and opal-rich unit (Fig. 3.5). These results signify a change in climate on Mars from a warm and wet environment to one where water was sporadic and
likely depleted rapidly (Bishop and Rampe, 2016). Further, Bishop et al. (2016) describe
an ancient wet and warm geologic record that formed the thick Fe/Mg smectite unit, a
period of wet/dry cycling to create acid alteration and sulfates in some areas, followed by
leaching or pedogenesis to result in aluminous clay minerals, and finally a drier, colder
climate that left the altered ash in the form of SRO aluminosilicates, rather than crystalline clay minerals.
3.4.2.2 The Clay-Bearing Region West and South of Isidis Planitia
After the Chryse Planitia basin, the regions surrounding the Isidis basin have the next greatest abundance of phyllosilicate-rich material (Figs. 3.6 and 3.7). The NE Syrtis region
northwest of Isidis hosts pristine olivine and pyroxene outcrops (Mustard et al., 2009)
and abundant and varied clay-bearing units in several provinces with multiple, distinct
mineral assemblages (Mustard et al., 2008; Ehlmann et al., 2009; Bramble et al., 2017).
Fe/Mg smectite is found throughout the Nili Fossae region in the ancient Noachian rocks.
This Fe/Mg smectite unit occurs in eroded terrains in eastern Nili Fossae where it is stratigraphically covered by either kaolinite or magnesite (Ehlmann et al., 2009). In other outcrops, the Fe/Mg smectite is mixed with mica, illite, or chlorite. The presence of zeolites
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Fig. 3.6 Views of clay-bearing outcrops at NE Syrtis. (A) a portion of the NE Syrtis region near Nili Fossae
with Mg-rich phyllosilicates mapped in red and Al-rich phyllosilicate mapped in blue (data from Carter
et al., 2015a) with a white star showing the location of B. (B) View of CRISM image FRT0000454E as an
illustration of the high-temperature prehnite-bearing exposures with sites marked where the spectra
shown in C were collected. (C) Ratio of CRISM spectra of prehnite-bearing units compared with lab
spectra of prehnite from the USGS spectral library (Clark et al., 2007) and beidellite (Bishop et al.,
2011). (D) Diagram illustrating differences in formation temperature for phyllosilicates observed on
Mars, where M refers to montmorillonite, B to beidellite, C to chlorite, and P to prehnite, and the
temperatures indicate the approximate ranges for their formation.

and prehnite together with Fe/Mg smectite in and around impact craters southwest of Nili
Fossae is an indicator of low-grade metamorphic processes or subsurface hydrothermal
alteration (Ehlmann et al., 2009; Marzo et al., 2010; Fairen et al., 2010). Sulfates are
observed together with Fe/Mg smectite, magnesite, and other clay minerals along the
southwestern part of Nili Fossae between Jezero crater and the Syrtis volcanic region
(Ehlmann and Mustard, 2012). Jarosite ridges are observed at this site on top of layered
material composed of polyhydrated sulfates and Fe/Mg smectite. The diversity in clay
minerals observed across the NE Syrtis and Nili Fossae region and the geologic context
of the many clay-bearing outcrops indicate that several episodes of aqueous alteration took
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Fig. 3.7 Views of clay-bearing outcrops at Libya Montes. (A) View of the Libya Montes region with Fe/
Mg smectites mapped in red and Al-phyllosilicates mapped in blue (data from Carter et al., 2015a) with
white stars indicating the locations of the CRISM images shown in B and C. (B) CRISM image
FRT0000B0CB with the locations marked where spectra were collected. (C) CRISM image
FRT0000A819 with the locations marked where spectra were collected. (D) Example spectra
collected from outcrops containing beidellite (B-1 and C-1) and Fe/Mg smectite mixed with
dolomite. (E) A 3-D view of CRISM image FRT0000A819 illustrating the locations of phyllosilicates
and carbonate in relation to the olivine-bearing unit (adapted from Bishop et al., 2013c).
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place (Ehlmann et al., 2009). The delta region at Jezero crater (Ehlmann et al., 2008a;
Brown et al., 2016; Schon et al., 2012; Goudge et al., 2017) and the aqueous outcrops
at NE Syrtis (Mustard et al., 2009; Ehlmann et al., 2009; Brown et al., 2010; Ehlmann
and Mustard, 2012; Bramble et al., 2017; Viviano et al., 2013; Michalski et al., 2010a) represent geochemically exciting areas that may become landing sites for future martian rovers.
Phyllosilicate formation temperatures from terrestrial investigations can be used as
geothermometers in remote sensing. This is illustrated in Fig. 3.6D. The Al-smectites
montmorillonite and beidellite form at different temperatures in related outcrops (e.g.,
Guisseau et al., 2007), or beidellite can form from montmorillonite through diagenesis
(e.g., Chamley, 1989; Velde, 1995). Studies of geothermal fields at Guadeloupe, Lesser
Antilles (Guisseau et al., 2007), and Chipilapa, El Salvador (Papapanagiotou et al., 2003),
found that montmorillonite formed in regions where low-temperature waters were
present (<100°C) and beidellite formed nearby from warmer fluids (110–160°C).
Additional montmorillonite-to-beidellite transitions were observed with increasing
depth and temperature of the fluids in other active geothermal systems (Inoue et al.,
2004; Yang et al., 2001). Alternatively, burial diagenesis can occur to transform montmorillonite to beidellite during the initial phase of illitization over the temperature range
100–200°C (Saito et al., 2003; Beaufort et al., 2001). Chlorite formation temperatures are
typically in the range 150–300°C (De Caritat et al., 1993), while prehnite generally forms
through low-grade metamorphism, hydrothermal processes, or diagenesis in the range
200–400°C (e.g., Chamley, 1989; Velde, 1995). The presence of both chlorite and
prehnite in an outcrop supports formation conditions of 200–300°C (Ehlmann
et al., 2011a). Subsurface diagenesis or hydrothermal processes from impacts could be
responsible for the formation of chlorite-prehnite assemblages from Fe/Mg smectite
in the NE Syrtis region (Ehlmann et al., 2009; Marzo et al., 2010; Fairen et al.,
2010). Exposures of serpentine and magnesite (Ehlmann et al., 2008b, 2010) or mixtures
of saponite, chlorite, talc, and magnesite (Brown et al., 2010; Viviano et al., 2013) could
also represent hydrothermal alteration at elevated temperatures in this region.
The Libya Montes region lies at the southern rim of the Isidis impact basin (Fig. 3.7)
and contains Fe/Mg smectite, dolomite, and beidellite in aqueous outcrops exposed
around olivine-bearing and pyroxene-bearing basalt (Tornabene et al., 2008; Mustard
et al., 2009; Bishop et al., 2013c). Evidence for fluvial, lacustrine, aeolian, volcanic,
and hydrothermal processes has been documented, resulting in a variety of landforms
and ample evidence for chemical alteration of the local rocks (Crumpler and Tanaka,
2003; Tornabene et al., 2008; Jaumann et al., 2010; Erkeling et al., 2012). The ancient
Noachian basaltic crustal materials experienced extensive aqueous alteration at the time
of the Isidis impact, during which the montes were also formed, followed by emplacement of a rough olivine-rich lava or melt and finally the smooth pyroxene-bearing caprock unit (Bishop et al., 2013c). The chemistry of the smectites in this region varies from
nontronite with an OH combination (stretching plus bending) band at 2.29 μm to Fe/Mg
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smectite with a band at 2.30 μm to saponite with a band at 2.31 μm (Fig. 3.7), and the
intermediate Fe/Mg smectite is the most common here, as observed elsewhere on the
planet. Beidellite is also found in smaller exposures in the Libya Montes region with an
Al2OH band at 2.19 μm rather than montmorillonite, which would have a band at 2.21
μm. Beidellite in these sites likely formed via low-temperature hydrothermal alteration
from the Isidis impact. Abundant fluvial features dating from the Noachian to
Amazonian time periods traverse the Libya Montes region; however, clay minerals
are primarily observed in the ancient Noachian rocks (Bishop et al., 2013c).

3.5 DISCUSSION OF PHYLLOSILICATES AND CLIMATE ON MARS
The nature and stratigraphy of clay-bearing outcrops on Mars have been evaluated
recently with the goal of contributing to our understanding of the climate on early Mars
(Bishop et al., 2018). There are a variety of phyllosilicates, and they form in many
different alteration environments (Chamley, 1989). Phyllosilicate-rich materials on Earth
dominated by dioctahedral smectites (e.g., montmorillonite and nontronite), Al-rich
micas, and kaolin group clays generally form in low-temperature (25–50°C) subaqueous or subaerial surface environments (Chamley, 1989). Such temperate to warm
climates with alternating wet (>50 cm/year) and dry seasons support soil formation with
high smectite contents (up to 90% of phyllosilicates). Nontronite-bearing outcrops on
Mars are consistent with formation in surface environments similar to these terrestrial
subaqueous or subaerial surface environments. On the other hand, Mg-rich clays such
as serpentine and prehnite form at elevated temperatures up to 400°C (e.g., Chamley,
1989; Velde, 1995) and are more likely to have formed on Mars in subsurface “crustal”
environments or due to hydrothermal conditions (Ehlmann et al., 2011b; Fairen et al.,
2010; Marzo et al., 2010).
Evaluating formation of different clays in terrestrial environments is helpful for understanding and constraining formation environments of clays on Mars. Terrestrial smectitebearing hydrothermally altered seafloor sediments were used to classify mixed-layer
smectite/chlorite/talc assemblages on Mars (Michalski et al., 2015). Alteration of Columbia River Basalt (CRB) also provides clues to formation environments for nontronite and
associated minerals. Zeolite is also an indicator of CRB alteration temperature, where
nontronite forms in all cases, but zeolite only forms at depth under elevated temperatures
(Benson and Teague, 1982). Bishop et al. (2018) proposed recently that occurrences of
Mg-rich mixed clays including trioctahedral smectite, chlorite, talc, or serpentine with
lateral variations likely formed in subsurface hydrothermal environments on Mars, while
dioctahedral (Al or Fe3+-rich) smectite and widespread vertical stratigraphies of Fe/Mg
smectites (nontronite and saponite), clay assemblages, and sulfates formed in aqueous surface environments.

Remote Detection of Phyllosilicates on Mars

The formation environments of poorly crystalline and SRO aluminosilicates on Earth
also dictate likely formation environments for these materials on Mars that are increasingly being discovered across the planet. Outcrops on Mars containing these SRO aluminosilicates such as allophane and imogolite are indicators of environments with limited
liquid water on the surface or cold environments (Bishop and Rampe, 2016). Studies of
allophane and imogolite formation from volcanic glass show that these SRO phases are
favored over smectite clay formation in specific environments (Parfitt, 2009; Rasmussen
et al., 2010; Chamley, 1989). These include either rainy and temperate, well-drained
environments without standing liquid water or cold climates with temperatures near
freezing that experienced standing liquid water from melting snow or ice. Examples
of cold environments where SRO aluminosilicates form rather than phyllosilicates when
liquid water is present include sediments in the Antarctic Dry Valleys (Bishop et al.,
2014), glacial deposits in Oregon (Scudder et al., 2017), cold streams in Iceland
(Thorpe et al., 2017), and high-elevation sites of the Cascade mountains of California
(Rasmussen et al., 2010). Thus, the presence of abundant SRO aluminosilicates without
phyllosilicates on Mars could mark the end of the warm and wet surface conditions
supporting smectite formation (Bishop and Rampe, 2016).
Mars has long been known to harbor features due to liquid water on the surface (e.g.,
Carr, 1979), and numerous geologic features are present that represent past flowing water
and fluvial erosion (e.g., Craddock and Howard, 2002; Ansan et al., 2008; Fassett and
Head, 2011). Many of these surface features are associated with terrains that exhibit spectral signatures of clays and aqueous minerals, but others do not (Murchie et al., 2009a;
Carter et al., 2015a; Ehlmann et al., 2011b). One example of a region containing
abundant alluvial fans, valley networks, and dendritic channels occurs across the Libya
Montes region south of Isidis basin. Several of these features formed by liquid water there
vary in age from Noachian to Amazonian, where phyllosilicates are not observed (Bishop
et al., 2013c). These features were interpreted to result from short-term liquid water
events that did not persist sufficiently long for clay formation (Bishop et al., 2013c).
However, these features could have also been shaped by cold water (Fairen, 2010). This
is supported by the many recent studies that have found SRO phases instead of crystalline
clays in cold environments (e.g., Rasmussen et al., 2010; Bishop et al., 2014; Scudder
et al., 2017; Thorpe et al., 2017). This could indicate that cold and wet conditions
may have been responsible for the regions bearing fluvial erosion features without the
formation of phyllosilicates, while warm and wet conditions were responsible for the
regions having both fluvial erosion features and phyllosilicates (Bishop et al., 2018).
Bishop et al. (2018) further proposed that short-term (from thousands to hundreds of
thousands of years) warm and wet conditions during the Noachian could have been
responsible for the formation of surface smectite outcrops if summer high temperatures
reached 25–50°C. This model would be consistent with generally cooler Noachian conditions outside of these punctuated warming trends.
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3.6 DISCUSSION OF PHYLLOSILICATES AND HABITABILITY ON MARS
The martian geologic timeline includes changes in water availability on the surface. The
diagram in Fig. 3.8 depicts a scenario where liquid water was present on the surface of
Mars during its early history and phyllosilicates formed in surface environments (Bishop
et al., 2013a). Thermodynamics predicts that these clay-rich units would remain after the
liquid water is no longer present (Gooding, 1978) and they would likely be buried over
time by lava or other materials. Fe/Mg smectite is the most common phyllosilicate
observed on Mars globally (e.g., Murchie et al., 2009a, and Carter et al., 2013). Smectite
clays are common in regions with high water/rock ratio environments dominated by
wet/dry cycling of the climate (e.g., Chamley, 1989). Formation of a planet-wide Fe/
Mg smectite unit may have occurred early in the planets’ history that was then eroded,
buried, or altered depending on local geologic activity. This possibly widespread Fe/Mg
smectite unit is observed currently in smaller exposures on the surface (Fig. 3.8) where
impact craters or erosion has revealed the Noachian rocks below.
This scenario (Fig. 3.8) describes episodes of transient liquid water on the surface during the Hesperian but rarely sufficient water for clay formation in surface environments
(Bishop et al., 2013a). However, clays likely formed in subsurface environments during

Fig. 3.8 Martian phyllosilicate timeline. This diagram represents how phyllosilicates may have formed in
warm and wet surface environments (blue) on early Mars (4 billion years ago) and then become buried
by other materials. These phyllosilicate-bearing units (green) could exist across much of the martian
surface below caprock and dust. Phyllosilicates are currently only visible where the caprock has been
eroded away, although they may still be present below the surface. Additionally, formation of
phyllosilicates occurred in subsurface environments at elevated temperatures through burial
diagenesis or hydrothermal processes related to impacts or volcanism. The timeline for subsurface
phyllosilicate formation is less constrained, although much of this activity likely occurred during the
Noachian, with some occurring during the Hesperian and possibly Amazonian.
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the Noachian and Hesperian in aqueous environments heated through geothermal
processes or impacts (Ehlmann et al., 2011b). The timing and extent of these warm
subsurface environments are difficult to estimate, but they are likely responsible for
the formation of clay minerals such as chlorite, serpentine, and prehnite that all require
elevated temperatures. Warm environments supporting serpentine formation could even
have provided a viable ecosystem for microbes using H2 for energy (Mustard and Tarnas,
2008). Over the past 3 billion years, water has not been stable on the surface of Mars
according to most models, and surface environments supporting phyllosilicates or life
are not viable.
Diagenesis can also provide clues about the availability of subsurface water on Mars
because conversion of smectite to illite or chlorite is dependent on temperature, burial history, and the availability of water (e.g., Chamley, 1989; Velde, 1995). Tosca et al. (2008)
attempted to constrain smectite alteration through modeling the effects of time and temperature on sediment diagenesis. They concluded that smectites buried for 3.5 billion
years to a depth of at least 300–400 m should have converted in the presence of water
to chlorite (and/or illite if K+ is available). Because thick Fe/Mg smectite units have persisted at Mawrth Vallis, Gale Crater, and elsewhere on Mars, liquid water has likely been
limited since their deposition, or they have remained relatively close to the surface.
Phyllosilicate-bearing rocks on Mars could have supplied reaction templates for prebiotic chemistry and possibly the development of life as well (Bishop et al., 2013a).
Comets and asteroids provided delivery of organic molecules to early Earth and other
planetary bodies including Mars (e.g., Anders, 1989; Chyba et al., 1990; Delsemme,
1997; Pierazzo and Chyba, 1999). Smectite clays are efficient catalysis agents for a variety
of chemical reactions due to their layered configuration and the acidity of their internal
surfaces that facilitates bringing molecules together (Pinnavaia, 1983). Organic reactions
on montmorillonite surfaces showed that this clay can catalyze the formation of
RNA and other precursor molecules required for life (e.g., Ferris and Hagan
Jr., 1986; Ferris et al., 1989; Ferris, 2005, 2006; Franchi et al., 2003). In order to sustain
life, an environment must provide essential nutrients, biologically accessible energy, and
liquid water (Nealson, 1997). Studies of terrestrial marine basalts with chemical compositions consistent with Mars (McSween et al., 2009) have shown that these rocks contain
sufficient requirements (e.g., nutrients, water, and radiation protection) to sustain life
(Fisk et al., 1998). UV exposure experiments showed that photosynthetic microbes living
in an aqueous matrix including smectite clay and ferrihydrite were much better protected
from damaging UV rays than microbes without the benefit of these minerals (Bishop
et al., 2006). Experiments with soil bacteria and viruses have shown that they can survive
in a variety of soil and clay environments including temperature and moisture extremes
replicating martian conditions (Hawrylewicz et al., 1962; Foster et al., 1978; Moll and
Vestal, 1992). This could have enabled microbial life to form in smectite-rich environments on early Mars and then continue to exist despite limited water availability.
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Preservation of biosignatures is favored in rapid burial conditions in fine-grained
clay-rich systems (Farmer and Des Marais, 1999), although long-term preservation of
biosignatures is a challenge. Biosignature preservation is most successful in host rocks
composed of stable minerals that are resistant to weathering and provide an impermeable
barrier limiting exposure to external fluids that would alter and/or remove the biosignatures. Mineral precipitates such as phyllosilicates and silica provide an excellent matrix
for microbial fossilization (Farmer and Des Marais, 1999). Phyllosilicates have a longer
crustal residence time than many other minerals such as carbonates and sulfates, thus
improving the chance of preservation of potential biosignatures (e.g., Butterfield,
1990; Summons et al., 2011). The preservation potential is highest for sediments formed
in low-permeability environments where temperatures remained low over time
(Summons et al., 2011) and diagenesis did not occur. For these reasons, regions with
expansive and thick smectite outcrops such as Mawrth Vallis (Bishop et al., 2013a)
and Gale Crater (Bristow et al., 2017) would be ideal locations to look for biosignatures
on Mars. The abundance of smectite clays at Mawrth Vallis is one reason this area has
been proposed as a landing site for martian rovers seeking evidence of life (Gross
et al., 2017; Loizeau et al., 2017).

3.7 SUMMARY OF PHYLLOSILICATES AND SRO MATERIALS ON MARS
Spectral remote sensing has enabled detection and characterization of multiple clay minerals
on Mars. Fe/Mg smectite is the most abundant clay mineral identified on the surface of
Mars and occurs in light-toned, layered outcrops 100–200 m thick in some areas where
liquid water was present on the surface of early Mars. Other regions of the planet contain
mixtures of trioctahedral Mg-rich clays including smectite, chlorite, serpentine, talc, or
prehnite that formed in subsurface hydrothermal, metamorphic, or diagenetic environments
that are not related to the martian climate. Both of these surface and subsurface clay-forming
environments on Mars could have supported habitats for microbes. Low-temperature,
surface environments would provide suitable niches for photosynthetic microbes, while
warm subsurface environments could have supported methanogens or chemoautotrophs.
Phyllosilicates are associated with carbonates or gypsum in regions where neutral waters
were likely to have occurred, while phyllosilicates together with sulfates such as jarosite
indicate lower pH systems. Regions of Mars containing SRO materials such as opal,
allophane, or imogolite rather than crystalline clays represent a colder climate or insufficient
standing water for clay formation and would be less likely to have supported life.
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4.1 INTRODUCTION
The United States has successfully operated four landers (Viking Landers 1 and 2, Pathfinder, and Phoenix) and four rovers (Sojourner, Spirit, Opportunity, and Curiosity) on
the surface of Mars (Table 4.1 and Fig. 4.1). When combined with the array of observations from orbiters, the data collected from these landed missions provide unique perspectives about the geologic evolution of Mars, including the role of water on and
beneath the surface, and the implications for habitability and life. Lateral mobility has
proven to be key to understanding Mars. This is evident in the Spirit, Opportunity,
and Curiosity rovers’ abilities to traverse thousands of meters to reach and characterize
outcrops, in part directed to specific locations based on the analysis of orbiter-based imaging and spectral data. For the Phoenix Lander, which touched down above the northern
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Table 4.1 Mars landed mission summary
Location
Mission
Lifetime
(lat and lon)

Location
source

Instrumentation

Imaging, seismology,
meteorology, arm-based
delivery of soil to GCMS,
XRFS, three biology
experiments (Soffen, 1977)
Same as Viking Lander 1

Mutch
Memorial
Station
(Viking
Lander 1)
Soffen
Memorial
Station
(Viking
Lander 2)
Sagan
Memorial
Station
(Mars
Pathfinder)
Spirit Rover

1976–82

22.2715°,
312.0486°
Chryse
Planitia

Kuchynka
et al.
(2014)

1976–79

47.6698°,
134.2803°
Utopia
Planitia

Kuchynka
et al.
(2014)

1997

19.0998°,
326.7458°
Chryse
Planitia

Kuchynka
et al.
(2014)

Lander-based imaging, roverbased APXS (Matijevic and
Shirley, 1997)

14.5719°,
175.4785°
Gusev
Crater

Arvidson
et al.
(2004a)

Opportunity
Rover

2004–current

Arvidson
et al.
(2004b)

Phoenix
Lander

2008

1.9483°,
354.4742°
Meridiani
Planum
68.2184°,
234.2487°
Vastitas
Borealis

Imaging, emission spectrometry,
arm-based microscopic
imager, APXS, M€
ossbauer
spectrometry, Rock Abrasion
Tool (Squyres et al., 2003)
Same as Spirit

Curiosity
Rover

2012–current

2004–10

4.5895°,
137.4417°
Gale
Crater

Smith et al.
(2009)

Vasavada
et al.
(2014)

Imaging, meteorology,
atmospheric laser sounder,
arm-based scoop and rasp
with icy soil delivery to
evolved gas analyzer, wet
chemistry, arm-based
imaging, soil conductance
and conductivity probes
(Smith et al., 2009)
Imaging, laser-induced
breakdown and neutron
spectrometers, meteorology
package, radiation detectors,
arm-based imager, APXS,
brush, drill, and drill powder
delivery to transmission XRD
and GCMS with scanning
laser spectrometer (Grotzinger
et al., 2012)

Locations are given in areocentric coordinates with longitudes increasing toward the east. See text for references
concerning instrumentation.
Latitude and longitude values are in areocentric coordinates. Values for VL1, VL2, and MPF are recent estimates of landing
locations based on the analysis of radiometric tracking of the Opportunity Rover, while it was stationary during Martian
winter. This analysis provided a more accurate Mars rotation model not yet adopted by IAU. Previous estimates for these
lander locations were published in Folkner et al. (1997).
(From Arvidson, R.E., 2016. Aqueous history of Mars as inferred from landed mission measurements of rocks, soils, and
water ice. J. Geophys. Res. doi:10.1002/2016JE005079.)
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Fig. 4.1 Mars Global Surveyor’s Mars Orbital Laser Altimeter (MOLA, Zuber et al., 1992) gridded data
were used to generate this sinusoidal equal area shaded relief map overlain with color-coded
elevations relative to the MOLA-based areoid equipotential surface. The projection is centered at 0
degrees in both longitude and latitude with the north pole shown at the top. The locations for the
seven successful landed missions are shown. The Mutch Memorial Station is the name given to
Viking Lander 1, the Soffen Memorial Station to Viking Lander 2, and the Sagan Memorial Station
to the Mars Pathfinder Lander and its Sojourner rover.

Arctic Circle, vertical mobility using its robotic arm scoop and rasp to expose and collect
subsurface icy soil proved to be just as important as lateral mobility for meeting this mission’s specific scientific objectives.
In this chapter, key observations and inferences are reviewed that pertain to the
presence of components needed for habitability on the surface and in the subsurface
of Mars for the Spirit, Opportunity, and Curiosity rovers and the Phoenix Lander
(Fig. 4.2). The focus of this paper, in part drawn from a previous survey of landed
missions to Mars (Arvidson, 2016), is on more recent missions because the scientific
objectives have been tightly focused on the extent to which water has interacted with
the surface and interior of Mars and the implications for habitability and life. Also, these
missions were directed to locations and included payloads that were optimized, within
cost constraints, to capitalize on the inferences derived from the analysis of relatively
recent and sophisticated orbital observations. These include, for example, Mars
Global Surveyor Thermal Emission Spectrometer-based detections of crystalline
hematite at Meridiani Planum (Christensen et al., 2001), which Opportunity characterized in great detail; Mars Reconnaissance Orbiter Compact Reconnaissance
Imaging Spectrometer for Mars (CRISM, Murchie et al., 2007)-based detection of
smectites and carbonate minerals within the Columbia Hills region explored by Spirit
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Spirit and Opportunity

Curiosity

Phoenix

Fig. 4.2 Images for the three classes of landed missions are shown at correct relative scale. The Spirit
and Opportunity rovers both landed in 2004, the Phoenix Lander in 2008, and the Curiosity rover
in 2012. (From Arvidson, R.E., 2016. Aqueous history of Mars as inferred from landed mission
measurements of rocks, soils, and water ice. J. Geophys. Res. https://doi.org/10.1002/2016JE005079.)

(Carter and Poulet, 2012); smectite localities examined by Opportunity on the rim of
Endeavour Crater (Wray et al., 2009; Noe Dobrea et al., 2012; Arvidson et al., 2014;
Fox et al., 2016); and crystalline hematite (Fraeman et al., 2013), smectites, and
hydrated sulfate minerals within Gale Crater (Milliken et al., 2010; Fraeman
et al., 2016).
This chapter proceeds by first providing a broad overview of all successful landed missions on Mars, organized as a function of when the spacecraft operated on the surface.
Needs and challenges for habitability and life are then briefly described as a precursor
to consideration of what has been found from landed missions. Highlights from the four
key missions with direct relevance to understanding habitability are then presented in the
order of increasing age of the soils and rock outcrops examined, with the first discussion
focused on the icy soil examined by the Phoenix Lander (as explained in Fig. 4.3). Organization by increasing age is taken to understand how the nature of water interactions
with the Martian surface and interior has changed over time. Prospects are then drawn
with regard to habitability and life.
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Fig. 4.3 Schematic showing major activity on Mars as gray bars as a function of time, largely inferred
from analysis of orbital data. Also shown as dark bars are approximate times and key results from the
four landed missions discussed in detail in this paper. The timing of the smectites on Endeavour rim is
meant to be coincident with the formation of this Noachian-age crater. The timing of hydrothermal
activity in the vicinity of Home Plate, Inner Basin, Columbia Hills, is assumed to be coincident with
the timing of Gusev Crater volcanic plains emplacement, 3.7 Ga (Greeley et al., 2005), with a long
time shown toward younger ages given the uncertainty of the ages of features in the Inner Basin.
The timing of deposition of the Burns formation is given by crater age dates from Arvidson et al.
(2006a) and for the fluvial-deltaic-lacustrine deposits at the base of the stratigraphic column in
Gale by Grant et al. (2014). The age of the polygonal plains and icy soil at the Phoenix landing site
is Amazonian, and a long time span is shown to indicate likely orbitally controlled icy soil deposits
and associated landforms at this latitude. (Adapted from Ehlmann, B.L., Edwards, C.S., 2014. Mineralogy
of the Martian surface. Annu. Rev. Earth Planet. Sci. 42(1), 291–315. doi:10.1146/annurev-earth-060313055024. From Arvidson, R.E., 2016. Aqueous history of Mars as inferred from landed mission
measurements of rocks, soils, and water ice. J. Geophys. Res. https://doi.org/10.1002/2016JE005079.)

4.2 SUMMARY OF LANDED MISSIONS
Two Viking Landers were placed on the surface of Mars in 1976, both to begin the search
for life on Mars and to celebrate the bicentennial of the United States. Viking Lander 1,
subsequently renamed the Thomas A. Mutch Memorial Station, touched down on the
Hesperian-age cratered volcanic plains of Chryse Planitia (Soffen, 1977). The original
landing site was close to the mouth of a large, complex channel system emanating from
the southern cratered highlands. The final landing site was moved further “downstream”
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to avoid rough elements detected from Earth-based radar observations. Viking Lander 2,
subsequently renamed the Gerald Soffen Memorial Station, touched down in the high
northern latitudes on polygonal ground located in Utopia Planitia (Soffen, 1977). Utopia
Planitia was selected based on a very high atmospheric humidity and thus the best chance
of finding evidence for extant life. Both landers were equipped with identical instrument
payloads and robotic arms with scoops that sampled and delivered soil to three biologyrelated experiments, a gas chromatograph mass spectrometer to test for the presence of
organic molecules and an X-ray fluorescence instrument to determine soil composition
(Table 4.1). The focus on detecting organic materials and evidence for life within the soil
deposits was a first step in the search for evidence concerning Martian habitability and life.
The soils were found to have a basaltic composition, with evidence for minor cohesion
induced by sulfate salts, perhaps by kieserite (MgSO4H2O) (Clark et al., 1976). No
in situ organic molecules were detected (Biemann et al., 1977), and results from the three
biology experiments were equivocal at best (Klein, 1977), with a main result that found
that the soils include a strong oxidant, perhaps one or more perchlorate-bearing salts
(Quinn et al., 2013).
The next mission to successfully operate on the surface of Mars was Pathfinder
(Matijevic and Shirley, 1997), touching down in 1997, and subsequently renamed the
Carl Sagan Memorial Station. Pathfinder landed at the distal end of Ares Vallis, with
the intent of using its lander-based imaging system and rover, Sojourner, to test the
hypothesis that the landing site was scoured by floodwaters. Results were positive in that
numerous large boulders were found that were inferred to have been transported during
one or more flood events (Golombek et al., 1999). In addition, Sojourner included an
Alpha Proton X-ray Spectrometer (APXS), and soil measurements again demonstrated a
basaltic composition (Rieder et al., 1997). Rock measurements by APXS suggested a
somewhat evolved composition toward basaltic andesites (Rieder et al., 1997). The
greatest legacy of the Pathfinder mission was the demonstration that rovers can be
remotely operated on Mars and can provide the critically needed lateral mobility to traverse to key soils and rocks for measurements needed to meet mission objectives.
Sojourner traversed 100 m across the landing site, keeping in sight of the lander for
two-way communication with Earth.
The realization that lateral mobility and capable instrumentation were needed to
access and characterize the array of key features at a landing site and beyond led to
the development and implementation of the Mars Exploration Rover (MER) Mission
(Squyres et al., 2003). The two MER rovers, Spirit and Opportunity, touched down
in 2004. Both rovers have identical scientific payloads that consist of a mast-based multispectral stereo imagers (Pancam) and a miniature thermal emission spectrometer (MiniTES), together with an arm-based microscopic imager (MI), Alpha Particle X-ray and
M€
ossbauer Spectrometers (APXS and MB), and a Rock Abrasion Tool (RAT) to clean
dust and coatings from rock surfaces (Table 4.1).

Martian Habitability as Inferred From Landed Mission Observations

Spirit’s landing site was on the Hesperian-age plains of Gusev Crater (Fig. 4.4) with
the expectation that the deposits beneath the plains formed within a fluvial-deltaiclacustrine environment that once filled the 165 km-wide Noachian-age crater
(Squyres et al., 2004a). The plains turned out to be covered with olivine-bearing basalt
flows churned up by repeated impact events (Squyres et al., 2004a; Arvidson et al.,
2006a). The relatively pristine nature of the basaltic rocks examined on the Gusev plains
is consistent with long-term and relatively weak water-rock interactions that extend to
the present, for example, only weak dissolution of olivine under low water-to-rock ratios
(Hurowitz et al., 2006). Soon after landing on the plains, the rover was directed to the
3 km distant Columbia Hills, an island of older rock on the floor of the crater.
Spirit made landfall on the West Spur portion of the Columbia Hills in 2004 and
found evidence for goethite (FeO(OH)), a mineral formed in aqueous environments

Fig. 4.4 A MOLA gridded product was used to generate the shaded relief map, color-coded with
elevations relative to the MOLA-based areoid, as defined in the caption to Fig. 4.1. The location of
the Spirit Rover in Gusev and the Curiosity rover in Gale Craters are shown. Both craters are at the
margins between the heavily cratered terrains to the south and the plains to the north. Gusev
Crater has been cut by the Ma’adim Vallis, and Gale Crater is the site of a 5 km high interior
mountain called Aeolis Mons or informally Mount Sharp. A large drainage system labeled as PaleoFarrah Vallis and sourced in Herschel Crater was truncated by the formation of Gale Crater. The
map extends from 122°E, 2.75°N to 179.75°E, 42.75°S, planetocentric coordinates.
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(Morris et al., 2006a). Traversing onto the Husband Hill portion of the Columbia Hills
led to the discovery of ferrous iron carbonates, perhaps siderite (FeCO3) (Morris et al.,
2010), followed by descent into the Inner Basin, and the exploration of the Home Plate
volcanoclastic feature, which led to the discovery of sulfate minerals and opal-A
(SiO2nH2O) deposits produced in hydrothermal environments (Squyres et al., 2008;
Yen et al., 2008; Arvidson et al., 2010; Ruff et al., 2011). Contact with Spirit was lost
in 2010 while the rover was embedded in soft sulfate-rich sands that were deposited next
to Home Plate (Arvidson et al., 2010). During its mission, Spirit traversed 7.7 km while
exploring the floor of Gusev Crater.
Opportunity was directed to and successfully landed on the late Noachian- to
Hesperian-age plains in Meridiani Planum (Fig. 4.5), with the site chosen based on
the detection of crystalline hematite (Fe2O3) from the analysis of Mars Global Surveyor
Thermal Emission Spectrometer data (Christensen et al., 2001). Hematite can form at

Fig. 4.5 A MOLA gridded product was used to generate the shaded relief map color-coded with
elevations relative to the MOLA-based areoid, as defined in the caption to Fig. 4.1. The location of
the Opportunity rover on the Meridiani plains and Endeavour Crater are shown. Note that fluvial
channels that are buried by what are now known as Burns formation deposits that underlie the
plains, with the embayment locations denoted by letters A, B, and C. White line shows 45 km of
Opportunity’s traverses from the plains’ landing site to the rim of Endeavour Crater. The map
extends from 344.65°E, 0.34°S to 359.75°E, 11.63°S, planetocentric coordinates.
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low temperatures and in aqueous environments, depending on the acidity and the presence of oxidants, and thus, Meridiani was an obvious choice for a landing site. The rover,
encapsulated within its landing system, by chance bounced into one of the few craters
(subsequently named Eagle) on the Meridiani Plains (Squyres et al., 2004b). The crater
is 22 m wide, and the rover was commanded to traverse to a nearby outcrop on the
crater wall. The outcrop was found to consist of sulfate-rich sandstones, with ripple patterns indicative of sand transport in a fluvial environment (Squyres et al., 2004c). Hematitic concretions were found within the outcrop and interpreted to have been generated
by diffusion-based reactions with rising groundwater environments after deposition of
the sandstones. The mission became one of the crater hoppings to investigate stratigraphic sections exposed on crater walls of what became known as the Burns formation.
The ensemble of data led to a self-consistent model of deposition of sulfate-rich muds in
shallow evaporitic playas, with subsequent reworking to produce sulfate-rich sandstones
(e.g., Grotzinger et al., 2005; McLennan et al., 2005).
Opportunity was directed later in its mission to the rim of the 22 km-wide
Noachian-age Endeavour Crater, with a change in objectives to search for evidence
for aqueous alteration associated with these ancient rocks. Impact breccias, subsequently
named the Shoemaker formation, were found to dominate the rim outcrops (Squyres
et al., 2012; Crumpler et al., 2015; Mittlefehldt et al., 2018). Enhanced zinc concentrations were found on the Tisdale rock target located on the southern side of the Cape York
rim segment and were interpreted to have formed while hydrothermal systems were
active just after Endeavour Crater formed (Squyres et al., 2012). On the eastern side
of Cape York, Opportunity data showed that finely layered outcrops, subsequently
named the Matijevic formation, unconformably underlie the Shoemaker formation breccias (Arvidson et al., 2014). Synergistic analysis of CRISM hyperspectral images and
Opportunity observations show that these older deposits have been isochemically altered
to contain ferric iron smectites, with Opportunity observations showing extensive leaching toward an aluminum-rich smectite composition in fracture zones, where enhanced
fluid flow would be expected (Arvidson et al., 2014; Clark et al., 2016).
On the Murray Ridge rim segment, Opportunity’s wheels serendipitously excavated
and overturned two small rocks from a fracture zone. Extensive measurements using
Opportunity’s instruments demonstrate that the rocks have coatings that are highly
enriched in sulfate minerals and manganese oxides (Arvidson et al., 2016). The coatings
are inferred to have formed in a subsurface evaporative environment, with the presence
of manganese oxides indicative of the introduction of a strong oxidant toward the end of
the coating formation period. Opportunity was then directed to Marathon Valley on the
Cape Tribulation rim segment due to the CRISM-based discovery of iron-magnesium
smectites (Fox et al., 2016). Opportunity’s exploration of the highly fractured Marathon
Valley floor showed extensive evidence for aqueous alteration, including strings of
hematite-rich pebbles within sulfate-rich fractures, germanium enrichments for selected
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rocks, and likely isochemical alteration to produce the observed iron-magnesium smectite signature evident in CRISM data (Fox et al., 2016; Farrand et al., 2017; Mittlefehldt
et al., 2018; Stein et al., 2018). As of 10 August 2017 (sol 4815), Opportunity had traversed 45 km during its exploration of Meridiani Planum and Endeavour Crater.
The Phoenix Lander touched down on the high northern plains in 2008 (Smith et al.,
2009). This relatively low-cost Scout-class mission focused on the use of its robotic
arm for rasping and scooping icy soil for analytic measurements using onboard wet
chemistry, microscopy, electrochemistry, and conductive analyzer (MECA), and thermal
and evolved gas analysis (TEGA) instrumentation (Table 4.1). Soil containing water
ice in pores was expected to be just beneath the surface based on Mars Odyssey orbiter
neutron and gamma-ray spectroscopy measurements (Boynton et al., 2002; Feldman
et al., 2004). Other instrumentations on the Phoenix Lander included soil probes
(also part of MECA), a descent imager (MARDI), mast- and arm-based multispectral
imagers (SSI and RAC), and meteorology experiments (ASI/MET and Telltale)
(Table 4.1). Icy soil was found in each of the dozen trenches excavated by the robotic
arm (Arvidson et al., 2009), demonstrating that vertical mobility to depths of
10–20 cm was an appropriate match to mission objectives (Smith et al., 2009). Carbonates
were detected in the crusty basaltic soil samples based on evolved gas analyzer results
(Boynton et al., 2009), and perchlorates were detected using the wet chemistry capabilities (Hecht et al., 2009).
The Mars Science Laboratory Curiosity rover touched down in 2012 on the northern
plains in Gale Crater (Fig. 4.4) and began its exploration of the 5 km high set of sedimentary strata that underlie a mountain (Aeolis Mons, informally named Mount Sharp)
located in the crater center (Grotzinger et al., 2012; Vasavada et al., 2014). Curiosity has
on board the most extensive scientific instrumentation sent to date to the surface of Mars
(Table 4.1). This includes a descent camera (MARDI); mast-based multispectral cameras
(Mastcam); a laser-induced breakdown spectrometer for remotely determining compositions of soils and rocks (ChemCam); body-mounted meteorology, neutron spectrometer, and radiation experiments (REMS, DAN, and RAD); an arm with a color imaging
system (MAHLI), brush, and drill; an Alpha Particle X-ray Spectrometer (APXS); and
in situ instruments that accept drill powders for X-ray diffractometer (CheMin) and/
or gas chromatograph, mass spectrometer, and laser spectrometer observations (SAM).
The rover’s exploration while crossing the plains and ascending the lower slopes of
Mount Sharp uncovered unequivocal evidence for ancient fluvial-deltaic-lacustrine systems prograding from Gale’s rim and walls toward the crater floor (Grotzinger et al.,
2014, 2015). In addition, powders recovered from initial drilling into the lacustrine outcrops include smectites (Vaniman et al., 2013; Rampe et al., 2017) and low concentrations of chlorinated hydrocarbons (Freissinet et al., 2015; Mahaffy et al., 2015). As of 10
August 2017 (sol 1781), Curiosity had driven 16.4 km during its exploration of Gale Crater and its sedimentary deposits.
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4.3 NEEDS AND CHALLENGES FOR HABITABILITY AND LIFE
Landed missions on Mars provide unique datasets for evaluating whether or not conditions
were conducive to life at specific locations and times. Extensive past reviews have outlined
in general the key components for habitability (e.g., Hoehler, 2007; McKay, 2014; Cockell
et al., 2016) and on early Mars specifically (e.g., Knoll and Grotzinger, 2006; Des Marais,
2010; Cockell, 2014). The essential requirements to sustain life are generally grouped into
four major categories: (1) a solvent, that is, water; (2) a source of energy; (3) an availability of
essential chemical building blocks; and (4) a favorable environmental conditions. Critical
aspects of these habitability requirements are discussed below, with a focus on features that
are potentially observable by landed missions on Mars.
The availability of liquid water has been a primary focus of the search for past habitable conditions on Mars. Ionic and polar neutral molecules readily dissolve in water
(Finney, 2004), providing a solvent medium through which bioessential chemical components can be made available to organisms. Compartmentalizing cells and obtaining
energy via chemical gradients across cell membranes are also aided by water as the primary
solvent. Mars has long been a focus in the search for habitable environments because of
clear geomorphic evidence for the past surface water (Lasue et al., 2013). Exploration of
the Martian surface thus seeks evidence for both the occurrence and duration of liquid
water. One further challenge is that liquid water needs to be of low to moderate salt content to be favorable for life (Tosca et al., 2008a), as a low activity of water greatly limits
biological activity (Grant, 2004).
Life also needs a source of energy to support critical biological functions. Sources of
chemical energy provided by redox disequilibrium have been identified as key indicators
of a habitable environment (Hoehler et al., 2007). The coexistence of reductants and oxidants, especially those with slow reaction kinetics, is potentially observable by landed
missions in the Martian rock record. Whereas light provides an alternative energy source
that is available in any nonshadowed surface environments, the evolution of photosynthesis substantially postdates the origin of life on Earth (Des Marais, 2000; Blankenship,
2010), and it is unlikely that evidence would be found of phototrophic life on Mars in the
absence of chemotrophic predecessors. In addition, ionizing radiation in the form of
sunlight and cosmic rays degrades organic compounds (Pavlov et al., 2012), and sunlight
can also produce reactive oxidants that decompose carbon-bearing molecules (Court
et al., 2006; Davila et al., 2008). These challenges for phototrophic life suggest that
identifying environments that provided chemical energy is essential to investigating
the habitability of Mars.
Habitable environments also must provide an adequate supply of elements essential to
the formation of biomolecules: C, H, N, O, P, and S. The presence of organic carbon
may come from meteoritic infall (Benner et al., 2000), although this would require protection from abiotic degradation. Fixed nitrogen (e.g., nitrate and ammonium) may be
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produced by impact processes on Mars (Manning et al., 2009). Detecting the presence of
many of these elements in forms usable to life requires mass spectrometer measurements
by landed missions, although P and S can be detected by X-ray fluorescence-based instruments (e.g., APXS), and ChemCam on MSL can also detect many of the elements essential to life (Wiens et al., 2013).
Finally, clement physical and chemical conditions are also key components of habitability. Temperatures of surface environments can be constrained by evidence of liquid water, and subsurface paleotemperatures can be inferred from mineral assemblages
with known temperature-dependent stabilities. Whereas life on Earth appears to have a
temperature range of roughly 20 to 120°C, the extremes represent challenging environments except for the most highly adapted organisms (Clarke et al., 2013; Kashefi and
Lovley, 2003). Given the current climate on Mars, the lower temperature limit is likely
of greatest relevance to many locations explored by landed missions. Whereas brines
can preserve liquid water down to very low temperatures (e.g., Chevrier et al.,
2009), the low activity of water in such fluids poses a substantial challenge to life
(see earlier discussion). Extremes of pH also pose substantial challenges to life
(Krulwich, 1995; Baker-Austin and Dopson, 2007) that favor circumneutral conditions. Radiation, radicals, and other oxidants, together with toxic compounds, are
examples of additional factors that negatively impact habitability (Hoehler, 2007;
Cockell et al., 2016). Finally, habitable conditions must persist beyond brief instances
in time in order for life to gain a foothold and sustain itself (Cockell et al., 2016). Prolonged habitability is thus a key environmental factor to assess when investigating the
Martian surface and subsurface.

4.4 INDICATORS OF HABITABILITY FROM LANDED MISSIONS
4.4.1 Phoenix: Northern Latitude Soils and Water Ice
4.4.1.1 Overview
The Phoenix Lander touched down above the Arctic Circle on Amazonian-age plains
dominated by polygonal ground, with a wide variety of polygon sizes formed by repeated
contraction and expansion of icy soils as seasons and orbital conditions changed during
the Amazonian Period (Figs. 4.1 and 4.6) (Mellon et al., 2008, 2009a). The Phoenix mission was designed to explore key features of the geologically modern Martian water cycle,
one dominated largely by vapor-ice dynamics. As noted in the landed mission summary
section of this chapter, the primary objective for the Phoenix Lander mission was to sample icy soils predicted from orbital data to be present just a few centimeters beneath the
surface at high-latitude sites. In fact, orbital observations show the presence of permanent
water ice outcrops on the north-facing slopes within the nearby Heimdal Crater (Figs. 4.6
and 4.7). Phoenix Lander was equipped with a 2.4 m long, 4 degree of freedom arm,
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Fig. 4.6 Three CRISM false-color scenes are overlain onto a Mars Reconnaissance Orbiter’s Context
Camera (CTX) image (Malin et al., 2007) to show the location of the Phoenix landing site on the
partially eroded ejecta from the Heimdal impact crater. This site was chosen because the
ubiquitous high rock population characteristic of the high northern plains was reduced during ejecta
emplacement, thus increasing the probability of landing without encountering mission-ending large
rocks. The blue colors in Heimdal are associated with H2O ice protected from sunlight and associated
sublimation on the interior north-facing slopes. An ice spectrum from CRISM data is shown in
Fig. 4.7, along with a typical spectrum of the polygonal ground on which Phoenix landed. For the
CRISM data, RGB colors are assigned to single scattering albedos centered at 1.08, 1.51, and 2.53μm.
CRISM scenes from left to right are FRT0000BAAE, FRT0000B6D4, and FRT0000B5D2, all acquired
during the northern summer season. CTX image is P21_009145_2484_Xl_69N125W.img, acquired
simultaneously with FRT0000B6D4.

with a scraper, scoop, and rasp (Fig. 4.2). This arm excavated a dozen trenches (Figs. 4.8
and 4.9) and delivered both ice-free and icy soil to onboard instruments that performed
microscopic imaging and wet chemistry and evolved gas analyses. A few centimeters of
crusty basaltic soil were encountered over very hard icy soil, with both pore ice and thin
slabs of ice evident in the two polygonal mounds that were excavated (Smith et al., 2009;
Arvidson et al., 2009; Mellon et al., 2009b).
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Fig. 4.7 Spectra are shown using a mean of 100 pixels (12 m/pixel) for the H2O ice on the north-facing
slopes within Heimdal Crater and polygonal ground near the Phoenix landing site. Values are shown as
single scattering albedos, which are free from lighting and viewing conditions. Thin lines represent
spectra before noise suppression. Absorptions A–D are diagnostic of H2O ice, whereas E for the
polygonal ground is indicative of adsorbed, absorbed, and/or H2O bound in minerals (e.g., see
Clark, 1999, for absorption vibrational assignments).

Fig. 4.8 Surface Stereo Imager (SSI, Lemmon et al., 2008) enhanced color image of the trenches dug by
the Phoenix robotic arm, extending to the horizon to show the polygonal ground that dominates the
plains’ landing site. Slab H2O ice was encountered on the left side trench (Dodo-Goldilocks), whereas
pore H2O ice was found on the right-side trenches (Snow White). These two trench complexes were
excavated in polygonal mounds. RGB corresponds to bands centered at 0.600, 0.530, and 0.480 μm.
Product available through the NASA Planetary Photojournal as PIA12105.
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Fig. 4.9 SSI color image of the Snow White trenches excavated on the right side of the digging volume.
This trench complex was scraped using the robotic arm scoop, and holes were excavated using the
rasp on the scoop to be able to collect H2O icy soil. H2O frost can be seen accumulating on the
shadowed portions of the trench during the northern fall season when the image was acquired.
Product available through the NASA Planetary Photojournal as PIA11724.

4.4.1.2 Perchlorates and Other Salts
A key finding from the wet chemistry experiment was the presence of dissolved salts leached from the soil samples (Hecht et al., 2009; Kounaves et al., 2010). There were no
differences in soluble chemical species observed from surface soils down to soils excavated
from just above the icy soil interface. A moderately alkaline pH was observed when the
soils were introduced into water within the wet chemistry cells, consistent with a
carbonate-buffered solution. The data indicate the presence of hydrated magnesium sulfate salts, which are widely found on Mars, and the detection of 0.4–0.6 wt% perchlorate
(Hecht et al., 2009; Toner et al., 2014). Other ions identified include calcium, potassium,
sodium, and low concentrations of ammonia (NH4+ ). The presence of a hydrated magnesium perchlorate salt in excavated soil was indicated using multispectral Surface Stereo
Imager data that detected an H2O absorption feature unique to this mineral phase
(Cull et al., 2010). Perchlorate salts may also have been excavated by the descent
rockets, deliquescing to form droplets of brine on the lander struts (Rennó et al.,
2009; Mehta et al., 2011).
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The discovery of perchlorate salts is important because perchlorate is a strong oxidant
in addition to being a freezing-point depressant. As noted in the landed mission summary
of this chapter, it may also have been the strong oxidant in the soils sampled by the Viking
Landers (e.g., Quinn et al., 2013). The presence of hydrated perchlorate salts may also
explain how brines can be present under the modern and very cold conditions. For example, hydrated perchlorate salts have been identified using CRISM spectra in recurring
slope lineae that emanate from cliffs in the midlatitudes when the summer season arrives
and insolation is directly onto the slopes (Ojha et al., 2015).
4.4.1.3 Low Water Activity Environment
One of the last images received from Phoenix covers one part of the Snow White trench
complex after arm work was finished (Fig. 4.9). The data were acquired during the northern fall season at 11:32 local solar time, when water ice frost was on the surface. This
image is a fitting reminder that Mars does have a modern water cycle, one governed primarily by ice-vapor conditions, although the slab ice encountered on the Goldilocks
trench complex indicates at least some minor liquid water migration (Mellon et al.,
2009b; Cull et al., 2010). This is also consistent with the discovery of a minor amount
of carbonate-bearing mineral or minerals in the Phoenix crusty soil, thought to have
formed by reactions with thin films of water (Boynton et al., 2009). Thin films of water
on grains are also consistent with the ubiquitous 3 μm absorption fundamental due to OH
and H2O vibrations seen in orbital OMEGA data, with deeper absorptions at higher latitudes ( Jouglet et al., 2007; Milliken et al., 2007). In fact, thermodynamically, liquid
water should be present as thin films, migrating to grain-to-grain contacts, carrying dissolved ions that would precipitate on saturation to form salts (Boxe et al., 2012). Of issue
for habitability and life would be the magnitude of water activity in these films, particularly for highly concentrated brines.

4.4.2 Curiosity: Fluvial-Deltaic-Lacustrine Deposits in Gale Crater
4.4.2.1 Overview
Curiosity’s landing site on the plains within the 154 km-wide Gale Crater was selected
to be as close as possible to the 5 km stack of Aeolis Mons sedimentary strata that cover
the center of the crater (Fig. 4.10) (Golombek et al., 2012). Gale Crater is inferred to have
formed during the Hesperian Era, 3.61 Ga ago (Le Deit et al., 2013), with deposition of
sediments within the crater extending to 2.9 Ga, based on impact crater densities on the
plains covering the deposits (Grant et al., 2014) (Fig. 4.3). Curiosity’s examination of
deposits within Gale Crater fits as the next oldest landforms and deposits examined by
the three rovers and the Phoenix Lander.
Analysis of CRISM data covering Gale Crater indicates that the lower Mount Sharp
strata include smectite exposures that transition upward to hydrated sulfate deposits
(Milliken et al., 2010; Fraeman et al., 2016). A major erosional unconformity separates
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Fig. 4.10 Orbital view of the northwestern portion of Gale Crater, showing the rim, the plains, and a
portion of Mount Sharp using a visible wavelength mosaic from the Odyssey orbiter’s Thermal
Emission Imaging System (THEMIS, Christensen et al., 2004) images and overlain with color-coded
predawn THEMIS-based IR radiance values. Red colors indicate warmer areas likely because of an
increase number of rocks and/or more exposed bedrock. The landing site and the traverses for the
Curiosity rover are shown to just north of the Vera Rubin Ridge. Note the Peace Vallis channel that
has cut the crater rim and deposited alluvial fan material onto the plains. Box A delineates area
shown in detail in Fig. 4.12. Inserted on lower left is a simulated perspective view of Gale Crater
looking to the northwest that shows the 5 km high Mount Sharp located within the crater.

the top of the hydrated sulfate section from overlying clinoform deposits that are interpreted to be anhydrous dust stones (Anderson and Bell, 2010; Milliken et al., 2010). In
addition, there is evidence for a hematite-capped ridge (Vera Rubin Ridge) on the lower
stratigraphic section of Mount Sharp (Fraeman et al., 2013). The deposits that underlie
Mount Sharp provide a Hesperian-age record for the period of time when Mars was
undergoing significant changes in surface conditions, from formation of smectites and
hydrated sulfates to anhydrous deposits, following a global model for environmental
changes posed by Bibring et al. (2006a,b) on the basis of Mars Express OMEGA hyperspectral imaging observations. For this chapter, we focus on Curiosity’s exploration of
outcrops exposed on the plains and lower slopes of Mount Sharp that are stratigraphically
below the rocks with smectite and hydrated sulfate signatures (Fig. 4.10).
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4.4.2.2 Prolonged Surface Water
Analysis of MRO HiRISE images (McEwen et al., 2007) and associated digital elevation
maps, combined with detailed assessment of the stratigraphy, rock textures, primary sedimentary features, compositions, and mineralogy from Curiosity’s measurement campaigns, demonstrates that outcrops exposed on the plains and lower portions of
Mount Sharp provide compelling evidence for a prograding fluvial-deltaic-lacustrine
environment (Grotzinger et al., 2014, 2015). This was during a time of a prolonged
and rising lake level within Gale Crater (Fig. 4.11). The evidence includes the initial
observations of what have been mapped as Bradbury group fluvial gravels on the hummocky plains seen just after landing (Williams et al., 2013), together with the Sheepbed
mudstone and Gillespie sandstone members of the Yellowknife Bay formation, located to

Fig. 4.11 Interpretative Gale Crater stratigraphic section sketch provides an overview of the evolution
of the sedimentary deposits that underlie the plains and Mount Sharp. Bradbury group fluvial gravels
and sandstones, together with deltaic sandstones, prograded over Murray formation lacustrine
sandstones, all sourced from the crater rim. These were succeeded by sulfate-bearing strata and,
after a period of erosion, large-scale clinoform dust stones. Not shown are the Stimson formation
windblown sandstones deposited unconformably on top of eroded Murray formation deposits.
(Based on Grotzinger, J.P., et al., 2015. Deposition, exhumation, and paleoclimate of an ancient lake
deposit, Gale crater, Mars. Science 350(6257). https://doi.org/10.1126/science.aac7575.)

Martian Habitability as Inferred From Landed Mission Observations

the northeast of the Bradbury Landing (Grotzinger et al., 2014, 2015). The Bradbury
group deposits are for the most part older than the Murray formation mudstones (part
of the Mount Sharp group) examined by Curiosity after leaving Yellowknife Bay and
heading to the southwest toward Mount Sharp. Some interfingering of the Bradbury
group and Murray formation deposits is inferred. Both units are unconformably overlain
by Stimson formation windblown sandstones that are interpreted to have formed after
deposition and exhumation of the Mount Sharp strata, implying a significant shift toward
aridity relative to the time of deposition of the fluvial-deltaic-lacustrine deposits
(Grotzinger et al., 2015).
A particularly illustrative example of the sedimentary facies associated with the lower
Mount Sharp stratigraphic section is found in the Pahrump Hills and areas just to the
southwest of these regions (Figs. 4.11–4.16). Murray formation mudstones, interpreted
to be lacustrine deposits, cover the southern portion of a wide valley floor within the

Fig. 4.12 HiRISE enhanced color image mosaic of traverses taken by Curiosity from Upheaval Dome to
the Naukluft Plateau. Pahrump Hills and Marias Pass are locations where numerous observations were
conducted and four drilled samples were delivered to the CheMin and SAM instruments. Also shown
are the measurement stops at the High and Namib Dunes, part of the extensive Bagnold dune field
shown in Fig. 4.10. RGB assigned to data covering wavelengths at 0.8–1.0, 0.55–0.850, and 0.40–
0.60 μm.
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Fig. 4.13 Mastcam color mosaic (Malin et al., 2010) acquired looking to the south at the Pahrump Hills
and the Murray formation mudstones, together with Whale Rock and Salsberry Peak sandstone
outcrops. Letters A and B denote locations of close-up views of the sandstone strata. Whale Rock is
2 m high. RGB corresponds to Mastcam wavelengths centered at 0.753, 0.535, and 0.432 μm.
Mosaic CX 00753ML 0420852 F464328792VA is available through the PDS Geosciences Node
Curiosity Analyst’s Notebook.

Fig. 4.14 Mastcam color view of Confidence Hills mini and full drill holes into flat-lying mudstone
lacustrine facies of the Murray formation. The mini drill hole was done to test the ability to
successfully drill into these particular rocks, whereas samples for CheMin and SAM were obtained
from the full drill hole. A coarser grained, likely sandstone facies of the Murray formation rocks can
be seen as a topographic high to the lower left of the full drill hole. Drill holes are 1.6 cm in
diameter. Image is frame 0762 MR 003273001 0403806 EOI DRCL, available through the PDS
Geosciences Node Curiosity Analyst’s Notebook.

Martian Habitability as Inferred From Landed Mission Observations

Fig. 4.15 Portion A of the Mastcam mosaic shown in Fig. 4.13, enlarged to show the side of Whale Rock
with fluvial cross bedding in sandstone and dips indicative of flow to the south. The geometric
configuration of Whale Rock and the fact that it is surrounded by mudstones are consistent with a
fluvial channel in a fluvial-deltaic-lacustrine complex prograding toward the south. This crossbedded section is 25 cm high.

Fig. 4.16 Portion B of Mastcam mosaic covering the Salsberry Hills outcrop and showing coarsegrained rocks overlain by well-stratified rocks that are interpreted to be sandstones. Both the
Salsberry Hills and Whale rock outcrops are interpreted to be gravel and sandstone fluvial deposits
that interfinger with the lacustrine mudstones. Larger coarse-grained rock is a block that is
20 cm wide.
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Pahrump Hills area (Figs. 4.12 and 4.13). The Confidence Hills drill sample was obtained
from these mudstones (Fig. 4.14). A lens of cross-bedded fluvial sandstone named Whale
Rock is situated within the mudstone strata (Fig. 4.15). This sandstone outcrop is interpreted to have been deposited as a stream system or a bottom-hugging flow within a deltaic complex, with the cross beds dipping in the southerly direction, that is, the flow
direction (Grotzinger et al., 2015). Continued rise of the lake level and associated submergence led to an upward transition in which the sandstones were covered by mudstones. The top of the section, called Salsberry Peak (Fig. 4.16), represents a distal
fluvial unit, with a gravel base, implying continued southward progradation of the
fluvial-deltaic-lacustrine deposits.
4.4.2.3 Varying Redox Conditions
As of sol 1298, Curiosity had successfully drilled nine holes, with delivery of rock powders to CheMin and SAM. The fourth drill target (Confidence Hills) was in the Murray
formation mudstones at Pahrump Hills (Fig. 4.14). CheMin transmission XRD data for
powder from this target indicate the presence of an amorphous or glassy phase, a phyllosilicate, likely a collapsed smectite or illite, hematite, minor amount of jarosite, feldspars, pyroxene, and a minor amount of magnetite, with an overall basaltic
composition (Cavanagh et al., 2015; Rampe et al., 2017). Analyses of Confidence Hills
samples, two additional drill powders (Mojave and Telegraph Peak) collected in Pahrump Hills mudstones located stratigraphically above the Confidence Hills target, and
a sample collected in Marias Pass (Buckskin, youngest target, 12 m above Confidence
Hills) (Fig. 4.12) show an upsection decrease in hematite-jarosite and an increase in
magnetite-crystalline silica contents (Rampe et al., 2017). This implies either temporal
variations in oxic and anoxic lake conditions (Hurowitz et al., 2017) or variations in
the extent of acid-sulfate aqueous weathering (Rampe et al., 2017).
4.4.2.4 Organic Carbon in Mudstones
SAM organic analyses of the drill samples discussed in the previous paragraph are ongoing.
On the other hand, the drill sample from the Cumberland drill hole in the Sheepbed mudstone (in Yellowknife Bay, part of the Bradbury group) has been thoroughly analyzed and
indicates the presence of low concentrations of chlorinated hydrocarbons (Freissinet et al.,
2015; Mahaffy et al., 2015). The chlorinated hydrocarbons are interpreted to be the reaction products of Martian chlorine and organic carbon and are consistent with igneous,
hydrothermal, atmospheric, exogenous, or biological sources (Freissinet et al., 2015).
The lack of Martian organic compounds found in scooped samples from the modern windblown basaltic sands trapped within a cluster of rocks (Rocknest) and examined in detail by
Curiosity (Glavin et al., 2013) strongly supports the hypothesis that preservation of organic
materials will be largely in ancient bedrock deposits that have not been highly oxidized.
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This is certainly consistent with the lack of Martian organic compounds in soils analyzed by
the Viking Landers (Biemann et al., 1977).
4.4.2.5 Detection of Nitrate
An oxidized nitrogen species was detected by SAM in both modern windblown basaltic
sands found at the Rocknest area and in the Cumberland and John Klein mudstone drill
samples collected in Yellowknife Bay (Stern et al., 2015). Detailed analysis revealed 0.01–
0.1 wt% nitrate (NO3 ) in these samples. The distribution of nitrate in both windblown
sediments and mudstones suggests that some form of fixed nitrogen was perhaps produced on early Mars during thermal impact shocks or lighting associated with volcanic
activity. The nitrate-to-perchlorate ratio on Mars is lower than on Earth, suggesting both
a lack of biological nitrogen fixation and distinctly different perchlorate formation mechanisms on the two planets (Stern et al., 2017).
4.4.2.6 Alteration by Ground Water
A surface-charged hydrologic system was required to generate the sedimentary deposits
observed by Curiosity, and the data point to environments conducive to preservation of
organic molecules and ones that were habitable, at least in terms of the sustained presence
of water. In addition, the strata encountered by Curiosity also commonly have veins and
fracture-controlled alteration zones, implying postdeposition aqueous alteration and thus
sustained subsurface water availability. This includes the discovery of manganese oxiderich veins along bedding planes (Lanza et al., 2016), raised ridges with fracture-filling
cements (Leveille et al., 2014), calcium sulfate-rich veins that cut across strata
(Vaniman et al., 2013; Nachon et al., 2014), and silica-rich halos centered about fractures
(Frydenvang et al., 2016; Yen et al., 2016).
For this chapter, we focus on implications for the silica-rich halos associated with fractures in the Stimson formation sandstones on the Naukluft Plateau. As noted, the Stimson
formation sandstones were deposited by wind after the Murray formation was eroded and
lie unconformably on this older unit. Curiosity’s ChemCam and APXS observations
show that fractures that cut across the Stimson outcrops have high-silica (70% SiO2)
values close to the fracture centers, transitioning outward to typical basaltic compositions
(Frydenvang, et al. 2016; Yen et al., 2016). This is interpreted to be a consequence of
enhanced flow of postdepositional aqueous fluids along fracture zones and associated high
hydraulic conductivities. Given that the Stimson formation sandstones were deposited
after Mount Sharp strata were deposited and were subsequently exhumed, these halos
indicates a sustained presence of groundwater in Mount Sharp.
4.4.2.7 Evolution of Water Availability
Analysis of the Cumberland sample by SAM also shows that the smectite-bearing hydrogen has a D/H approximately three times Earth’s standard mean ocean water and 50%
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lower than the Martian atmosphere, consistent with extended desiccation of the planet by
solar wind stripping (Mahaffy et al., 2015). Again, this suggests that water-laid sediments
such as those evident for the Yellowknife Bay and Pahrump Hills areas were largely confined to early geologic times, that is, from Noachian to Hesperian ages.

4.4.3 Opportunity: Burns Formation Sandstones
4.4.3.1 Overview
Opportunity’s multiyear observations of Burns formation included outcrops on the plains
and the use of impact craters to probe the local stratigraphy (Fig. 4.17). The Burns formation consists of sulfate-rich sandstones that were unconformably deposited onto the
dissected Noachian-age cratered landscape produced by extensive fluvial erosion and
transport of sediment to the northwest (Hynek and Phillips, 2001; Arvidson et al.,
2006b). Impact crater densities imply a depositional age for the Burns formation of late
Noachian to early Hesperian (Arvidson et al., 2006b). A number of hypotheses have been
presented for the environment that produced the Burns formation sandstones, including
aqueous alteration of impact ejecta deposits (Knauth et al., 2005), polar dust deposits that

Fig. 4.17 Opportunity traverses are shown in white overlain onto a HiRISE-based image mosaic. Key
craters used by Opportunity to show vertical sections of the Burns formation include Eagle through
Santa Maria. The rim of Endeavour Crater has been examined in detail, including Marathon Valley.
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formed under different orbital conditions (Niles and Michalski, 2009), and volcanic
deposits (McCollom and Hynek, 2005). The hypothesis that best explains the detailed
observations made by Opportunity is the formation of sulfate-rich muds by evaporation
in shallow playa environments, reworking by wind and water to generate sand-sized particles, followed by alteration and cementation during periods of rising groundwater, and
finally wind erosion and cratering to produce the current landscape and outcrops (e.g.,
Squyres and Knoll, 2005).
4.4.3.2 From Playa Muds to Sandstones
Observations of the compositions (McLennan et al., 2005; McLennan, 2012), mineralogy (Glotch et al., 2006; Morris et al., 2006b), grain textures, primary sedimentary features (e.g., ripple patterns) (Grotzinger et al., 2006; Edgar et al., 2014), diagenetic features
such as hematitic concretions and veins (Knoll et al., 2008), and detailed local stratigraphic cross sections (Grotzinger et al., 2005) provide the definitive evidence for an
evolving environment of deposition for Burns formation rocks that began with playa
muds that were transformed into sulfate-rich sandstones. The Burns formation depositional setting thus contrasts with the Hesperian-age fluvial-deltaic-lacustrine system in
Gale Crater that required significant surface runoff and associated erosion and transport
of sediment.
The driving mechanism for the formation of the Burns formation is interpreted to be
the regional-scale groundwater hydrostatic head that was sourced from the southern
highlands, with the Meridiani Planum region as a prime regional-scale lowland for
groundwater upwelling (Andrews-Hanna et al., 2010). As noted, this would have existed
after the region underwent massive fluvial erosion and transport of sediment to the northwest earlier during the Noachian Period (Hynek and Phillips, 2001). The hydrologic system thus shifted from surface-dominated erosion to a groundwater-dominated
depocenter, with recharge from the southern highlands. A plausible scenario for the formation of the Burns formation rocks would start with groundwater reacting with basaltic
rocks during its transit to Meridiani Planum lowlands. As a consequence, these waters
would have transported dissolved cations and anions until reaching the surface in Meridiani Planum. Evaporation of these waters in the presence of sulfur from aerosols or dissolution from reactions with subsurface rocks led to production of sulfate-rich muds in
shallow, ephemeral playa environments. Outcrops exposed in the 100 m-diameter
Santa Maria crater are interpreted to represent these original muds (Edgar et al., 2014)
(Figs. 4.18 and 4.19). Elsewhere, the Burns formation outcrops encountered by Opportunity consist of sulfate-rich sandstones interpreted to have formed as playa muds and
subsequently reworked in fluvial and windblown environments to produce sands
(Grotzinger et al., 2005, Metz et al., 2009) (Figs. 4.20 and 4.21). Rising groundwater
events cemented the deposits and generated hematitic concretions and veins (Knoll
et al., 2008). The hematite signature in Mars Global Surveyor Thermal Emission spectra

101

102

From Habitability to Life on Mars

Fig. 4.18 Portion of a HiRISE view of the relatively fresh Santa Maria Crater with Opportunity traverses
shown in white. Note the bright crater rim and windblown ripples on the crater floor. Luis de Torres and
Ruiz Garcia are two targets for which Opportunity acquired in situ measurements. HiRISE frame
PSP_009141_1780_red.

Fig. 4.19 Pancam false-color mosaic is shown for the 100 m-wide Santa Maria Crater. Also shown in
the lower left is a Microscopic Imager-based mosaic (Herkenhoff et al., 2003) acquired on the boulder
Ruiz Garcia. Arrows show direction of migration of windblown ripples on the crater floor, likely a
direction that keeps the rocks on the southeast side of the crater relatively clean of dust. The MI
image shows evidence for mud clasts (Edgar et al., 2014), and APXS data show this rock to be sulfate
rich. Luis de Torres is a Burns formation contact science sulfate-rich target with a sandstone texture.
Terreros has a bluish color similar to Ruiz Garcia and is likely another mud clast target. RGB shown as
Pancam left-eye bands L257 in this and subsequent Pancam images, with wavelengths centered at
0.753, 0.535, and 0.432 μm (Bell et al., 2003). Pancam mosaic is SOL2512B_P2290_L257F.tif, and the
MI inset is B2527RuizGracia_4_raw.tif.
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Fig. 4.20 View of the Payson outcrop on the western side of the 300 m wide, highly eroded Erebus
Crater. This outcrop displays evidence for what is interpreted to be interdune wet conditions, including
the presence of shallow surface water flow based on ripple patterns. Also shown in A is evidence for
bedding disruption by recrystallization soon after deposition of the sulfate-rich deposits (Metz et al.,
2009). Mosaic available on Planetary Photojournal as PIA02696.

Fig. 4.21 Pancam mosaic of Cape St. Vincent located on the 10 m high wall of Victoria Crater. Largescale cross beds are indicative of a dune environment. Opportunity’s measurements on other portions
of Victoria’s walls show that the bedrock is a sulfate-rich sandstone. A bright zone at the top of the
intact section is interpreted to be due to leaching from surface waters migrating downward. The
ejecta deposit can be seen at the top of the section. Mosaic available through the PDS
Geosciences Node as SOL1167B_P2419_L257_F.tif.

103

104

From Habitability to Life on Mars

that led to a landing on Meridiani Planum has thus been shown by Opportunity to be due
to hematitic concretions generated by diagenetic alteration of the sandstones and concentrated as a relatively immobile lag deposit on the surface as the more friable sandstones
were eroded by wind ( Jerolmack et al., 2006).
Large-scale cross bedding in the Burns formation sandstones is particularly well
exposed on the walls of the 800 m-wide Victoria Crater and is interpreted to have
formed in a windblown dune environment during a particularly dry period when the
Burns formation rocks were being emplaced (Squyres et al., 2009) (Fig. 4.21). In addition, the in-place wall rocks exhibit a bright band near the top of the section that Opportunity measurements have shown to have reduced concentrations of chlorine relative to
the immediately underlying strata (Arvidson et al., 2011). This is interpreted to be evidence for leaching of more soluble species after deposition of the Burns formation and
before the impact event that produced Victoria Crater. This leaching was likely top down
to depths of several meters, implying at least one period of minor surface water recharge
during or after deposition of Burns formation strata.
4.4.3.3 Acidic Conditions
Mineralogical investigation of the Burns formation by M€
ossbauer spectroscopy revealed
the presence of jarosite in the sulfate-rich sandstones (Klingelh€
ofer et al., 2004; Morris
et al., 2006b). Jarosite requires an acidic environment (pH 2–4) to form, and its occurrence has been taken as evidence that the waters that generated the evaporite components
of this unit were highly acidic (King and McSween, 2005; Squyres and Knoll, 2005;
McLennan et al., 2005). This acidity could have come solely from oxidation of ferrous
iron contained in upwelling groundwater, which would have been an anoxic fluid with a
circumneutral pH (Hurowitz et al., 2010). This configuration established a redox interface, with a chemical gradient between shallow ferrous iron-bearing waters and an evaporative, oxidized surface. An alternative model where the anoxic groundwater initially
evaporates to form a mixture of magnesium, calcium, and ferrous iron sulfates, followed
by later oxidation and acidification during subsequent eolian reworking or diagenesis,
would also generate a jarosite-bearing mineral assemblage (Tosca et al., 2008b).

4.4.4 Spirit: Aqueous Activity in the Columbia Hills
4.4.4.1 Overview
Next in the order of increasing age is the discovery from Spirit observations of volcanoclastic activity and associated sulfate-rich sands and silica deposits adjacent to Home Plate,
Inner Basin, Columbia Hills (Figs. 4.22 and 4.23). The age of these deposits must be
younger than the Columbia Hills rocks, which are uplifted portions of the floor of
the Noachian-age Gusev Crater. We prefer an age coincident with the emplacement
of the extensive volcanic flows on the floor of Gusev Crater during the Hesperian Period,
3.7 Ga (Greeley et al., 2005), although the deposits could conceivably be Noachian in age.
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Fig. 4.22 HiRISE-based image is shown covering Home Plate with Spirit’s traverses overlain. Home
Plate is interpreted to be a partially eroded volcanoclastic construct. Innocent Bystander is a silicarich target. Sulfate-rich soils excavated by the wheels were identified in a number of locations,
including Ulysses, where Spirit was attempting to move to the southeast and was halted because
of incipient embedding. Frame ID ESP_0013499_1650_red.

Fig. 4.23 Portion of a Pancam mosaic taken from Husband Hill, located to the north of the Inner Basin
and the Home Plate. Home Plate and von Braun are interpreted to be partially eroded volcanic
constructs. Innocent Bystander is high-silica target encountered by Spirit, and Ulysses is the sulfaterich sand location that led to embedding of Spirit. Product available through the NASA Planetary
Photojournal as PIA17760.
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Home Plate, based on the presence of layered strata and a bomb sag (Lewis et al., 2008), is
interpreted to be a partially eroded volcanoclastic construct. This inference is consistent
with nearby constructs that are also thought to also be of volcanoclastic origin due to their
conical shape (von Braun, Fig. 4.23) or caldera-like appearance (Goddard to the south of
Home Plate).
4.4.4.2 Sulfate-Rich Sands
In the rolling hills immediately to the north of Home Plate, Spirit’s wheels excavated
bright soils during one of its traverses. The excavated soils were found to be dominated
by sulfate-rich sands, with associated enrichment in silica relative to the more common
basaltic soils found in Gusev Crater (Yen et al., 2008; Wang et al., 2008). Home Plate and
the surrounding areas were then extensively explored, and the valley to the east of Home
Plate was found to be underlain by sulfate-rich soils, with friable silica-rich outcrops
exposed that were in part disaggregated during wheel passages. The sulfate-rich sands
have been interpreted to have been deposited in fumarolic and/or hydrothermal systems
when volcanism was active within the Inner Basin.
The most studied exposure of sulfate-rich deposits is also the location of Spirit’s final
measurement campaign. Traversing south along the valley bordering the western side of
Home Plate, Spirit became embedded in soft ferric iron sulfate-rich sands when the left
front wheel broke through a thin soil crust (Figs. 4.24 and 4.25). Subsequent measurements by Spirit showed that the crust is enriched in hematite and one or more calcium
sulfate phases relative to the subsurface ferric iron sulfate-rich sands (Arvidson et al.,
2010). The distribution of minerals with depth in the soil is consistent with aqueous
activity. Hematite and calcium sulfate(s) found at the surface are relatively insoluble
and would have been left as residual deposits when a downward percolating fluid preferentially dissolved the soluble ferric iron sulfates (Arvidson et al., 2010). Given that Spirit
encountered sulfate sands within the Inner Basin only when excavated by the wheels, and
given an active windblown environment that should uncover these materials, the soil
profile development must be a consequence of a relatively modern hydrologic cycle. This
could be associated with periodic snow cover, minor melting, and water percolation into
the underlying soils during times of relatively high spin axis obliquity (Arvidson et al.,
2010; Kite et al., 2013).
4.4.4.3 Silica-Rich Deposits
As noted above, Spirit discovered silica-rich outcrops while traversing the valley just to
the east of Home Plate (Figs. 4.26 and 4.27). The silica-rich deposits have up to 91% SiO2
concentrations (Squyres et al., 2008), and analysis of Mini-TES emission spectra shows
that these deposits are dominated by the mineral opal-A (SiO2nH2O) (Ruff et al., 2011).
These deposits have been interpreted as rocks highly leached by acid-sulfate-rich fluids
in which low-pH fluids dissolved basaltic rocks, leaving behind a silica residuum
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Fig. 4.24 Front Hazcam image looking to the north within the valley to the west of Home Plate. Bright
soils were excavated by the left front wheel during this backward drive. The ridges within the tracks
indicate a stick-slip motion and associated high slip. The right front wheel drive actuator was inoperative,
and the rover dragged it through the soil. A number of MI and APXS targets are labeled, and
measurements provided detailed information on the surface and subsurface soils. Hazcam data are
available through the PDS Geosciences Node as 2F292473825FFLB188P1212R0M1.img. (From
Arvidson, R.E., et al., 2010. Spirit Mars Rover Mission: overview and selected results from the northern
Home Plate Winter Haven to the side of Scamander crater. J. Geophys. Res. 115. https://doi.org/10.1029/
2010JE003633.)

(Ming et al., 2006). The silica-rich deposits have also been interpreted to be hot spring
sinters associated with Home Plate volcanic activity, produced as hot waters cooled upon
reaching the surface (Ruff and Farmer, 2016). In either case, the deposits are evidence for
significant fluid flow, likely resulting from hydrothermal activity during the formation of
Home Plate.

4.4.5 Opportunity: Fracture-Related Aqueous Processes on Endeavour
Crater’s Rim
4.4.5.1 Overview
Opportunity’s investigation of the rim of the Noachian-age Endeavour Crater characterized arguably the oldest extensive outcrops studied by the landed missions discussed
in this chapter (Fig. 4.3). Exploration of Cape York, Murray Ridge, and Cape Tribulation rim segments was designed to search for and characterize the structure, stratigraphy,
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Fig. 4.25 The last Pancam enhanced color mosaic acquired from Spirit is shown and was acquired just
before contact with Spirit was lost. The rover became embedded as the left wheels dug deeply into the
bright soft soil known after numerous measurements to consist of ferric sulfates mixed with basaltic
sands. The mosaic was acquired after attempting a backward drive maneuver in which the left front
wheel was rotated azimuthally before the drive actuator moved the rover backward, thus creating the
waves of sulfate-rich sands. Detailed measurements of the soils show horizons with relatively insoluble
species at the top, indicating continued water percolating into the soil. Small white boxes show
locations of enlarged image views of the scene. Olive pit and leaf are sites in which extensive
€ssbauer spectrometer was
measurements were conducted. Press test was the site where the Mo
pushed into the soil as part of a physical properties experiment. Pancam mosaic is available
through the PDS Geosciences Node as SOL2163_P2397_L257_F_Full.tif.
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Fig. 4.26 Navcam mosaic of the high-silica targets Norma Luker and Innocent Bystander located in the
valley between Home Plate and Mitcheltree Ridge. White box shows the location of false-color view of
the two high-silica targets shown in Fig. 4.27. Innocent Bystander was broken by dragging the right
front wheel across the silica-rich deposits. Mosaic available through PDS Geosciences Node as
Spirit_left_navcam_site_130_pos_37_cyl.jpg.

Fig. 4.27 Pancam false-color view of the Norma Luker and Innocent Bystander high-silica targets. Note
the debris dragged to the lower right by the rover’s front wheel while breaking the rocks apart. Data
available through the Planetary Data System Geosciences Node as ID Sol1234A_P2378_L257_F.jpg.
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and lithology associated with this 22 km-wide degraded crater (Crumpler et al., 2015;
Mittlefehldt et al., 2018). A particular focus was finding and documenting evidence for
formation or alteration of rocks in the presence of aqueous environments. As noted in the
summary of landed mission results, traverses taken by Opportunity were in part directed
based on findings from CRISM observations, including detections of ferric iron smectites
on the eastern side of Cape York (Arvidson et al., 2014) and iron-magnesium smectites in
a gentle swale (Marathon Valley) on Cape Tribulation (Fox et al., 2016). In this section,
several examples are presented that indicate enhanced aqueous activity along fractures in
order to elucidate how subsurface fluids have interacted with Noachian-age impact crater
rims and the extent to which habitable environments may have been present.
4.4.5.2 Matijevic Formation and the Esperance Fracture
CRISM data indicated the presence of ferric iron smectites (Fig. 4.17) in the eastern portion of Cape York, which is located approximately midway along the strike of this rim
segment (Arvidson et al., 2014). Opportunity was directed to turn into Cape York outcrops at this location (subsequently named Matijevic Hill) and found that the smectite
detections are associated with planar outcrops (Matijevic formation) that have numerous
thin, interleaved dark and bright layers, each 0.5 mm thick, and dominated by cemented silt to sand-sized grains (Arvidson et al., 2014) (Fig. 4.28). These outcrops sit

Fig. 4.28 Pancam false-color mosaic acquired looking to the west on Matijevic Hill showing the bright
and dark layers exposed on the Matijevic formation and the overlying Shoemaker formation impact
breccias. Also shown is the contact between the two units. Product available through the NASA
Planetary Photojournal as PIA16704.
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stratigraphically just above the rocks that are laden with 2–3 mm-diameter spherules
slightly enriched in hematite relative to the rock matrix. The finely layered outcrops
are unconformably overlain by the Shoemaker formation impact breccias that dominate
Endeavour’s rim. Both the Matijevic and Shoemaker formation rocks are cut by calcium
sulfate-rich veins, interpreted to be gypsum (CaSO42H2O) based on a spectral reflectance downturn at 1 μm in Pancam-based spectra and assigned to bound H2O-related
vibrations (Squyres et al., 2012). The spherule-dominated and finely layered Matijevic
formation deposits have basaltic compositions and are interpreted to be pre-Endeavour
rocks that were uplifted during the Endeavour impact event. The Matijevic formation
rocks are slightly enriched in soluble elements, including zinc, sulfur, chlorine, and bromine as compared with the Shoemaker formation breccias, with no discernable bulk
compositional differences between the bright and the dark strata. The banded nature
of the strata is consistent with deposition by a number of mechanisms in which environmental conditions shifted back and forth, including lacustrine environments. This is certainly not a unique environmental interpretation, given the limited lateral and vertical
outcrop exposures. For example, the dark layers have also been interpreted to be bedding
plane veins (e.g., Clark et al., 2016; Mittlefehldt et al., 2018).
The Esperance fracture zone cutting the Matijevic formation outcrops was examined
in detail to test the hypothesis that enhanced subsurface flow would have leached the
rocks within the fracture (Fig. 4.29). Opportunity’s RAT was commanded to grind
repeatedly into this fracture zone, and MI and APXS measurements were acquired
between individual grinds. A clear trend was found toward an aluminum-rich smectite
composition (e.g., montmorillonite) with increasing grind depths (Arvidson et al., 2014;
Clark et al., 2016) (Fig. 4.29). This result suggests that the interior of the fracture zone was
subjected to significant leaching and alteration by enhanced fluid flow along fractures.
This leaching contrasts sharply with the mild (i.e., low water-to-rock ratio) isochemical
alteration inferred from the basaltic compositions of the finely layered Matijevic formation strata that exhibit the CRISM-based ferric iron smectite signature. The extensive
alteration and evidence for fluid flow focused through fracture systems is consistent with
a long-lived hydrothermal system of the type envisioned by Newsom et al. (2001).
4.4.5.3 Sulfates and Manganese Oxides on the Island Rocks
Opportunity spent one of its winter season campaigns in Cook Haven in the Murray Ridge
rim segment of Endeavour Crater (Fig. 4.17). Along the route into this shallow valley, the
rover excavated Pinnacle and Stuart Island rocks from a soil-filled fracture (Fig. 4.30). The
surfaces of these two small rocks showed both bright and dark coatings, which were subsequently investigated in detail using Pancam multispectral observations, MI imaging, and
overlapping APXS observations (Arvidson et al., 2016). Detailed analysis of the data
showed that the bright coatings are dominated by magnesium and iron sulfates, whereas
the dark coatings, inferred to be on top of the bright coatings, were shown to be dominated
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Fig. 4.29 (A) Pancam false-color view showing the box work fracture and examined in detail by
Opportunity. Circle indicates the targets Esperance 6 (which was abraded with the RAT) and Lihir.
Approximate scale across the scene is 70 cm. (B) Ternary plot of mole fraction Al2O3-(CaO + Na2O
+ K2O)-(FeOT + MgO) for selected rocks from Matijevic Hill and other materials. Mineral
compositions based on an idealized stoichiometry, the field for montmorillonite based on
structural formulae of 25 natural montmorillonites, and average Martian crust and soils.
Opportunity APXS-based compositions trend toward montmorillonite. (From Arvidson, R.E., et al.,
2014. Ancient aqueous environments at Endeavour Crater, Mars. Science 343(6169), 1248097–1248097.
https://doi.org/10.1126/science.1248097.)
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Fig. 4.30 Pancam false-color mosaic from Cook Haven looking south after excavating Pinnacle and
Stuart Island rocks, which were the targets of extensive in situ observations. Also shown are in situ
bedrock targets Cape Darby and Cape Elizabeth (brushed by the RAT). Anchor Point in situ targets
are soils excavated from the soil-filled fracture, King Island is another target with a bright coating
and perhaps the mate of Pinnacle Island, and Sledge Island may or may not have existed as an
erratic rock before Opportunity arrived. For reference, Pinnacle Island is 3.5 cm wide, and Stuart
Island is 12 cm in its longest dimension. (From Arvidson, R.E., et al., 2014. Ancient aqueous
environments at Endeavour Crater, Mars. Science 343(6169), 1248097–1248097. https://doi.org/10.
1126/science.1248097.)

by one or more manganese oxides. The inference is that sulfate-rich fluids moved through
the fracture and evaporated to coat the rocks, followed by a final episode in which manganese oxides formed. The presence of manganese oxides indicates that a strong oxidant
reacted with dissolved Mn2+ and implies that a redox gradient once existed at this location.
Note that what have been interpreted to be bedding plane manganese oxide deposits have
also been found by Curiosity in the Murray formation, although these deposits are quite
rare (Lanza et al., 2016). The fact that manganese oxides produced by subsurface aqueous
processes have been found at two widely separated locations does indicate that strong oxidizers have been present on at least a regional-scale basis.
4.4.5.4 Smectites, Hematite, and Sulfates in Marathon Valley
Opportunity explored in detail Marathon Valley on the Cape Tribulation rim segment,
guided by the discovery from CRISM data of iron-magnesium smectites on the valley floor
(Fox et al., 2016). Opportunity’s observations show that the flat, polygonally fractured
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Fig. 4.31 Pancam enhanced color mosaic acquired from the floor of Marathon Valley and looking
toward the northern wall named Hinners Point. Center of mosaic has a decorrelation stretch
overlay where rock and soil colors have been exaggerated. Note the flat-lying nature of the
outcrops, which have been cut by polygonal fractures. A string of red pebbles is evident, along
with soil-filled fractures. Opportunity scuffed one of the soil-filled fractures located to the south of
the location from which the mosaic was acquired. Mosaic available on the Planetary Photojournal
as PIA19820.

Shoemaker formation breccias that dominate the floor outcrops are the carrier of the spectral signature. Opportunity APXS data show that the alteration occurred in an isochemical
system (Fox et al., 2016) (Fig. 4.31). These breccias exhibit a fine-grained matrix with
embedded clasts. On the other hand, the extensive fractures cutting across the floor were
found to be accompanied by rows of red pebbles, some of which, based on Pancam 13F
observations, show evidence for crystalline hematite (Farrand et al., 2017). In addition,
Opportunity deliberately used one of its wheels to scuff one of the soil-filled fractures with
red pebbles on its side and uncovered evidence for magnesium and other sulfate deposits
just beneath the surface (Stein et al., 2018). These observations indicate that leaching by
both a sulfate-rich fluid and an iron oxidation occurred within the fracture zone.

4.5 OUTLOOK FOR HABITABILITY AND LIFE ON MARS
4.5.1 Overview
The successful Mars landed missions have acquired remote sensing and in situ observations that both complement observations acquired from orbit and provide data that could
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not have been acquired without operating on the surface. This is especially true given the
Mars exploration focus of understanding the role of water interacting with the surface and
subsurface and the implications for habitability and life. The Mars Exploration Rovers
Spirit and Opportunity and the Mars Science Laboratory Curiosity, with their ability
to traverse thousands of meters to access and analyze key rock outcrops and soils, have
been particularly important in providing the data needed to infer the nature and extent of
water activity. The following discussion reviews the current state of knowledge about the
sites of the post-2000 landed missions.

4.5.2 Sustained Water
The Phoenix landing site contains limited liquid water, occurring primarily as thin water
films that likely have high salt contents. In contrast, the Gale Crater site explored by Curiosity provides evidence of sustained liquid water in a lacustrine setting, although further
work is needed to provide a quantitative estimate of lake duration. There is also ample
evidence for subsurface diagenetic fluids, which extend the timing of water availability
beyond that of surface water inundation as these fluids were postdepositional. The Burns
formation in Meridiani Planum explored by Opportunity clearly shows evidence of formation from liquid water. Whereas the evaporite mineral components indicate that the
water present was highly saline, the estimated volume of water needed to produce the
observed deposits (Hurowitz et al., 2010) suggests that the source fluid was less concentrated. The subsurface hydrologic system feeding the playa system thus may have had a
water activity more amenable to life, although the highly saline and low-pH surface environment would have been problematic (Knoll et al., 2005). Waters in the Columbia Hills
explored by Spirit likely existed in the form of springs that were elevated in temperature
associated with volcanic activity and may or may not have occurred over a prolonged
period. Exploration of the Endeavour Crater rim by Opportunity shows clear evidence
of subsurface water flow through fractures, possibly from postimpact hydrothermal circulation. Flow may also have occurred through these fractures during formation of the
overlying Burns formation, as this would introduce the abundant sulfate component,
suggesting multiple periods of subsurface water activity.

4.5.3 Chemical Energy
Observations at the Phoenix site provide little evidence of past redox disequilibrium
needed to provide chemical energy. Atmospheric O2 and soil perchlorate salts are oxidants that can be coupled with reductants by terrestrial microorganisms (Coates and
Achenbach, 2004) to provide energy; however, any evidence of reductants is lacking
at this site. On the other hand, the Gale Crater site shows abundant evidence of reduced
inorganic species that can serve as electron donors when coupled to an oxidant, including
iron sulfide minerals, magnetite, and ferrous iron in phyllosilicates and primary mafic
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silicate minerals (Vaniman et al., 2013; Rampe et al., 2017; Hurowitz et al., 2017). The
site also shows clear evidence of ferrous iron oxidation, with hematite, jarosite, and akaganeite (Vaniman et al., 2013) all observed. In addition, at least some of the iron in phyllosilicates is oxidized, and the magnetite may be in a partially oxidized nonstoichiometric
form, which can be produced by microbial redox iron cycling (Byrne et al., 2015). The
occurrence of manganese oxides (Lanza et al., 2016) also indicates that oxidation of Mn2+
occurred, as the localized concentration of manganese requires transport in its more soluble reduced state. This record of reduced species, along with oxidation processes, indicates that the site had chemical energy available during the deposition and diagenesis of
the sedimentary deposits. The proposed redox stratification of the lake in Gale Crater
(Hurowitz et al., 2017) would have provided an optimal setting for life to obtain energy.
Oxidation of Fe2+ also occurred during the deposition or diagenesis of the Burns formation. Whether this could be utilized by life depends on the kinetics of abiotic ferrous iron
oxidation and the source of oxidant. Photooxidation stimulated by UV light (Hurowitz
et al., 2010) may not have provided energy accessible to organisms; terrestrial microorganisms utilize ferrous iron faster than abiotic chemical oxidation only at acidic pH or
under microaerophilic conditions (Weber et al., 2006). The presence of ferric-bearing
minerals at the surface around Home Plate in the Columbia Hills suggests that oxidation
of ferrous iron occurred at the site, but observations to date do not allow for constraints
on the coexistence of oxidized and reduced species. It is thus unclear whether ample
chemical energy was once available at this location. In the rim of Endeavour Crater,
the presence of ferric oxides and phyllosilicates in proximity to materials with a largely
basaltic composition (and thus ferrous iron-bearing silicates) suggests that oxidant(s) penetrated into the subsurface. The occurrence of manganese oxides in a fracture requires
that Mn2+ was leached from the surrounding rock and transported in fluid until it was
oxidized. These observations indicate that the fractured rocks in the rim of Endeavour
Crater were settings where chemical energy was available in the subsurface.

4.5.4 Essential Elements
For the purpose of the present review, organic carbon is the most critical essential element, followed by fixed nitrogen and then other required elements. The detection of
organic carbon and nitrate by Curiosity in Gale Crater suggests that this site likely contained key building blocks for life. Note that carbon dioxide is abundant in the atmosphere and was certainly present at all sites explored by landed missions. In addition,
Phoenix provided evidence of carbonate minerals in the soil. However, the biological
availability of carbon from carbon dioxide or carbonates at all sites is uncertain because
this requires organisms capable of autotrophy. Biological carbon fixation was acquired
early in the evolution of life on Earth and may even have been a key step in the origin
of life (Fuchs, 2011), and similar expectation of biological capabilities exists for possible
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past or extant life on Mars. Water-rock interactions enhance phosphorus availability
through weathering processes, although phosphorus has low solubility in the presence
of calcium carbonates (Arai and Sparks, 2007) and may have limited availability at the
Phoenix site. Sulfur is widely abundant at all sites as sulfate salts and is expected to have
high biological availability.

4.5.5 Favorable Environmental Conditions
The pH at the Phoenix site was found to be circumneutral to slightly alkaline in nature,
but it is unclear whether the site experienced favorable temperatures in the past and water
may have only existed as brines. Gale Crater provided the strongest evidence for prolonged conditions with temperatures supporting liquid water, both on the surface and
in subsurface fractures. The lake’s pH was inferred to be circumneutral for much of
its duration, and subsurface fluids flowed through materials that would also promote mild
pH conditions. Water flow was required to produce the Burns formation at Meridiani
Planum, indicating that temperatures supported the stability of liquid water in the near
subsurface, although it is unclear how long this water persisted on the surface, where substantial evaporation occurred. The pH was clearly acidic during the formation of jarosite,
owing to the acidity generated by iron oxidation, but the subsurface may have maintained
a pH more favorable for habitability. The Columbia Hills clearly once contained highly
acidic waters, as indicated by ferric sulfate minerals, and likely had elevated temperatures.
It is possible that the waters that formed Home Plate silica-rich deposits were more neutral in nature if they are in fact sinter deposits formed in a hot spring setting. The rim of
Endeavour Crater saw subsurface water that may have originated from hydrothermal
fluids associated with the impact event, and these were likely in temperature ranges amenable to life, given the crater size (Newsom et al., 2001). Some alteration assemblages are
isochemical in nature, suggesting circumneutral to alkaline pH conditions, but leaching
and the presence of sulfate minerals observed within fractures on Endeavour’s rim show
that other fluids were at least slightly acidic.

4.5.6 Hazards to Habitability
The landed missions have also identified a number of potential hazards to life. Perchlorate
formation likely also generates other, more reactive oxychlorine species (Carrier and
Kounaves, 2015), including hypochlorite (ClO ) and chlorite (ClO2 ), key chemical
components in bleach and chlorinated drinking water. Such species would clearly be detrimental to life and thus may pose habitability challenges for all shallow soils on Mars
today. Chlorinated hydrocarbons can be toxic to organisms (Hanschloer, 1994) and
are known to form from the reaction of oxychlorine species with organic compounds
(Richardson et al., 2007). Oxychlorine species on Mars thus poses both direct and indirect chemical hazards to life today, and resolving the timing of their widespread
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Fig. 4.32 Fever chart summarizing the current state of knowledge of the habitability of the landed
sites discussed in detail in this chapter. Each site is evaluated based on the four established
habitability factors, along with consideration of potential hazards to life. In this diagram, green
indicates clear evidence of favorable condition, red indicates unfavorable conditions, and yellow
indicates either a lack of information needed to assess habitability or locations where only some
aspects of habitability are met.

formation on Mars is needed to better assess past habitability. Direct ultraviolet and cosmic ray exposure and the radicals they generate also likely posed hazards for much of the
planet’s history, favoring environments protected from exposure, including the subsurface systems and the lower portions of the lake in Gale Crater.

4.5.7 Overall Assessment
This combination of factors provides for an overall assessment of habitability potential at
the landing sites based on the current state of knowledge (Fig. 4.32). For many sites, substantial uncertainties remain regarding key aspects of habitability because key components, especially the presence of organic carbon, fixed nitrogen, and other essential
elements, could not be detected. However, the landed missions provided constraints
on the duration of liquid water, available chemical energy, and environmental conditions, and together, these indicate that Gale Crater has the greatest habitability potential
of sites visited to date, with the rim of Endeavour Crater also indicating the presence of
some key attributes required for a habitable subsurface environment.
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5.1 INTRODUCTION
In the early 1970s, the Mariner 9 and Viking missions sent back the first high-resolution
imagery of the surface of Mars. Fluvial features were clearly visible in these images, and
they immediately reignited a long-running debate centering on the possible existence of a
Martian hydrologic cycle. Suddenly, hypotheses featuring rivers, deltas, crater lakes, and a
global ocean started to gain momentum. Such ideas were debated during a multidecadal
data drought caused by a series of misfortunes involving spacecraft sent to Mars by several
nations and the shifting priorities of NASA. This drought was finally broken in 1996 by
the arrival of Mars Global Surveyor—a NASA orbiter mission that was closely followed
by several highly successful orbiter and rover missions that encountered abundant evidence for flowing liquid water in the past. Exactly when and for how long standing bodies of liquid water persisted on the surface of Mars remains a subject of vigorous debate,
but a general consensus has been reached in regard to the presence of habitable lacustrine
environments early in Mars’ history (e.g., Grotzinger et al., 2014; Hurowitz et al., 2017).
From Habitability to Life on Mars
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Several lines of evidence, including crater counts and a radiometric date (Farley et al.,
2014) generated by the SAM instrument aboard the Mars Science Laboratory (MSL),
suggest water flowed into closed basins during the Late Noachian/Early Hesperian,
around the same time that Earth’s oldest surviving sedimentary rocks were deposited.
Now that NASA has achieved its goal of identifying past habitable environments on
Mars, attention is likely to shift toward detecting evidence for organisms that may have
lived in these settings (Mustard et al., 2013). Future Mars surface missions will search for
and attempt to characterize putative microbial biosignatures in ancient sedimentary
rocks. The scientists tasked with designing, operating, and interpreting the science investigations of these missions will use the terrestrial geologic record, our only available analogue, as their guide (McMahon et al., 2018).
Where then to study the residue of life that flourished in Mars analogue lake systems?
One approach is to visit modern lakes in order to observe relevant biological and sedimentologic processes operating today. However, such an approach must mitigate a problem that is well known to Precambrian geologists; the principle of uniformitarianism
often fails when we attempt to compare geobiological processes across deep time. A case
in point is that of stromatolites—the enduring sedimentologic expressions of microbial
communities—which form stromatolites through the accumulation of layer upon layer
of microbial mats. Stromatolites are undoubtedly the best known macroscopic biosignature of the Archean, and they are found in practically all Precambrian shallow-water
environments featuring chemical sediments. In contrast, living stromatolites are rarely
seen today. Their precipitous decline in the Late Neoproterozoic is generally attributed
to the evolution of grazing metazoans, which disrupt laminar mat fabrics. The sedimentologic expression of microbial ecosystems has thus changed through time, and if we are
correct in assuming that, as on Earth, ancient Martian lake life was prokaryotic, we are
compelled to focus our studies on “extreme” modern environments that exclude or
inhibit the growth of eukaryotes. Alternatively, this problem can be overcome by focusing on lakes that existed prior to the evolution of complex life on Earth, although this
approach comes with its own problems, as discussed below.
Ideally, the mineralogy and depositional facies of a Mars analogue lake will be similar
to known settings on Mars. Siliciclastic rocks deposited in aeolian, fluvial, and lacustrine
settings have been well characterized by Mars rover missions, and many components of
these systems are visible from orbit. However, whereas terrestrial clastic sedimentary
rocks are typically quartz-bearing, rocks characterized from Mars orbit and by rovers
on the ground are dominated by basaltic minerals. Since basalt weathers relatively rapidly
in a terrestrial atmosphere, basaltic sedimentary rocks, and, accordingly, river and lake
systems dominated by basaltic sediment, are uncommon on Earth. Conversely, carbonate
rocks, particularly sedimentary carbonate precipitated in shallow water environments
(which typically preserves macroscopic microbial biosignatures on earth), have yet to
be discovered on Mars. Well-characterized Martian sedimentary rocks are instead
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dominated by oxidized iron and sulfur phases (e.g., Squyres et al., 2004; Vaniman et al.,
2013; Hurowitz et al., 2017). The latter is known to play a similar role to carbonate in
preserving microbialites, as is halite and silica, although the terrestrial geologic record
preserves comparatively few examples of this. Diagenesis poses an additional conundrum.
Modern analogues have not experienced the taphonomic changes that occur during billions of years of burial, and, on the other hand, plate tectonic activity has ensured that
most ancient terrestrial analogues have experienced metamorphism and deformation
far in excess of that expected for Mars. The Martian radiation environment and its effects
on chemical biosignatures exposed at the near surface is an additional taphonomic factor
that is difficult to replicate on Earth.
For the reasons described above, locating the optimum combination of depositional
facies, microbial biosignatures, age, mineralogy, diagenesis, and radiation environment in
a Mars analogue lake system is extremely challenging. The Archean lake systems that are
the focus of this chapter tick several, but not all, of these boxes. Due to their position at
the center of a stable, deep-rooted craton, they have endured billions of years of diagenesis without ever having experienced deep burial or substantial deformation. Continental
rifting occurring during their deposition led to extensive subaerial volcanism and to the
formation of basaltic plateaus that were outwardly similar to ancient flood basalt provinces visible from Mars orbit. Over a period of several tens of millions of years, these plateaus developed ephemeral rivers and lakes that hosted microbially dominated
ecosystems. River-borne basaltic and quartz-rich sediment, and chemical sedimentary
rocks including carbonate, accumulated in these closed basins. Stromatolites accreted
under an anoxic or suboxic, greenhouse gas-rich atmosphere and were frequently subjected to the ecological and sedimentologic effects of catastrophic volcanic eruptions.
Multiple episodes of flooding and the complete evaporation of lakes that formed the distal
expressions of massive braided river systems are recorded by cyclic lithofacies changes in
ancient lake sediments. Similar stratigraphic sections may exist for Martian lakes that were
subjected to extreme climatic shifts related to major changes in planetary obliquity. Critically, some of these Archean lake deposits came to host an interrelated suite of microbial
biosignatures, including microbialites, isotope fractionations, organic molecules and
microfossils, that has survived to the present day.

5.2 ARCHEAN LAKES
One of the consequences of the constant recycling of rocks in the process of plate tectonics is that very little outcrop has survived from the first half of Earth’s history. The
majority of surviving sedimentary rocks postdate the Precambrian (Blatt and Jones,
1975), and those that have endured are generally highly metamorphosed. Not only do
sedimentary rocks make up <5% of all Precambrian rocks, which are themselves uncommon, but the vast majority of this small fraction were deposited in marine environments.
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Extensive and well-preserved Archean rocks of lacustrine origin are known from just two
sedimentary sequences: the Fortescue Group in the Pilbara Craton, Western Australia,
and the Ventersdorp Supergroup, Kaapvaal Craton, South Africa (Tables 5.1). The former includes laterally extensive outcrop that was deposited between 2775 and
2630 Ma and metamorphosed to prehnite-pumpellyite facies (see Thorne and
Trendall, 2001, for a review). The chronology of the Ventersdorp Supergroup is not
as well constrained, but it was likely deposited after 2765 Ma, the maximum U-Pb
radiometric date obtained for volcanic rocks of the underlying Witwatersrand Group
(England et al., 2001), and prior to 2664 Ma, the youngest of several dates obtained
for the upper Ventersdorp Supergroup (Barton et al., 1995). Lacustrine rocks of the Ventersdorp Group outcrop less extensively than those of the Fortescue Group and have been
metamorphosed to greenschist facies. Both successions are extremely well preserved by
Archean standards, and both consist of several stratigraphic kilometers of subaerial lava
flows intercalated with sedimentary rocks overlying Early Archean basement. The
age, lithostratigraphic, paleomagnetic, and chemical similarities have led some to suggest
that both groups may have been deposited in the same basin on the supercontinent “Vaalbara,” a portmanteau of the Kaapvaal and Pilbara cratons (e.g., Grobler and Meakins,
1988; de Kock et al., 2009; Altermann and Lenhardt, 2012). Less extensive lacustrine

Table 5.1 Significant Archean lake deposits
Age (Ma)
Unit
Craton

2690

2740

2720

2720

2775

Metamorphic grade

Lithology

Woodiana
Member,
Jeerinah
Formation,
Fortescue Group
Ventersdorp Group

Pilbara

Prehnite-pumpellyite
facies

Silicilastic rocks
with
stromatolites

Kaapvaal

Greenschist facies

Kuruna Member,
Kylena
Formation,
Fortescue Group
Meentheena
Member,
Tumbiana
Formation,
Fortescue Group
Mt. Roe Basalt,
Fortescue Group

Pilbara

Prehnite-pumpellyite
facies

Pilbara

Prehnite-pumpellyite
facies

Pilbara

Prehnite-pumpellyite
facies

Siliciclastic and
carbonate rocks
with
stromatolites
Siliciclastic and
carbonate rocks
with
stromatolites
Extensive
siliciclastic and
carbonate rocks
with
stromatolites
Siliciclastic rocks
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facies are reported from the slightly older (2985–2780 Ma) Witwatersrand Group,
which consists largely of siliciclastic rocks deposited in braided stream and marine environments metamorphosed to greenschist facies or higher.
Compendia of Archean lake deposits are slimmed further by the difficulty of unambiguously identifying lacustrine units. Geologists have historically relied primarily on fossils when distinguishing marine from lacustrine deposits. This is an effective approach for
Phanerozoic rocks where each setting possesses a distinctive biota, but cannot be applied
to Precambrian units deposited prior to the rise of complex life. As a consequence, interpreting the depositional setting of Archean rocks is notoriously difficult. Isotopic and
trace element data may rule out certain hypotheses, but because alteration is typically
more severe than in younger rocks, and so little is known about the composition of
the Archean atmosphere and oceans, these data may also be ambiguous. The few sedimentologic “smoking guns” that do exist are associated with marine settings (e.g., tidally
generated sedimentary features; even these features can be difficult to interpret due to the
generation of seiches in large lakes). Thus, when a lacustrine setting is suspected, the
interpretation is generally based on multiple lines of circumstantial evidence, and an element of doubt is unavoidable.
Of the few Archean lakes known, the Tumbiana Formation of the Fortescue Group
has received the most attention. Prior to the advent of radiometric dating, the Tumbiana
Formation and other rocks of the Fortescue Group were thought to be of Phanerozoic
age, owing largely to their excellent preservation. The curious absence of fossils was
noted by several researchers, but early descriptions lacked detailed paleoenvironmental
interpretations (e.g., Gregory and Gregory, 1884; Woodward, 1891; Maitland, 1904,
1915; Talbot, 1919). Later studies focusing solely on the Tumbiana Formation resulted
in lacustrine interpretations that were based on stratigraphic and sedimentologic observations (Walter, 1972, 1983; Lipple, 1975). Recently, studies incorporating trace element data: stable C, O, and Sr isotope values: and detailed analyses of stratigraphy,
mineralogy and sedimentology, reached similar conclusions (Buick, 1992; Bolhar and
van Kranendonk, 2007; Awramik and Buchheim, 2009; Coffey et al., 2013; Flannery
et al., 2016). Notable exceptions to this consensus include the interpretations of
Packer (1990), Thorne and Trendall (2001), and Sakurai et al. (2005), who proposed
a marine environment for the Tumbiana Formation. Diagnostic marine sedimentary features have not been reported. The observation of herringbone cross stratification made by
Sakurai et al. (2005) has not been confirmed by several subsequent studies. Fluvial and
lacustrine units occurring elsewhere in the northern Fortescue Group (reviewed in
Flannery et al., 2016) include numerous examples of shallow lakes developed within
braided river systems. They are generally thinly bedded and stratigraphically bounded
by fluvial sandstone and subaerial lava flows. Lacustrine facies in the Ventersdorp Group
are probably the least studied of all, but despite this, there has been little to no debate as to
their origin (e.g., Winter, 1963; Buck, 1980; Karpeta, 1989).
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5.3 FORTESCUE GROUP REGIONAL GEOLOGIC SETTING
The Hamersley Basin hosts the Mount Bruce Supergroup, an exceptionally wellpreserved succession of supracrustal volcanic and sedimentary rocks deposited during
the Late Archean and Early Proterozoic upon Early Archean basement in remote northwestern Australia. The oldest rocks of the Mount Bruce Supergroup are the terrestrial
lavas and sedimentary rocks of the northern Fortescue Group, which were deposited
between 2.77 and 2.63 Ga. The Fortescue Group is conformably overlain by offshore, presumably marine, siliciclastic rocks of the 2.63–2.45 Ga Hamersley Group.
These are in turn overlain by shallow-water siliciclastic and carbonate rocks of the
2.45–2.22 Ga Turee Creek Group.
Thorne and Trendall (2001) divided the Hamersley Basin into four subbasins. We
focus here on the northern subbasins, where the Fortescue Group consists predominantly
of subaerial lava flows, fluvial sandstone, and minor stromatolitic carbonate and shale
(Fig. 5.1). The northern Fortescue Group outcrop extends approximately 500 km along
the southern boundary of the Pilbara Craton, where the group reaches a maximum local
thickness of 6 km. The southern subbasin lies to the south of the Fortescue River, and has
been more severely folded and metamorphosed. It contains the supposed offshore lateral
equivalents of Fortescue Group rocks preserved in the northern subbasins. These rocks
include the Boongal Formation (proposed equivalent to the Kylena Formation), Pyradie
Formation (Tumbiana Formation), and Bunjinah Formation (Maddina Formation).
Preservation is best in the north, where the metamorphic grade was limited to
prehnite-pumpellyite facies and dips average <10° (Smith et al., 1982; Hoshino et al.,
~2630 Ma

~2719 Ma

Woodiana Member

Jeerinah Formation

Kuruna Member

Maddina Formation

Meentheena Member
Mingah Member

Tumbiana Formation

Mopoke Member

Subaerial lava

Sandstone and conglomerate
Kylena Formation

~2741 Ma

Stromatolitic carbonate
and siliciclastic rocks
Bamboo Creek
Porphyry

Hardey Formation

Shale, carbonate and chert

Volcaniclastic, siliciclastic
and carbonate rocks
Mt.Roe
Basalt
Granite-greenstone basement

~2775 Ma
Lalla Rookh Basin
Granite-greenstone
basement

Fig. 5.1 Simplified Fortescue Group stratigraphy.
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2014). The metamorphic grade of southern subbasin rocks is greenschist facies or greater
(Smith et al., 1982). Limited geochronological data (Arndt et al., 1991) indicate that
deposition of at least the lower portion of the southern subbasin succession was contemporaneous with deposition of the Mt. Roe Basalt and the Hardey Formation in the
northern subbasins. Rocks of the northern Fortescue Group are thought to have been
deposited during one or more periods of continental rifting associated with extensive volcanism (Blake, 1984; Thorne and Trendall, 2001). Available paleomagnetic and geochronological data suggest that the Pilbara Craton was located at 50° south during this
interval and may have been close to or contiguous with the Kaapvaal Craton, South
Africa, and lacustrine rocks of the similarly aged Ventersdorp Supergroup (Nelson
et al., 1992; Strik et al., 2003; de Kock et al., 2009).

5.4 SEDIMENTARY ENVIRONMENTS
Fluviolacustrine facies of the Fortescue Group occur within the Mt. Roe Basalt, Hardey
Formation, Kylena Formation, Maddina Formation and lower Jeerinah Formation. We
focus here on the Meentheena Member (Tumbiana Formation), which preserves laterally
extensive stromatolitic carbonate and siliciclastic rocks stratigraphically bounded by
kilometer-thick subaerial lava flows. The Tumbiana Formation is divided into the Mingah Member, which consists of fluvial sandstone, conglomerate, volcanic tuff, and lenticular beds of stromatolitic carbonate, and the conformably overlying Meentheena
Member, which consists of lacustrine stromatolitic carbonate, siltstone, shale and tuff.
A simplified sedimentary facies division for the Meentheena Member is shown in
Table 5.2. The Mingah Member is typically 50–150 m thick. Debris flows at the base
Table 5.2 Facies divisions of the Meentheena Member
Facies
Lithology
Sedimentary features

Fluvial

Sandstone

Nearshore,
very
shallowwater lake

Grainstone/calcisiltite

Shallowwater lake

Calcilutite/calcisiltite

Deep-water
lake

Siltstone/shale

Trough and tabular cross
stratification,
asymmetrical ripples,
desiccation cracks
Symmetrical ripples,
desiccation cracks,
stone rosettes, tepee
structures, ooids,
storm event beds,
fenestrae
Soft-sediment
deformation; storm
event beds
Planar lamination

Biosignatures

Kerogen; C, N, S
isotope fractionations

Stromatolites; ooids;
oncolites; MISS;
microfossils;
kerogen; C, N, S
isotope fractionations
Stromatolites; roll-up
structures; kerogen;
C, N, S isotope
fractionations
Kerogen; C, N, S
isotope fractionations
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of the unit are reported from Mingah Member outcrop in the northeast subbasin (Walter,
1983; Sakurai et al., 2005; Coffey et al., 2013). Trough and tabular cross stratified volcaniclastic sandstone forms the vast majority of outcrop. Intercalated subaerial lava flows
and desiccation cracks suggest periods of subaerial exposure during deposition, likely
within a large (>700 km) braided river system. Limited paleocurrent data reported by
Coffey et al. (2013) suggest this system was likely transporting sediment in a northeasterly
direction—toward carbonate lakes recorded by the overlying Meentheena Member—
which probably represents the distal expression of this endorheic river system. A cyclic
lithofacies succession in the Meentheena Member was first identified by Awramik and
Buchheim (2009) (Fig. 5.2). This cycle consists of edgewise conglomerate, cross stratified
calcarenite, wavy laminated calcilutite/siltite, and laminated shale featuring desiccation
cracks at upper contacts. The base of transgressive cycles is typically represented by detrital and authigenic carbonate rocks bearing abundant evidence for very shallow-water
deposition, ground water upwelling, and regular subaerial exposure. A transition to
deep-water conditions in overlying units is indicated by the increasing scarcity of coarse
sediment particles, cross stratification, desiccation cracks, tepee structures and edgewise
conglomerate, and the increasing prevalence of flat to wavy laminated calcisiltite/lutite
and large stromatolites with considerable synoptic relief. Storm-related event beds are
occasionally observed in this deep-water facies, which is typically overlain by organic
rich, planar-laminated siltstone/shale. The absence of current-generated sedimentary
features suggests the siltstone/shale facies was deposited in the deepest environments
of the Meentheena Member lakes, below storm wave base and below the zone of carbonate precipitation. Desiccation cracks occurring at the upper contacts of shale units
mark the complete drying of the lake. Overlying carbonate rocks represent the initiation
of a new transgressive cycle.

5.4.1 Fluvial Facies
Although the Meentheena Member consists predominantly of stromatolitic carbonate
and deep-water shale, it also contains fluvial siliciclastic rocks, including migrating bar
bedforms and trough cross stratified gravel. These units are lithologically and sedimentologically similar to siliciclastic rocks of the underlying Mingah Member (Fig. 5.3A).
They occur intermittently in the upper Meentheena Member, where they are intercalated with shallow water carbonate units interpreted here as lake shore deposits. Fluvial
facies are also common in the Hardey Formation, Kuruna Member (Maddina Formation), and lower Jeerinah Formation, although they are not well studied from a paleontological perspective. Ancient soil horizons reported from the Mt. Roe Basalt are a
notable exception. The close association of organic matter in paleosols and fluviolacustrine facies in the Mt. Roe Basalt led Rye and Holland (2000) to suggest organic matter
accumulated in ephemeral ponds. Fluvial processes are thought to have then reworked

Archean Lakes as Analogues for Habitable Martian Paleoenvironments

Siltstone/shale
Cross-bedded sandstone
Fenestrate edwise conglomerate
Cross-bedded grainstone
Laminated calcisiltite/calcilutite
Stromatolites
Tepee structures

Transgressive cycle

5

Meters

0

Fig. 5.2 Simplified representative stratigraphic section measured in the Meentheena Member
showing a repeating succession of common lithofacies.
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Fig. 5.3 (A) Trough cross stratification in fluvial facies of the Tumbiana Formation. (B) Desiccation
cracks in near shore lake facies of the Meentheena Member. (C) Vertical cross section through a
stromatolite encrusted, fluid escape tepee structure in near shore lake facies of the Meentheena
Member. (D) Symmetrical (wind wave-driven) ripple cross stratification surrounding a turbinate
columnar stromatolite in the near shore lake facies of the Meentheena Member. (E) Stone rosette
formed by the reworking of edgewise clasts by wind waves in shallow water in near shore lake
facies of the Meentheena Member. (F) Unit preserving fenestrae (“birds eye” calcite) associated
with an event bed in near shore lake facies of the Meentheena Member.
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organic matter that is now preserved within sericitic sandstone deposited on basaltic lava
plains. Elsewhere, carbonate stromatolites are reported from decicentimeter-thick lacustrine deposits intercalated with fluvial sandstone of the Mingah Member (Flannery et al.,
2016). Macroscopic microbial features (e.g., roll-up structures) are notably not reported
from fluvial or deltaic facies of the Fortescue Group.

5.4.2 Near Shore Lake Facies
A very shallow water depositional environment is well represented in the Meentheena
Member by an association of desiccation cracks, symmetrical (wind-generated) ripple
cross stratification, stone rosettes, and tepee structures. Stromatolites of diverse scales
and morphologies are common in this facies. Kerogen is visible in thin section and occurs
predominantly within micritic stromatolitic laminae and in stylolites.
5.4.2.1 Desiccation Cracks
Desiccation cracks occur at the tops of regressive lithofacies cycles in the Meentheena
Member. They are typically present at the contact between underlying, deep water shale
and overlying, shallow water calcitic rocks hosting symmetrical ripple cross stratification
(Fig. 5.3B).
5.4.2.2 Tepee Structures
Tepee structures are ridges formed by the buckling of lake or seafloor pavement, which
creates sedimentary features that appear tepee-shaped when viewed in vertical cross section. They are known to form due to a variety of processes involving either ground water
upwelling, desiccation, or syndepositional tectonism. Meentheena Member tepee structures are raised areas of calcitic pavement characterized by laminar crusts and oncolites
(Flannery et al., 2016), and are thus closest to the peritidal and lacustrine tepee types
defined by Kendall and Warren (1987). They are typically associated with features suggestive of very shallow water deposition (e.g., symmetrical ripple marks, stone rosettes,
and desiccation cracks). Topographic relief during deposition is indicated by onlapping
sediment. They range from 20 to 50 cm in height and are tepee-shaped in vertical cross
section only—tepees seen in bedding plane exposures appear as elongate ridges. In vertical cross section, Meenthena Member tepees typically display a central fracture and a
brecciated central zone, suggesting the synsedimentary upwelling of fluid. Stromatolites
often drape the areas of raised topography provided by Meentheena Member tepee structures (Fig. 5.3C). Secondary replacement of calcite by silica in the brecciated zone and
in draping stromatolites may be related to the movement of silica-rich groundwater.
Modern examples of tepee structures that are texturally similar to those described from
the Meentheena Member are reported from Lake Macleod in Western Australia
(Handford et al., 1984) and from coastal salinas of South Australia (Warren, 1982;
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Ferguson et al., 1988), where they form through the disruptive action of periodically
discharging groundwater in nearshore environments.
5.4.2.3 Symmetrical Ripple Cross-Stratification
Symmetrical ripple cross stratification (Fig. 5.3D) is ubiquitous in the nearshore lake
facies. This type of cross stratification forms through the reworking of sandy sediments by
wind-driven standing waves in shallow water. The predominant dip direction recorded by
some laminae likely reflects deposition within shoaling waves, with the predominant dip
direction indicating the direction of wave propagation (Allen, 1979; Martel and Gibling,
1991). Climbing sets reported by Flannery et al. (2016) may reflect episodes of waning sediment suspension generated by shoaling wind-generated waves (Reineck and Singh, 1972).
5.4.2.4 Edgewise Conglomerate and Stone Rosettes
Tabular clasts that have originated in underlying calcitic crusts typically occur in lenses of
edgewise conglomerate. These clasts are occasionally arranged in “rosettes” (Fig. 5.3E).
Such stone rosettes are common components of younger marine and lacustrine environments (Kazmierczak and Goldring, 1978; Ricketts and Donaldson, 1979; Myrow et al.,
2003, 2004), where they are formed in shallow water settings through the reworking of
clasts by wind-generated waves.
5.4.2.5 Fenestrae
Decacentimeter-scale beds of fenestrate (birds eye) limestone (Fig. 5.3F) occur in cross
stratified calcarenite, typically in chaotic accumulations of laminated allochthonous
carbonate clasts. Fenestrae also occur under large tabular clasts of edgewise conglomerate and in the apical zones of micritic stromatolites. Fenestrae are 1–5 mm wide and
are commonly filled with sparry calcite and surrounded by a matrix of sand-sized carbonate, tuff, and siliciclastic grains. Multiple hypotheses exist for the origin of fenestrae
in Precambrian carbonates, including the repeated wetting and drying of microbial
mats, the generation of gas bubbles through the decomposition of organic matter, oxygen evolution during oxygenic photosynthesis, and the expansion of microbial mats
during growth (Shinn, 1968; Logan et al., 1974; Monty, 1976; Bosak et al., 2009).
Fenestrae in the Tumbiana Formation are found in a wide variety of contexts, and more
than one process may be responsible for their generation. However, the concentration
of fenestrae in storm event beds favors an explanation involving the decomposition of
disrupted microbial mats.
5.4.2.6 Ooids
Ooids are accretionary carbonate grains that are generally thought to require water saturated in CaCO3, regular agitation, and, potentially, biological processes in order to form
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(Davies et al., 1978; Summons et al., 2013; Diaz et al., 2015). Micritic ooids occurring in
the Meentheena Member are the oldest well-preserved ooids known. Nuclei include
detrital pyrite and quartz, as well as volcaniclastic and carbonate clasts (Buick, 1992;
Flannery et al., 2016). Meentheena Member ooids retain fine (<5 μm) laminar fabrics
(Fig. 5.4A), and are mineralogically and texturally similar to some modern ooids currently
accreting in temperate lakes (Swirydczuk et al., 1979; Wilkinson et al., 1985; Davaud and
Girardclos, 2001; Plee et al., 2008).

5.4.2.7 Near-shore Stromatolites
Domical and columnar stromatolites in the nearshore facies are characterized by very low
synoptic relief (<3 cm) and the erosion of column bases (Fig. 5.4B). Onlapping sediment
typically consists of ripple cross laminated calcarenite. Progradation of this material across
stromatolites commonly appears to have initiated a morphological shift toward greater
lamina convexity and the branching of columns, before terminating stromatolite growth
altogether (Fig. 5.4C). Stromatolitic laminae are composed of neomorphic micrite and
microspar with a high proportion of sand-sized detrital grains. Stylolites are common in
stromatolites and generally follow the same plane of lamination that is created by alternating layers of spar and micrite. Oncolites formed around edgewise clasts derived from
calcitic pavement (Fig. 5.4D and E).

5.4.3 Shallow Water Lake Facies
The shallow water lake facies is dominated by flat to wavy-laminated calcilutite/calcisiltite hosting large domical stromatolites. The absence of symmetrical ripple cross lamination and the general scarcity of current-generated sedimentary features suggest that
deposition occurred below wave base. Periodic high energy events, most likely storms,
are recorded by current generated cross stratification and displaced stromatolitic material.
The depositional setting of this facies is thus likely to have been between wave base and
storm wave base. Stromatolitic micrite preserves organic matter in concentrations averaging 0.1% TOC in both outcrop and drill core samples (Eigenbrode and Freeman,
2006; Thomazo et al., 2009; Flannery et al., 2016).

5.4.3.1 Soft Sediment Deformation
Soft sediment deformation structures are common at the contacts between calcilutite and
calcisiltite units. Examples include flame structures, ball and pillow structures, and dish
and pillar structures (Fig. 5.4F).
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Fig. 5.4 (A) Transmitted light thin section photomicrograph showing micritic ooids in near shore lake
facies of the Meentheena Member. Scale bar ¼ 1 mm. (B) Columnar stromatolite incorporating a high
proportion of sand-sized detrital grains in near shore lake facies of the Meentheena Member. (C) Lowrelief columnar stromatolites shifting to branching and increasingly convexly laminated forms within a
matrix of symmetrically ripple cross stratified calcarenite in the near shore lake facies of the
Meentheena Member. (D) Oncolite in an event bed related to storm activity in the shallow water
lake facies of the Meentheena Member. The clip board is 30 cm in width. (E) Oncolites nucleated
on edgewise clasts in near-shore lake facies of the Meentheena Member. (F) Calcisiltite/calcilutite
featuring soft sediment deformation in shallow-water lake facies of the Meentheena Member.
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5.4.3.2 Event Beds
Laterally extensive event beds (Fig. 5.5A), most likely related to storm activity, consist of
tabular clast edgewise conglomerate; displaced and contorted stromatolitic material; and
pebble-sized clasts of carbonate, lithic, and volcaniclastic material. A matrix of trough
cross stratified sand sized carbonate grains, often with abundant fenestrae, is typically
present.

Fig. 5.5 (A) Storm-induced event beds featuring disrupted stromatolites in the shallow water lake
facies of the Meentheena Member. Gradations on the Jacob’s Staff are 10 cm. (B) Coniform
stromatolite with a shifting axial zone and detrital material entrained within steep stromatolite
flanks in shallow-water lake facies of the Meentheena Member. Growth appears to have been
terminated by an overlying unit of volcanic tuff. (C) Light toned unit of volcanic tuff that appears
to have terminated the growth of domical Meentheena Member stromatolites in the shallow-water
lake facies. (D) Large domical stromatolites in shallow water lake facies of the Meentheena Member.
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5.4.3.3 Shallow Water Stromatolites
Well preserved conical and domical stromatolites occur in laminated calcilutite/
calcisiltite. Among all Fortescue Group microbialites, these examples display the highest
diversity of macroscopic lines of evidence for biogenicity, such as roll-up structures, conical morphologies, axial zones, detrital material entrained on steep stromatolite flanks, and
tufted and reticulate morphologies. These microbialites accreted in a relatively quiet,
deep water environment that was less influenced by physical environmental factors such
as wave action and desiccation. Laminae are typically composed of neomorphic micrite
and spar but are locally rich in siliciclastic and volcaniclastic grains. Macrolamination generally derives from alternating micritic and sparitic laminae bordered by stylolites and/or
silicified tuffaceous laminae.
Coniformly laminated columnar stromatolites (Fig. 5.5B) are comparable to
Conophyton described from younger rocks. The examples reported here are among
the oldest known conical stromatolites exhibiting axial zones: a thickening and contortion of laminae along the central axis of the stromatolite that is generally interpreted as representing the vertical migration of filamentous microbes (Walter et al.,
1976). Millimeter-scale “tufts” are morphologically similar to textures described from
modern microbial mats (Flannery and Walter, 2011) and grade laterally into reticulate
structures that are also associated with microbial motility (Shepard and Sumner,
2010). In some cases, “tufts” grade vertically into decacentimeter-scale, conically laminated stromatolites composed of macrolaminated micrite and diagenetic silica. Coniform stromatolites are surrounded by a matrix of onlapping, massive to faintly
laminated micrite, volcanic glass, and intraformational clasts. The paucity of
current generated sedimentary features is consistent with the accretion of these stromatolites in a low energy, deep water setting, as has been reported for the vast majority of Precambrian Conophyton (e.g., Donaldson, 1976). The macrolamination that is
visible in outcrop is related to destructive diagenetic silica that has produced laminae
that are more resistant to weathering. The mean inclination of laminae from horizontal is 55°. This is beyond the angle of repose for sand sized grains, some of which have
been incorporated into the steeply inclined flanks of conical stromatolites (cf. Allwood
et al., 2015), suggesting the former presence of a gelatinous microbial mat (cf. Frantz
et al., 2015). An influx of volcaniclastic material appears to have terminated stromatolitic growth in several instances.
In addition to coniform stromatolites, a large variety of domical stromatolite morphologies occur in the shallow water lake facies (Fig. 5.5C and D). Synoptic relief of
stromatolitic laminae ranges from less than a centimeter to up to 40 cm, which is the
highest relief reported for stromatolites of the Fortescue Group, and is consistent with
a comparatively deep water setting.
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5.4.4 Deep Water Lake Facies
The deep water lake facies consists of planar laminated siltstone/shale. The absence of
current generated sedimentary structures in this facies suggests deposition occurred below
storm wave base, possibly below the zone of carbonate precipitation in the deepest parts
of the Meentheena Member lake system. Shale units are up to several tens of meters thick
but outcrop very poorly compared with prominently weathering carbonate and chert.
Hand samples acquired from outcrop are highly fissile and pervasively oxidized. Shale
obtained from drill core preserves macromolecular organic matter in relatively high concentrations (0.1%–0.4% TOC; Eigenbrode and Freeman, 2006; Thomazo et al.,
2006, 2009).

5.5 BIOSIGNATURE PRESERVATION
5.5.1 Microbialites
Lacustrine facies of the Fortescue Group preserve extraordinarily diverse stromatolite morphologies. In many cases, multiple lines of evidence for biogenicity are
available. Such evidence includes organic matter and microfossils trapped within stromatolitic laminae, wrinkly laminar fabrics, detrital grains adhered to steeply inclined
stromatolite flanks, roll-up structures, and complex morphologies associated with
microbial motility (Walter, 1983; Awramik and Buchheim, 2009; Flannery and
Walter, 2011; Flannery et al., 2016). The extremely fine-grained micritic mineralogy
of Meentheena and Kuruna Member stromatolites and the abundance of detrital
grains in these stromatolites preclude an origin in abiotic mineral crusts or fans. Micritic microfabrics lack mineral pseudomorphs or ghost fabrics indicative of an isopachous precursor, but are well-enough preserved to retain micron-scale laminae and
detrital grains of carbonate and volcanic glass. Laminae pinch and swell, and are often
wrinkly, which is inconsistent with an origin in abiotic crusts, but comparable to
microbial textures reported from modern environments (e.g., Hagadorn and
Bottjer, 1997). Roll-up structures in the Meentheena Member demonstrate that some
stromatolitic laminae remained flexible after accretion. Generally speaking, the
Tumbiana Formation is anomalously devoid of evidence for the precipitation of mineral crusts and aragonite fans. In contrast, these are common components of similarly
aged marine units (e.g., Sumner, 1997). In addition to stromatolites, microbially
induced sedimentary structures (cf. Gerdes, 2007) are reported from shallow-water
lacustrine marl in the Meentheena Member (Flannery, 2013). All microbialites
reported from lacustrine facies of the Fortescue Group are preserved in shallowwater/nearshore environments.
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5.5.2 Microfossils
Schopf and Walter (1983) reported filamentous microfossils from limestone stromatolites
of the Meentheena Member. Similar features have not been relocated by subsequent
studies, although palimpsest fabrics first reported by Walter (1972) are widespread and
may represent highly degraded microbial filaments. Unlike the majority of Precambrian
microfossils, which are preserved in microcrystalline quartz matrixes that allow for
extremely fine-scale preservation of morphological features, the microfossils reported
by Schopf and Walter (1983) are described from a micritic matrix. Microcrystalline
quartz is relatively common in both the Meentheena and Kuruna members, where it
commonly replaces microbial carbonate in a style that is reminiscent of younger,
microfossil-bearing units. However, microfossils are not reported from siliceous rocks
of either member. Typically, the long-term preservation of microfossils within stromatolites is linked to the very early replacement of a chemical sediment with silica, which
must occur prior to postmortem degradation of microbial cells. SiO2 concentrations during
this window must be high enough to induce silica precipitation, at least within the microenvironments created by sediment pore space and extracellular polymeric substances
associated with biofilms. The rarity of such conditions is often invoked to account for
the general paucity of Archean microfossil deposits, despite the prevalence of chert in
the early geologic record. Ephemeral lakes in volcanic settings are perhaps more likely
to host this taphonomic window due to the abundance of syndepositional silica supplied
by volcanic ash, fluctuating water levels, and silica-rich groundwaters upwelling at lake
peripheries (cf. Kremer et al., 2012). However, despite the clear presence of these advantageous environmental factors in many of the Fortescue Group lakes, taphonomic conditions do not appear to have favored microfossil preservation.

5.5.3 Chemical and Isotopic Biosignatures
Interest in the organic geochemistry of ancient lacustrine sediments was sparked by the
discovery of anomalous C isotope signatures for organic carbon, in the form of kerogen,
preserved in sediments of the Tumbiana Formation. It was observed (Hayes, 1983) that
δ13Corg values in the range 41.2% to 51.9% PDB, together with coeval carbonate C
isotope values (δ13Ccarb) close to 0%, could not be explained as being solely the result of
fractionations associated with photoautotrophic carbon fixation. Rather, it was proposed
that such signatures were more likely recording a significant component of carbon assimilation by microaerobic methanotrophic bacteria (Hayes, 1983, 1994; Hayes et al., 1983).
Such extreme depletions recorded during a  150-million-year interval in the Fortescue
Group and in black shales of other Neoarchean sedimentary settings were proposed to be
indicative of an Archean carbon cycle that was fundamentally distinct from that which
operates in contemporary aquatic environments (Des Marais, 1997, 2001). Rather, a
world with low but nonzero levels of O2 in the ocean atmosphere system could sustain
“a globally prominent methanogen-methylotroph cycle” (Des Marais, 1997). Later,
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these ideas were modified when it was suggested that recycling of carbon by anaerobic
microbial communities could also have led to significant 13C depletion of kerogens and
that aerobic CH4 cycling need not be invoked as the sole cause (Des Marais, 2001). A
subsequent study (Eigenbrode and Freeman, 2006) identified acetate recycling as one
process that could drive strong 13C depletion in sedimentary organic C, although these
authors also asserted that either aerobic or anaerobic methanotrophy would be a simpler
explanation. This is because methane oxidation processes ultimately require electron
acceptors that are coupled to oxygenic photosynthesis, with the possible exceptions of
sulfate reduction using the sulfate formed from photolysis of volcanogenic SO2, or
Fe3+ produced through photochemical reactions or as a consequence of ferrophototrophy. N isotope data acquired from Tumbiana Formation sediments show extremely positive values (as high as +8.6%) and a robust anticorrelation with the organic C isotope
data for the same samples. These findings have been interpreted as marking the onset of
nitrification coupled to its continuous consumption by denitrification, an inescapable
indicator of O2 availability (Thomazo et al., 2011).
Whereas the lacustrine kerogens of the Tumbiana Fm. have afforded informative isotopic data and their syngenicity is uncontested, they have proved resistant to molecular
characterization that might be biogeochemically revealing. Bitumens, on the other hand,
have been the focus of molecular work that originally appeared to support the isotopic
findings. Methylhopane biomarker hydrocarbons, thought to infer the availability of
molecular O2, were detected in samples collected from the Tumbiana Formation and
other sedimentary rocks of the Mount Bruce Supergroup (Brocks et al., 1999;
Eigenbrode et al., 2008). However, in a test of prior reports of Archean biomarkers, clean
drilling, sampling, and handling protocols were applied when redrilling Tumbiana Formation sediments at the eastern edge of the Pilbara Craton, a region thought to be most
prospective in terms of metamorphic grade and potential for preservation of molecular
biosignatures. A careful reanalysis of these sediments showed that the previously reported
biomarkers were contaminants overprinting mixtures of noninformative polyaromatic
and diamondoid hydrocarbons (French et al., 2015).

5.5.4 Biosignatures That Are Notably Absent
Biosignatures that are absent from, or yet to be discovered in, Archean lake deposits
includes microbial borings in volcanic glass, impact glass, or carbonate grains. Controversial examples of endolithic microbial trace fossils are reported from Early Archean pillow lavas (McLoughlin et al., 2008). Similar microtubules are reported from Tumbiana
Formation volcanic glass by Lepot et al. (2011), who interpreted their origin as abiotic, or
uncertain in some cases. Ooids are another common substrate for endolithic microbes in
modern environments. Morphologically complex microborings are reported from several examples of well-preserved Precambrian ooids (e.g., Campbell, 1982; Knoll et al.,
1986; Zhang and Golubic, 1987). The absence of obvious microborings in exceptionally
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well preserved Meentheena Member ooids, glassy lava flow tops and abundant volcanic
glass shards, suggests that endolithic microbes were not present during deposition of the
unit. Macroscopic microbial features in siliciclastic sediment (e.g., roll-up structures) are
notably not reported from fluvial or deltaic facies of the Fortescue Group.

5.6 LESSONS FOR MARTIAN PALEOLAKE EXPLORATION
Although there are obvious differences and a great many unknowns (e.g., the likelihood of
photosynthetic organisms inhabiting ancient Martian lakes), several features of the lacustrine units within the Neoarchean Fortescue Group make them excellent analogues for
some Martian paleolakes. In particular, the regional depositional settings, which feature
large braided river systems that fed extensive, ephemeral lakes developed upon basaltic lava
plateaus, are broadly similar to the settings of many Martian examples. The Curiosity rover
has traversed along the erosional remnants of a thick sequence of fluvial and nearshore sandstone, conglomerate, and lacustrine mudstone (e.g., Hurowitz et al., 2017). A number of
depositional settings and sedimentary structures discovered by Curiosity, such evidence for
regular subaerial exposure and burial diagenesis (e.g., shrinkage cracks and nodules), are
familiar features of the Fortescue Group. The great age of the Fortescue Group, the prevalence of microbially dominated ecosystems, and the minimal deformation and metamorphism that have occurred since deposition, also contribute to the utility of these rocks as a
Mars analogue. Significantly, evidence for ancient microbial life is widespread in the northern Fortescue Group. All of the lacustrine facies defined here preserve at least one type of
biosignature, and many preserve multiple lines of evidence for biological processes that are
visible in outcrop using instrumentation that is likely to be carried by future Mars rovers
(e.g., textural biosignatures featuring spatially resolved distributions of elements, minerals,
and organics that can be mapped using rastering microfocus X-ray fluorescence and UV
Raman/fluorescence spectroscopy. See for example Flannery et al., 2018a,b). Below,
based on our observations of Fortescue Group lake systems, we tentatively propose several
lessons in relation to which elements of these paleolakes would offer the best prospects for
in situ biosignature characterization using the suite of contact science instruments selected
for the Mars 2020 rover mission:
(1) Biosignatures, and particularly macroscopic textural biosignatures, are comparatively rare in fluvial
sections. Macroscopic biosignatures such as stromatolites and roll-up structures are not
reported from fluvial systems feeding the Fortescue Group lakes. Fluvial facies consist
primarily of laterally extensive, thickly bedded, cross stratified sandstone that represents
a suboptimal prospecting ground for biosignatures that are easily identified in outcrop.
Hand samples of coarse-grained siliciclastic sediment investigated in the laboratory have
thus far yielded values for average total organic carbon content that are low compared to
lacustrine carbonate rocks and unweathered lacustrine shale.
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(2) Deep water siliciclastic rocks preserve organic matter, but only at depth from current outcrop, and
they do not host macroscopic biosignatures. Drill core obtained from below the modern
weathering horizon (>100 m) includes shale preserving relatively abundant macromolecular organic matter (mean TOC ¼  0.3%), as well as sulfides and other minerals recording biogenic isotope fractionations. Macroscopic biosignatures are not
reported from deep water siliciclastic units. Shale is generally pervasively weathered
near the surface and outcrops very poorly. Surface weathering has oxidized shale
components, remobilized organic matter, and typically led to extreme friability.
Investigation of surface expressions of this facies in the field with the goal of characterizing biosignatures using the Mars 2020 contact science instrument suite would
thus be challenging.
(3) The greatest abundance and diversity of biosignatures is found at the upper contacts of regressive
lithostratigraphic cycles and at lake peripheries. In shallow water environments at lake
peripheries, and during times when the siliciclastic sediment flux was reduced or
water levels fell and ions were concentrated, chemical sediments were precipitated.
Carbonate has preserved macroscopic biogenic textures (i.e., stromatolites), microbial body fossils, and laminar distributions of organic matter. Zones of groundwater
upwelling at lake peripheries, recorded in the Meentheena Member by tepee structures, provided chemical disequilibria that could have been harnessed by metabolic
processes, and also created a taphonomic window in the form of early diagenetic
silica, a mineral known for its excellent preservation of microfossils. Minor mineral
phases involved in key biogeochemical cycles can also be “locked in” by chemical
sediments precipitated at lake peripheries. For example, pyrite survives in some carbonate rock outcrop, whereas as pyrite in shale outcrop has generally been pervasively oxidized. TOC values obtained for carbonate rocks are comparable to
those obtained for deep water siliciclastic units sampled in drill core (Thomazo
et al., 2009; Flannery et al., 2016). In the case of the Fortescue Group lakes, chemical
sediment is composed predominantly of micritic carbonate. However, halite, gypsum, silica, and other chemical sediments precipitated in lakes through similar processes are also known to host stromatolites, microfossils, and other microbial
biosignatures (cf. Allwood et al., 2013). As in the Meentheena Member, these sediments are typically precipitated at lake peripheries and at contacts recording transitions between regressive and transgressive cycles. An exploration model focused on
chemical sediments precipitated in these facies can be applied to many such systems,
including Martian examples.
(4) Volcaniclastic horizons can be traced laterally to well-preserved microbialites in shallow water
facies. Ongoing volcanism during deposition of the Fortescue Group resulted in airfall tuff regularly settling in shallow water lake environments and terminating the
growth of stromatolites. The bases of extremely fine-grained tuffaceous units reliably
preserve molds and casts of micrometer/millimeter-scale microbial textures and

147

148

From Habitability to Life on Mars

other sedimentary features in exquisite detail. Tuffaceous units located in deeper
water siliciclastic settings can typically be traced laterally to shallow water equivalents
featuring chemical sediments.
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6.1 OVERVIEW
Lakes on early Mars could have provided favorable environments for the development
of microbial life and for its preservation in the fossil record. While they ultimately
disappeared as atmospheric changes were taking place, the evolution of their habitability
would have controlled the ability of any life present to transition to the newly developing
environments (i.e., by adapting to more protected habitats that offered radiation refuge
and moisture retention). A better understanding of the magnitude and impact of environmental stress on lake microbial habitats during climate transition is thus an essential
component in the development of exploration strategies for future missions that will
search for traces of biosignatures on Mars, like NASA’s Mars 2020 and ESA’s ExoMars.
Here, the investigation of Laguna Verde in south Bolivia documents environmental
change over a period of  7000 years at the Pleistocene/Holocene transition and provides
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a window in time into analog processes that could have taken place at the Noachian/
Hesperian transition in martian lakes. Radiocarbon dating of microbialites and other geologic samples collected on the paleoterraces and shores constrains the timing of peak
water volume during the Late Pleistocene, followed by increased water loss from
8230 to 6300 BP. Episodic interactions between volcanic/hydrothermal and lacustrine
activity and changes in the chemical and physical characteristics of the water column
are recorded in the morphology, geochemistry, and composition of the samples and
in the fossil record.

6.2 INTRODUCTION
Lakes are sentinels of climate change (Williamson et al., 2009). Over time, sequences of
sediments may record both environmental tipping points at planetary scale and subtle
watershed fluctuations. Rapid burial of dead organisms in sediments provides anoxic
conditions favorable to the preservation of a fossil record. Within that context and using
an analogy to Earth, lakes on early Mars would have been favorable sites for the inception
and the development of life and for the potential preservation of its record (see Lakes on
Mars, Cabrol and Grin, eds., and references therein). For these reasons, ancient lakes have
been considered priority candidate landing sites for rover missions characterizing the past
habitability of Mars and for upcoming missions such as Mars 2020 and ExoMars. In support of the preparation for these missions to seek traces of ancient life, various aspects of
extreme lakes, aqueous environments, and biosignatures have been studied in terrestrial
analogs over the years (e.g., Farmer and Des Marais, 1999; Cady et al., 2003; Knoll and
Grotzinger, 2006; Cabrol et al., 2003, 2005, 2007a,b, 2009; Cabrol and Grin, 2010 and
references therein; Noffke 2009, 2014; Fairen et al., 2010; Davila and Schulze-Makuch,
2016; Hays et al., 2017; Pontefract et al., 2017; Koo et al., 2017a,b). Recently, a study on
macroscopic morphologies preserved in the >3.7 Ga-old Gillespie Lake Member on
Mars demonstrated the possible steps of exploration for features presenting analogies with
microbially induced sedimentary structures (MISS, Noffke, 2014). On Earth, such
microbial structures are caused by interaction of benthic microbes with physical sediment
dynamics (erosion and deposition of sediment). This interaction generates meter- to
decimeter-scale sedimentary structures. In contrast to microbialites, where chemical processes play a role in their formation, the microbial-physical origin of the MISS makes
them prime candidates for life exploration.
Here, while Chapter 5 showed how Neoarchean lakes can inform us on ancient environmental conditions and habitability of early Earth and Mars, in this chapter, we illustrate the evolution of Laguna Verde, an altiplanic lake that provides a modern analog to
early martian lake habitats. Its investigation allows us to examine the impact of environmental change between the Late Pleistocene and the Early Holocene as a wet climate
transitioned into arid conditions in a relatively short period of time. Data show how

Evolution of Altiplanic Lakes

major and minor changes were encapsulated into a stratigraphic section of ancient terraces covering 7000 years and how some of the physical, geochemical, environmental,
and biological signatures may provide relevant insights into the Noachian/Hesperian
transition on Mars.

6.3 ENVIRONMENTAL SETTING
The altiplano is a high plateau reaching 3500–4200 m altitude. Its arid core (18–28S) is
characterized by a volcanic, sulfur-rich environment; hydrothermal springs and deposits;
evaporating lakes; playas; dune fields; and other aeolian deposits. Dry lakes (salars) and
evaporating lakes (lagunas) give an opportunity to measure in situ the impact of rapid
climate change on microbial life and on the morphology, mineralogy, and chemistry of
microbial habitats. Because of elevation, aridity, and latitude, the environmental shift that
started at the end of the last glacial maximum (LGM) took place in a thin, unstable atmosphere and extreme ultraviolet (UV) radiation—the highest UV recorded at the surface
of our planet to date (Cabrol et al., 2014; Feister et al., 2015). This environment is also
characterized by strong and sudden daily temperature (T) fluctuations that generate high
UV/T ratios (Table 6.1). Both high UV and sharp temperature swings would have been
common with the thinning atmosphere on Mars at the Noachian/Hesperian transition.
Table 6.1 Physical and environmental characteristics
Environmental characteristics

Elevation (m)
Atmospheric pressure (mb)
Air temperature (°C)
Relative humidity (%)
Snow precipitation (mm/year)
Wind (km/h)
UV index maxa
Volcanic environment
Sedimentary environment
Hydrothermal springs (°C)

4340
550
30/+13
9–25
100
0–100
29 (4300 m), 43.3 (5914 m)
Basaltic andesite
Carbonate, sulfate
12–36

Lake physical characteristics

Laguna Blanca

Laguna Verde

Water temperature (°C)
pH
Freezing point of water (°C)
Maximum depth (m)
Ice cover
Total dissolved solids (TDS, mg/L)b

+14
7.2–8.42
5
0.5
Variable year round
22,400

+15
8.19–9.0
25
5
Rare
 50,000

a

Based on yearly measurements from Eldonet UV dosimeters and environmental stations placed on the shore (Cabrol et al.,
2009, 2014).
Geochemistry from water samples (Hock et al., 2005).

b
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Most altiplanic lakes were formed at the end of the LGM, as demonstrated by
the sedimentary record and climate studies performed in the Cordillera Real in
northern Bolivia (e.g., Gouze et al., 1986; Seltzer 1990, 1992; Francou et al., 1995;
Seltzer et al., 1995; Valero-Garces et al., 1996; Abbott et al., 1997; Clapperton
et al., 1997; Baucom and Rigsby 1999; Grosjean et al., 2000), near Lake Titicaca
and Lake Poopo (e.g., Servant and Fontes, 1978; Wirrmann and Fernando De
Oliveira Almeida, 1987; Rondeau, 1990; Wirrmann et al., 1990; Risacher and
Fritz, 1991; Roche et al., 1992; Wirrmann and Mourguiart, 1995; Seltzer et al.,
2002), and in the Central and South Central Andes (Risacher and Fritz, 1991;
Rouchy et al., 1996; Blodgett et al., 1997; Clayton et al., 1997; Grosjean et al.,
1998; Grosjean 2001; Fornari et al., 2001).
Comparatively, the southern part of Bolivia is less documented (e.g., Rondeau, 1990;
Risacher and Fritz, 1991; Sylvestre et al., 1999; Cabrol et al., 2009, 2010a,b, 2014;
Cabrol and Grin, 2010; Hock et al., 2005; Demergasso et al., 2010; Fleming and
Prufert-Bebout, 2010). In addition to glacial melting, most lakes formed under a precipitation regime of 400–500 mm/year (e.g., Messerli et al., 1993; Wirrmann and
Mourguiart, 1995; Abbott et al., 1997; Baucom and Rigsby, 1999; Sylvestre et al.,
1999; Vuille et al., 2000; Grosjean, 2001). They are currently receding under negative
water balance (e.g., Laguna Colorada, P/Ev ¼ 160/500 mm/year—unpublished data,
Bolivian National Park Services).
Located in the Potosi region (south Bolivia), Laguna Verde is typical of the evaporating lakes of this modern arid altiplanic regime. Because of evaporation and topography,
the original (27  11 km) Late Pleistocene lake is now 10  4 km and in the process of
dividing into two bodies of water with distinct physicochemical characteristics: Laguna
Blanca to the east (22°47.000 S/67°47.000 W) and Laguna Verde to the west (22°47.320 S/
67°49.160 W); see Fig. 6.1. Both lakes are still connected by a channel a few meters long
and 1 m wide. Laguna Verde is 5 m deep and Laguna Blanca 0.50 m. The elevation of
the earliest lacustrine deposits and a survey of the modern lake through sonar sounding
show that the paleolake was at least 45 m deeper than the residual lakes and thus close to
50 m (Cabrol et al., 2003, 2009).
Despite the connecting channel, both lakes present notable differences, which affect
the diversity and abundance of present-day life in each basin. The physicochemical and
biological characteristics of active lakes in this region, including Laguna Blanca and
Laguna Verde, were documented as part of the NASA Astrobiology Institute
(NAI)-funded High Lakes Project (e.g., Acs et al., 2003; Cabrol et al., 2007a,b,
2009, 2010a,b, 2014; Dorador et al., 2009; Demergasso et al., 2010; Fleming and
Prufert-Bebout, 2010; Feister et al., 2015). Here, we discuss unpublished data collected
during the investigation of a stratigraphic section of Laguna Verde that records the end
of the Pleistocene and the beginning of the Holocene.
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Fig. 6.1 Regional context—the interaction between lacustrine and volcanic activity is illustrated in this
advanced spaceborne thermal emission and reflection radiometer (ASTER) image. The margins of the
Late Pleistocene Laguna Verde are marked by white arrow and covered  27 km from west (left) to east.
Many of the early lake sediments are covered by more recent volcanic and alluvial fan deposits on the
east shore, while the west shore is characterized by an intense erosion of the bases of volcanic
constructs (e.g., Licancabur, Sairecabur, and Juriques). Ch, main channels draining into the current
lakes; red dot, location of the transect. (Credit image: NASA.)

6.4 VOLCANIC/HYDROTHERMAL ACTIVITY
Hydrothermal springs and a limited amount of snow precipitation control the water level
of Laguna Blanca and Laguna Verde (Table 6.1 and Cabrol et al., 2009). A strong negative
water balance has led to a noticeable retreat of the shorelines for both lakes every year
during the time of the study. At current rate and without engineering or modification
in the input of hydrothermal springs, the two lakes could become totally separated in just
a few years.
Hydrothermal activity is generated through interactions between aquifers and ongoing local and regional magmatic and volcanic activity. Small, closed, and now dry pools
on the ancient terraces indicate that hydrothermal springs contributed to the lake water
balance during the early Holocene. The combined basin is surrounded by volcanoes towering over 6000 m elevation, many of them dormant (e.g., Licancabur) and some still
active today. Located  70 km to the south, Lascar is one of the most active volcanoes
of the Andes. Eruptions take place nearly every 7 years (the latest in 2016), and the
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volcano has daily displays of water vapor and sulfur emissions. About 60 km to the north,
Putana has continuous geyser activity. After 10,000 years of inactivity, a new hot spot was
identified in the ASTER satellite imagery over Chiliquès in 2002 (unpublished data, JPL
news release). Chiliquès belongs to the same volcanic chain as Licancabur, Lascar, and
Putana. Regionally, geothermal centers (e.g., El Tatio in Chile that extends into Bolivia
at Sol de Mañana), hydrothermal springs, geysers, and mud pots is evidence of abundant
residual heat (Fig. 6.2). Additional signs of continuous volcanic/hydrothermal activity at
Laguna Verde include new fumaroles and hydrothermal springs observed nearshore at the
foot of the Sairecabur volcano and bubbling in the summit lake of the Licancabur volcano
in 2006, with water in the south shore reaching +14°C, while the water temperature of
the lake is 4°C on average (Cabrol et al., 2009).

Fig. 6.2 Hydrothermal and volcanic activity—the region surrounding Laguna Verde is characterized
by intense hydrothermal and volcanic activity. (A) Spring mound ( 1 m high) in the geothermal field
of El Tatio, in Chile, which is the third largest geothermal center in the world after Yellowstone (the
United States), and Dolina Giezerov (Russia). (B) The energy center that supplies El Tatio extends to
the east in Bolivia, where most of the activity occurs as mud pots. (C) Hydrothermal springs on the
north shore of Laguna Verde. (D) Emissions of water vapor and sulfur from the Lascar volcano in
November 2016. (Credit photos: NASA Astrobiology Institute, the SETI Institute, and Victor Robles, SETI
Institute/Campoalto (D).)
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6.5 STRATIGRAPHIC RECORD
Ancient microbialites cover the Pleistocene shores and terraces over an area of 100 km2,
while modern cyanobacteria-dominated colonies are still forming small (  10 cm)
structures and mats in shallow waters (Cabrol et al., 2009; Fleming and PrufertBebout, 2010; Demergasso et al., 2010). Various sizes, shapes, and ages of these Late
Pleistocene to Early Holocene microbialites mark changes in the dynamics and physicochemical evolution of the paleolake environment over time (Fig. 6.3). They present
remarkable similarities with the modern stromatolite systems described in Shark Bay,
Australia (Suosaari et al., 2016), in morphogenesis, size, composition, and microbial systems (see next sections). They are distributed in distinct provinces around the paleolake,
suggesting that location (shoreward to lakeward) and currents may have affected the
microbial mat types involved and their growth pattern.
The boundaries of the Late Pleistocene lake were identified with the 15–90 m/pixel
resolution ASTER Vis/NIR/TIR 15-channel satellite imagery (Fig. 6.1) and global

Fig. 6.3 Microbialites—the paleoshores of what are now Laguna Verde and Laguna Blanca are covered
with microbialites of distinct shapes and sizes distributed in provinces around the paleolake.
Biostructures similar to (A–C) in size and shape have been described in Shark Bay, Australia, by
Suosaari et al. (2016), as characteristics of a shoreward to lakeward distribution. The microbialites
shown in (A) and (B) are about 40 cm wide, and the elongated structures in (C) can reach 3 m long
and 50–70 cm high. (D) Lava flows capping the remains of microbialites at the foot of the Juriques
volcano. (E) Remnants of dome structures (50–70 cm high on average) on the east paleoshore.
(Credit photos: High Lakes Project, NASA Astrobiology Institute, the SETI Institute.)
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positioning system (GPS). A transect was performed on the paleoterraces of Laguna Verde
south shore at a location where stratigraphy was well preserved. The earliest record of
lacustrine activity was found at 4378  13m elevation, where deposits come in contact with
lava flows. The stratigraphic sequence down to the most recent material (4340  5 m)
consists mostly of fossiliferous carbonates and calcareous sediments intercalated with
basaltic andesite. Other samples were collected at Laguna Blanca at discrete sites along
the paleoshores in order to compare the evolution of rock major element oxides and
correlate species and environment across the paleolake at radiocarbon ages comparable
with those of Laguna Verde (Tables 6.2 and 6.3).
Terrace elevations and 14C show a maximum water level of 50 m at the end of
Pleistocene (13,270 BP) and a decline of the lake level in mid-Holocene (8290–6300
BP), with an average loss of 24 m in 2000 years (1.2 mm/year) compared with
0.28 mm/year 13,240–8290 BP. The focus of the stratigraphic analysis on the main terraces did not allow the identification of small-scale environmental fluctuations within
that trend, but data support previous studies showing a transition from a Late Pleistocene
humid phase to an increasingly arid climate from the early Holocene to the present time
(e.g., Messerli et al., 1993; Abbott et al., 1997; Sylvestre et al., 1999).

6.6 GEOSIGNATURES
Petrographic analysis was used to determine the textural and mineralogical diversity, to
identify silicates, carbonates, oxides, and hydroxides and to make a first-order characterization of the fossil record. Volcanic samples consisted of basaltic andesite, which is typical
of the local volcanism and regional deposits (Marinovic and Lahsen, 1984). Fossiliferous
carbonates were the most common rock types (68%), with calcareous sediments making
16% of the samples and then andesite (12%) and agglomerates mixing carbonate and
volcanic fragments. Samples from both Laguna Blanca and Laguna included relatively
coarse (up to 600 μm) clastic sediments intercalated with fossiliferous carbonates. Mineralogy was predominantly that of angular quartz, lesser plagioclase, amphibole, pyroxene,
biotite, oxide, and hydroxide (magnetite and hematite).
Overall, data from the stratigraphic column and the petrographic micrographs confirm the interaction between volcanic and lacustrine activity in a nearshore environment (Fig. 6.4) especially at the time when the paleolake had reached its peak
volume 13,270 BP. The fossil record (diversity and abundance) shows comparable
changes in habitat over time between what are now Laguna Blanca and Laguna Verde
(Fig. 6.5). Fluctuations occurred in both sample series at comparable ages, consistent
with an overall response of the large lake to environmental changes, indicating
that the paleolake had not undergone significant physicochemical separation yet during
that time frame.

Table 6.2 Age and characteristics of the stratigraphic column at Laguna Verde
Radiocarbon
Sample weight
Sample
Agea (years, BP)
(mg) and type
ID
Description
Laguna Verde Series

LV1
LV2
LV4
527 microbialite

LV6

12,250  90

667 microbialite

LV9

12,070  160

899 fossiliferous
carbonate

LV8

11,470  90

591 microbialite

LV5

8290  70

723 microbialite

LV3

10,320  90

1000 microbialite

LV10

10,270  80

577 microbialite

LV7

6300  70

6900 calcareous
sediment

LV11

a
Note that the sample ages are quoted as uncalibrated conventional radiocarbon dates in before present (BP) using the Libby 14C mean life of 8033 years (Reimer et al., 2004).
All solutions, with a probability of 50% or greater for the calibrated age of resulting radiocarbon ages, were calculated from the dendrocalibration data. The 68% and 95%
confidence intervals, which are the 1σ and 2σ limits for a normal distribution, were also calculated. A probability of 100% was determined when the radiocarbon data
intersected the dendrocalibration curve at this age. All results are rounded to the nearest multiple of 5 years.
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13,270  100

Volcanic material
Volcanic material
Mixed volcanic/lacustrine unit. Higher concentration of small (1–10 cm) volcanic
rocks, gravel, and sand. Two shorelines with no compositional difference
Volcanic material exposure: three to four exposed flows, possible shoreline over
one vertical meter
Five-meter terrace descending toward current shoreline. High density of fossil
microbialites, very eroded, dark brown to light tone. Lake-bed material
Lake bed with submillimeter- to millimeter-scale layering. Pitted material, lighttoned to yellow/brown. Mottled maize-colored material, similar to that of
LV5. Major terrace (2 m). Small microbialite structure
Mixed volcanic/lacustrine unit. More sand. Mottled, patterned, maize-colored
lake-bed material. Material similar in morphology, tone, and color to that
observed in Laguna Blanca
Dark volcanic material. Blocks embayed by lacustrine material (light-toned).
Shorelines
One-meter-high terrace. Microbialites present but less abundant. Exposure of
dark lava and mud-like material. Terrace extends to 25 m in the direction of the
current shoreline
Platy, lacustrine material; light-toned, granular; gypsum. Some curved or domed
structures. Evidence of secondary mineralization
Level connecting with the current level of Laguna Verde. Volcanics and salt
deposits. Microbialites are less abundant. Fossil algae
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Laguna Blanca series

11,540  110

293 microbialite

LB2

10,650  110

257 microbialite

LB4

10,590  100
9960  100

464 microbialite
335 microbialite

LB9
LB5

9210  100

338 microbialite

LB7

8440  80

4900 microbialite

LB1

8250  90

279 microbialite

LB6

8140  90

319 microbialite

LB8

7520  90

396 microbialite

LB3

Dome structures 0.45 m high, round, a few elongated (0.40–0.70 m). High
density, light-toned
Margin of volcanic and lake shore material. Horizontal laminations over 10 cm.
Light-toned to lightly reddish. Associated with boulders
Microbialite
Dome structures; highly eroded and disintegrating into sand- to granule-size
particles. Laminations well preserved ranging from 1 to 7 mm in thickness.
Light-toned to reddish
Elongated structures, poorly preserved. High density; size <1 m long and 0.50 m
wide; 0.50 m high; mixed with volcanic rocks and anchored on volcanic
material; brownish-gray texture, pitted
Tall (1.2 m) and large structures (15  5 m) on average, elongated, eroded, high
density, brown
Large, elongated, coalescent structures, laminated. Average height is 1.2 m, well
preserved, high density, light-toned with some reddish layers
Tabular, elongated structures up to 5 m long and 0.50 m high, massive terrace of
microbialites, brownish to light-toned, a few eroded round structures (1 m)
exposed partly, 50–60 cm wide, dark brown color
Low density. A few very large specimen (5 m diameter and 1. 2 m high), lighttoned

a
Note that the sample ages are quoted as uncalibrated conventional radiocarbon dates in before present (BP) using the Libby 14C mean life of 8033 years (Reimer et al., 2004).
All solutions, with a probability of 50% or greater for the calibrated age of resulting radiocarbon ages, were calculated from the dendrocalibration data. The 68% and 95%
confidence intervals, which are the 1σ and 2σ limits for a normal distribution, were also calculated. A probability of 100% was determined when the radiocarbon data
intersected the dendrocalibration curve at this age. All results are rounded to the nearest multiple of 5 years.
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Table 6.3 Age and characteristics of Laguna Blanca samples
Radiocarbon
Sample weight
Sample
Agea (years, BP)
(mg) and type
ID
Description
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Fig. 6.4 Volcanic/carbonate interactions—two regions of sample LV6 (13,270  100 BP). Left:
Agglomerate consisting of volcanic fragments and mineral clasts cemented and intercalated with
subrounded, framboidal carbonate fragments containing minute relict algae. The fine-grained
carbonate is rimmed by overgrowth of more clear carbonate with growth bands. Right: Basaltic
andesite and fine-grained carbonates. The field of view for both micrographs is 2.3 mm. (Credits:
High Lakes Project/The SETI Institute and NASA Astrobiology Institute/Biostratigraphy.com.)

6.7 CHEMICAL AND ISOTOPIC SIGNATURES
Chemical composition and isotopic characteristics are markers of geologic, climatic, and/
or biological changes. Major and trace elements were obtained from fusion-inductively
coupled plasma (FUS-ICP), total digestion ICP multielement analytic procedure, and
rock analysis through X-ray fluorescence (XRF) and XRF pressed pellets.
A high CaO concentration reflects a majority of carbonate rocks on the paleoshores
with the exception of the Late Pleistocene/Holocene transition, where a significant peak
in silica and other oxides is observed. Previous climate models and lava-flow studies (Kull
et al., 2003; Figueroa et al., 2008) have suggested that the Licancabur volcano was mostly
built up after the LGM (12–10 ka). Our data independently confirm that volcanic activity
related to Licancabur was taking place at the end of LGM as the oldest lacustrine sediments from Laguna Verde (13,270  100) are capped by its lava flows. Another, stronger,
peak in SiO2 is observed at 12,070 BP but, unlike the first one, is limited to silica with no
substantial variations in other oxides. No older deposits were observed, which either
suggests that there was no lacustrine activity before that time (which would provide a
boundary age for the formation of Laguna Verde) or more ancient lake sediments were
eroded away or buried by subsequent deposits.
The influence of the Licancabur volcano buildup on the west paleoshore environment is further revealed by the evolution over time of the rock major element oxides.
Although none of the Laguna Blanca samples are as old as Laguna Verde’s oldest, both
series can be compared after 11,540 BP. The youngest sample in Laguna Verde shows the
highest percentage of SiO2 (8.75 wt.%) of the Holocene samples. While not as high as the
Late Pleistocene values that we attribute to Licancabur’s activity (16.6–20.20 wt.%), it
represents double the average seen in the Holocene samples (average 5.26 wt.%). The
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Fig. 6.5 Fossil record in changing environment: (A) curved fossil fragment in dark, murky carbonate
matrix in deposits that show evidence of a high-energy environment and no seasonality (12,250 BP).
(B) Carbonate replacement of fossil fragments (12,250 BP). (C) Carbonized fossil fragments including
ostracods during a desiccation event (10,270 BP). (D) Algae fragments in clear recrystallized carbonate
in an environment of stagnant waters (8440 BP). (E) Samples dominated by cyanobacteria filaments in
growth bands (8290 BP). (F) Silicate clasts in murky carbonate matrix in a high-energy lake (6300 BP).
See also Table 6.4 for summary of changes in lake dynamics and environment. Field of view: 2.3 mm
(A and C) and 0.45 mm (B, D, and E). (Credits: High Lakes Project/The SETI Institute and NASA Astrobiology
Institute/Biostratigraphy.com.)

same increase is noted at Laguna Blanca, where it started earlier in the Holocene (9960
BP), with temporal fluctuations (Fig. 6.6).
Major element oxide ratios significantly differ prior to 10,000 BP, while they have
remained comparable for both Laguna Verde and Laguna Blanca since that period. After
the end of the Pleistocene, levels of SiO2 are on average four times lower in the samples
(5 wt.%). At Laguna Blanca, the average concentration is slightly higher (6–9 wt.%)
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Fig. 6.6 Major element oxides—carbonates dominate the sample geochemistry. High values in SiO2
and Fe2O3 during the end of the Pleistocene are attributed to volcanic activity related to the
Licancabur volcano. Excepted for these peaks, similar trends over time on samples collected on
what are the shores of Laguna Verde and Laguna Blanca in present times show that the early
Holocene lake was still reacting to change in the basin as one unit. Higher silica content in more
recent times for the LB sample series is attributed to a higher abundance of hydrothermal springs
on the east shore compared with the west shore, as evidenced in the geologic record of the
ancient terraces.

throughout the stratigraphic column than the average for Laguna Verde. Except for LB4
(10,650 BP), no direct contact with volcanic material was observed for the samples in that
series, and in this case, the variability of SiO2 might be related to variations in hydrothermal and biological activity over time. Hydrothermal springs are present around both
Laguna Blanca and Laguna Verde, and diatoms are observed in both fossil records. Currently, they are significantly more abundant and diverse in Laguna Blanca (Acs et al.,
2003; Cabrol et al., 2007a). Diatoms use SiO2 as ballast by depositing it in their cell walls
to sink more rapidly (e.g., Honjo et al., 1995). They also use silica for growth (e.g.,
Tilman and Kilham, 1976; Volcani, 1981), and fluctuations in their population over time
may have affected the geochemical record (Fig. 6.7).
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Fig. 6.7 Sample major element oxide ratios—the Pleistocene samples associated with the buildup of
Licancabur appear as outliers in otherwise comparable trends for both sample series. With decreasing
regional volcanic activity during the Holocene, the increase in SiO2 versus CaO might be related to
hydrothermal and/or biological activity (e.g., changes in diatom populations). The trend observed
for SiO2 versus Na2O suggests variability in the weathering of volcanic rocks that could be
associated with fluctuations in lake dynamics over time.

6.8 CHANGES IN LAKE HABITAT AND BIOSIGNATURES
The impact of environmental changes on microbial habitat and biosignatures was characterized by comparing thin sections from both lakes at close radiocarbon ages. Palynology (pollen, spores, and algae), diatoms, and other organic residues provide a window
into environmental changes through the stratigraphy. Organic material from cyanobacteria in the microbialites was preserved only as relicts, mostly as brownish, organic-rich
carbonate, which made the identification of main groups nearly impossible.
In the fossil record (Fig. 6.8), cuspate-shaped fragments resembling ostracods (12,070
BP) and abundant broken diatom valves (12,250 BP, Fig. 6.8A and B) show that the Late
Pleistocene was dominated by a high-energy environment. Volcanic activity and the
weathering of volcanic material transported into the lake are recorded at 13,270 BP
and once again at the end of the LGM (11,470 BP). The abundance of clay, the intense
oxidation, and the almost complete replacement of mafic minerals by amorphous ironhydroxide suggest wet episodes and/or extensive underwater residence of the volcanic
material. Layered tufted mats (Gerdes and Krumbein, 1994; Gerdes et al., 2000; Noffke,
2010) covered by coccoid cyanobacteria populations at Laguna Blanca (Fig. 6.8C) record
the increasing aridity at the beginning of the Holocene (10,590 BP). Within a fewhundred-year interval (10,270 BP) on the opposite shore, fossil types had also changed
at Laguna Verde when compared with the previous periods. Carbonates made of dark,
microcrystalline murky domains and light clear domains (or recrystallized and second-

Fig. 6.8 Environments, habitats, and biosignatures: (A) Stromatolite fabric constructed by in situ
networks of cyanobacterial filaments. These networks include many broken diatom skeletons,
showing a high-energy environment. No seasonal variation recorded. (B) Details of diatom
fragments baffled, trapped, and bound by cyanobacteria. (C) Network of in situ lithified
cyanobacteria visible in the brownish, organic-rich carbonate and in the older, fully lithified, and
lighter portion of the stromatolite. (D) The stromatolite shows baffling, trapping, and binding of
fine sand material (e.g., quartz grains). In situ lithification of the cyanobacteria can be seen within
the brownish-colored, organic-rich carbonate portion. No seasonal variation recorded.
(E) Seasonality recorded in the growth pattern of the stromatolite. Two mat generations are
distinguished, one composed of filamentous cyanobacteria and the other of vertically oriented
filaments. This suggests that growth stopped at times during which the cyanobacterial filaments
oriented themselves parallel to the surface. (F and G) Growth pattern (from E) with a tufted mat (F)
and thick, vertically oriented filaments (G). (H) The stromatolites are formed by coccoid and
filamentous cyanobacteria. Several generations of cements are visible. The pattern of lithification
records seasonal variations in the chemical composition of the lake. Here, the cement layers are of
even thickness, thus recording the formation of the stromatolite in almost stagnant water. (I) No
main direction of water current is visible. Episodic desiccation events created the reddish-brownish
seams visible in the carbonate matrix. The stromatolite is very porous, which documents a high
gas production by the cyanobacteria. Gas bubbles are visible within the brownish, organic-rich
carbonates and in the fully lithified portions of the stromatolite. Most of these gas bubbles
contained CO2. (J) Filamentous cyanobacteria. (K) The development of the stromatolite came to an
end. (L) This stromatolite was formed in an environment of stronger water currents. The carbonate
fabric is constructed of fragments of coarse material in hollows (e.g., ostracod shell fragments). The
sample shows baffling, trapping, and binding of the coarse material.
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generation carbonates) emphasize these changing conditions and their impact of microbial ecosystems: In this environment, sinuous algae are missing from the fossil record,
while worm burrows are now abundant. Evidence of baffling, trapping, and binding
of fine sand material, such as oriented quartz grains (Noffke et al., 1997), is found
9960 BP, with in situ lithification of cyanobacteria (genus Lyngbya) within the
brownish-colored, organic-rich carbonate portion of the sample (Fig. 6.8D).
Seasonality is detected for the first time 9210 BP (Fig. 6.8E) in the growth pattern of
the microbialites through the presence of two generations of mats both in the organicrich carbonate margins and in the fully lithified fabrics: one is composed of a tufted mat
made of filamentous cyanobacteria forming bundled pinnacles and the other of thick,
vertically oriented filaments. Fig. 6.8F and G shows both mat generations. Cyanobacterial filaments oriented parallel to the surface indicate that the microbialite growth stopped
at times (e.g., Browne et al., 2000; Noffke et al., 2003).
Over a thousand years later (8440 BP), the environment has changed to almost stagnant waters evidenced by cement layers of even thickness in the microbialites. No main
direction of water current could be inferred from the sample. Thin section through the
structure shows several generations of cement with a pattern of lithification recording
seasonal variation in the chemical composition of the water (Fig. 6.8H). Reddish to
brownish seams in the carbonate matrix reveal episodic desiccation, and the high porosity
of the microbialite is an indication of abundant gas production by the metabolic activity
of cyanobacteria (e.g., Sumner, 2000).
This time period is also represented by three other samples in the stratigraphic column
(Tables 6.2 and 6.3). They all have similar characteristics, strengthening the case for seasonality and fluctuating environmental conditions. Two separate carbonate generations
are observed at 8290 BP (Fig. 6.4), showing more than one deposition event: One is
characterized by dark, murky microcrystalline carbonate and represents the original
depositional environment; the other is a light, fine-grained carbonate with radiating
starburst-like and spherulitic carbonates, which suggests a later and cleaner depositional
environment.
In more recent times (Fig. 6.8I–L), filamentous algae are randomly oriented in the
microbialites. Rare grains of magnetite and hematite suggest little oxidation. The youngest sample in the stratigraphic column 6300 BP is made of carbonate fragments (95%)
cemented by amorphous carbonate matrix. The remainder of the sample consists of
clastic material (quartz, plagioclase, hornblende, clinopyroxene, biotite, and magnetite).
Silicates are derived in part from local volcanic rocks. The abundance and broken
morphology of fossils and the presence of clastic volcanic material may indicate the resurgence of a higher energy environment at that time (wind and waves) and possibly more
erosion of the volcanic material on the shore.
The summary of observations and inferred environments is shown in Table 6.4.

Table 6.4 Summary of microbialite main characteristics and inferred paleolake environments
Year
Epoch
(BP)
Sample main characteristics
Lake dynamics/environment

Late Pleistocene

Transition to
Holocene

13,270

Fragment of basaltic andesite rimmed by
carbonate in agglomerate

12,250
12,070

In situ lithified cyanobacteria
Dark, murky, poorly crystalline, amorphous
carbonate. Clear carbonates outline walls of
vesicles and form rims of carbonate-altered fossil
fragment. Many fossil fragments
Matrix replaced by red-brown clay

11,470
10,590

Holocene

9960

9210

8840

8140
7520

Transition to
midHolocene

6300

No seasonality observed

Clear evidence of seasonality recorded for the first
time in growth pattern

Stagnant waters. Fabric suggests seasonal variation
in the water composition. Episodes of
desiccation
Seasonal variations
Oxidation. Growth band related to seasonality
Comparable with 8250 BP
No significant oxidation

Broken fossils and volcanic may indicate higher
hydraulic regime (locally?) and erosion. Silica
could signal the input of a hydrothermal source
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Two separate carbonate generations
Dark and light carbonate. Poorly preserved algae
and ostracods shells. Growth bands
Growth bands
Microcrystalline to cryptocrystalline carbonate in
small domains. Abundance of fossil fragments.
Fossil algae are randomly oriented
Conglomerate cemented by amorphous matrix.
Many broken fossils. The presence of volcanic
clasts. Quartz does not belong to local volcanic
material

Extensive oxidation wet episode and/or
extensive residence of rock underwater
Potential desiccation events
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8290
8250

Two layers of tufted mats. Tops are covered by
dark coccoids
Cyanobacteria probably belonging to the genus
Lyngbya. In situ lithification of the
cyanobacteria
Organic-rich carbonate margins and lithified
fabric. Two mat generations: filamentous
cyanobacteria forming tufted bundles and thick
filaments
Coccoid and filamentous cyanobacteria. Cements
of even thickness

Volcanic activity and/or weathering of volcanic
material. Significant oxidation and abundance
of clay. Increased precipitation
High hydraulic energy. No evidence of seasonality
High hydraulic energy. No evidence of seasonality
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Diatoms confirm depositional environments of littoral to lake margin suggested by
the distribution and shapes of the microbialites, with a dry, sandy to rocky lakeshore;
elevated lake salinity; and somewhat alkaline water chemistry. Environmental stress,
such as climate change, acidification, and/or eutrophication of the lake, was further
tracked with a transfer function to chart changes in diatom assemblages between samples. An initial principal component analysis (PCA) reveals species and assemblage associations in the better-preserved samples (Fig. 6.9). The salinity index (after van Dam
et al., 1994) suggests that all samples were formed in a lake with an average elevated
salinity. The Late Pleistocene lake was marked by brackish to fresh waters (salinity
index, SI, 1.99–1.90; see Table 6.5). A decrease in the salinity index around 9960
BP may be indicative of a wetter climate phase with increased runoff, groundwater
input, hydrothermal spring, and/or change in precipitation regime. In the same geologic timescale, Abbott et al. (1997) note an increase in organic matter in high-altitude
lakes in the Cordillera Real (northern Bolivia) that they attributed to an increase in
precipitation. Species that are commonly associated with finer sediments or quiet water
(e.g., Nitzschia, Amphora, and Gyrosigma) suggest a slow distal stream discharging into

Fig. 6.9 Principal component analysis of diatom populations and salinity index—the PCA illustrates
sites and species data with the salinity index passively shown as the green arrow. The circles
represent the seven samples; the squares and triangles represent the species and the position for
all species in relation to each other. The differently colored triangles are the dominant species in
the samples, with their names near the symbols. The principal axis appears to be most closely tied
to the salinity preferences of the species and the secondary axis to the environment (i.e., pelagic vs
benthic). Dominant species varied with samples.

Table 6.5 Summary of paleoenvironmental analysesa
Year
Acid-insoluble
(BP)
Rock texture
residue
Thin section

12,250

10,590

9960

9210
8840

Radiating
bladed/
botryoidal
Layered,
vuggy,
compact
Layered

Layered,
vuggy
Granular

Botryoidal,
vuggy

LB13d

Radiating
botryoidal

a

Dark filament

Lenticular
insoluble
minerals
Fine insoluble
minerals
Insoluble
minerals and
fine organics
Clear filament

Abundant
filaments

Stronger water
currents, no
seasonality
Desiccation,
seasonality
Lyngbya. In situ
lithification, no
seasonality
Seasonality
Coccoid/filamentous
cyanobacteria,
seasonality
No seasonality,
continuously
subaquatic
Stronger water
currents

Diatomsb

Shallow alkaline water

SI ¼ 1.99—brackish salinity,
benthic mats, quiet water,
fine sediments
SI ¼ 1.90—rare diatoms, salinebrackish

Shallow alkaline, saline
water
Shallow alkaline, saline
water, algal crusts
Alkaline, saline water,
fluctuating level
Fluctuating water level

More expansive,
alkaline, saline water,
algal crusts
Transitional shoreline

SI ¼ 1.57—fresh-brackish
warm open water, fine
sediments
SI ¼ 1.95—saline deep water;
fine sediments
SI ¼ 2.13—brackish pelagic,
deeper, or more open warm
water
SI ¼ 1.23—fresh-brackish
water
SI ¼ 1.87—higher salinitybrackish

From thin-section analysis of the stromatolite microfabric, analysis of the siliceous diatom content, and palynological analysis of the organic content.
SI ¼ salinity index (range 1–3; 1 ¼ fresh, 2 ¼ fresh to brackish, and 3 ¼ purely brackish).
c
Organic filamentous sheaths of probable cyanobacterial origin are present in most samples.
d
Supplement samples with no radiocarbon age. Data from palynology and petrography suggest an Early Holocene age.
b
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LB12d

Abundant
filamentsc

Palynology
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the lake. The sometimes large numbers of N. inconspicua might coincide with periodic
high water discharge from this river.
More climate fluctuations are recorded throughout the stratigraphic column
(Table 6.5). High salinity is a trend that continues today. Laguna Verde is three times
saltier than seawater and Laguna Blanca 10 times saltier than average continental waters
(Acs et al., 2003). However, while Laguna Verde remains highly alkaline (Cabrol et al.,
2009), the pH of Laguna Blanca is mostly neutral with local variations (Table 6.1),
reflecting the chemical characteristics and relative abundance of the many active
hydrothermal thermal springs currently flowing into the lake compared with Laguna
Verde. It also confirms the physicochemical separation between the two bodies
of water.
The high abundance of the Botryococcus algae in some of the samples underscores elevated water alkalinity and the occurrence of a changing lake dynamics, possibly related to
new wind regimes, with wind and waves concentrating the buoyant alga to form crusts
along the lakeshore. Modern observations of this wind concentration mechanism in
major saline lakes and ocean embayments around the world are summarized in Zippi
(1998). High winds (40–100 km/h) are a daily constant in current climate conditions
in the study area, and the accumulation of Botryococcus may be evidence for the timing
of their initiation.

6.9 CONCLUSION
Sample analysis within the stratigraphic survey at Laguna Verde provides insights into the
evolution of microbial habitats and biogeosignatures in a changing planetary environment, particularly into their rapid response to change. Some of the datasets used for this
reconstruction (e.g., diatoms, zooplankton, and pollen) have no relevance to Mars.
However, the transition from a wet to arid climate and its impact on hydrogeologic
dynamics and physicochemical and geochemical signatures offer suitable geosignature
analogies to the Noachian/Hesperian transition on Mars and possibly biogeosignatures
as well (e.g., microbialites, especially MISS). This analogy also bears important lessons
for a potential evolution of life on Mars (Cabrol, 2018) and for the upcoming exploration
of biosignatures.
The environmental transformation observed at Laguna Verde can be considered rapid
at geologic scale, with fluctuations over several thousands of years, and a dramatic acceleration today. Yet, whether during the Late Pleistocene/Holocene transition (this chapter) or in the present-day Laguna Verde and Laguna Blanca (Cabrol et al., 2007a,b, 2009,
2010a,b), the response of the lacustrine habitats could be immediately observed in
the seasonality captured in the samples (or the lack thereof), in the composition of the
sediments, and in the changes in the fossil record. This reemphasizes the value of ancient
lakes as landing sites when contextual environmental data at major and minor scales
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are critically needed to reconstruct the biological and geologic evolution of a site, as that
will be the case for the upcoming missions searching for biosignatures. One example is
the array of potential MISS in the lake deposits of the Gillespie Lake Member on Mars,
where surface structures could be consistent with the reaction of microbial mats to the
fluctuations of the local climate, including humidity and changes in water level of the
ancient lake (Noffke, 2014).
Laguna Verde also carries an important message about how we should think about
the exploration of Mars (scale and resolution) as it transitions from the characterization
of habitability to the search for biosignatures. The loss of the magnetosphere 4.1 Ga and
that of the atmosphere by solar-wind sputtering possibly as early as 3.9/3.8 Ga ( Jakosky
et al., 2017) implies that by terrestrial standards, the surface of Mars became a polyextreme environment very early on (e.g., extreme UV, cold, aridity, and thin atmosphere). In many ways, the altiplanic lakes are evolving in a similar polyextreme
environment. At high elevation and in a thin atmosphere, the spatiotemporal impact
of environmental stress on altiplanic lakes may reflect what was taking place on early
Mars. In this analogous environment, while the dynamics of the lakes results from
regional aridification trends, the habitats currently forming out of the separation of
Laguna Verde into two distinct bodies of water demonstrate that in polyextreme environments, local—not global—processes dominate (Cabrol, 2018). Although Laguna
Verde and Laguna Blanca are still connected today by a small channel, individual basin
topography, geology, and abundance and physicochemical characteristics of hydrothermal springs feeding into each lake are generating different water chemistries,
weathering and deposition processes, sediment texture, composition, and ultimately
ecosystems with different internal feedback loops and biosignature preservation
potential.
Understanding ancient martian lake habitats that may have formed during the
Noachian/Hesperian transition requires, therefore, shifting the scope of exploration from
planetary habitability (global trends) to that of (local) microbial habitat potential.
Currently, the resolution and scale of the morphological, geologic, mineralogical, and
compositional data that would matter for the evaluation of the microbial habitats and
biosignature potential for candidate landing-site selection are not available, with the
exception of Gusev and Gale Craters and Meridiani. Unless a return to one of these landing sites is planned, both Mars 2020 and ExoMars will have to spend a substantial amount
of mission time deciphering habitat and biosignature potential from the ground before
they can first understand where to acquire the most valuable samples.
The issue is compounded on Mars by the fact that it is unknown whether biological
processes, if any, had time to accumulate enough organic matter to be detectable by
mission instruments or can be recognized as such. Further, terrestrial studies have demonstrated that as environmental pressure increases and opportunities for adaptation
decrease, life tends to reduce its footprint to micrometer-meter niches (Cabrol, 2018
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and references therein). In this respect, the continuous study of terrestrial analogs
integrating orbital, field, and laboratory data is imperative in support to the upcoming
missions and to future sample return, in order to provide guidance on instrument
payloads and detection thresholds.
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For nearly 40 years, hydrothermal deposits have been recognized as potential paleobiological repositories for astrobiological exploration of Mars. Here, we summarize the
motivation for this astrobiological search strategy as it pertains to our current understanding of silica-depositing hot spring ecosystems and terrestrial siliceous hot spring deposits.
We also discuss the rover and orbital observations of recently discovered hydrothermal
opaline silica deposits on Mars—interpreted as evidence of hot spring activity. The opaline silica digitate sinters near Columbia Hills represent the strongest evidence to date for
potential fossilized biosignatures on Mars. The high habitability and preservation potentials of hot spring deposits on Earth, along with their ability to reveal insight into the
metabolic evolution of life, strengthen the rationale for targeting siliceous hot spring
deposits as high-priority astrobiology sites for future Mars missions.

7.1 INTRODUCTION
If microbial life ever emerged on Mars, it is likely that it would have thrived in hot
springs, given that hydrothermal systems would have been widespread throughout the
planet’s history (Walter, 1996; Farmer, 1996; Schultze-Makuch et al., 2007). In general,
hydrothermal systems develop when subsurface fluid (meteoric, magmatic, connate),
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heated by rising or impact-generated magma, circulates and interacts with subterranean
rock during its ascent to the surface. Hydrothermal fluid reaches the surface via subterranean fractures and passes through hydrothermal spring and geyser effluents where it
redeposits dissolved minerals and aqueous precipitates as it cools (Fournier, 1989;
Henley and Ellis, 1983; Sillitoe, 2015). Hydrothermal systems that developed along midocean ridges and terrestrial hot springs, whether they were initiated by volcanic, impact,
or tectonic activity, represent some of the most ancestral niches for microorganisms on
the early Earth (Walter, 1996; Henley, 1996; Nisbet and Sleep, 2001).
Relevant to an astrobiology search strategy for Mars is the high habitability and preservation potentials of hydrothermal ecosystems. Silica-depositing terrestrial hot springs,
in particular, have the ability to serve as paleontological repositories on Earth, as well as
on Mars or any other rocky planet that could have experienced sustained periods of
hydrothermal activity and hosted life as we know it. Silica sinter1 deposits can preserve
a variety of microbial biosignatures that include body fossils (morphologically and chemically recognizable cellular remains), biofilm and microbial mat fabrics, and biosedimentary structures (stromatolites, microbialites, and microbially induced sedimentary
structures), along with chemical fossils (biosynthetic molecules, biologically fractionated
stable-isotope signatures, biominerals, and anomalous concentrations and combinations
of elements and minerals) (e.g., Walter, 1976b; Cady and Farmer, 1996; Jones and
Renaut, 1996; Jones et al., 2001; McKenzie et al., 2001; Hinman and Walter, 2005;
Georgiou and Deamer, 2014; Campbell et al., 2015a,b; Siljestr€
om et al., 2017). Recent
discoveries of massive primary opaline silica deposits in two locations on Mars, hypothesized for different reasons to be hydrothermal in origin (Squyres et al., 2008; Ruff et al.,
2011; Skok et al., 2010; Ruff and Farmer, 2016), strengthen the relevance of the astrobiology search strategy for hydrothermal spring deposits on Mars that was originally proposed nearly four decades ago (Walter and Des Marais, 1993), and has been pursued and
subsequently reported in hundreds of publications.
The key attributes that make siliceous sinters a compelling astrobiological target on
Mars are reviewed here. In the sections that follow, we discuss a number of topics that
1

Although it was suggested recently to restrict the term sinter to describe sedimentary rock primarily composed
of silica that precipitates from hot spring waters at the vents of high-temperature (high-enthalpy) hot springs
and geysers and from cooled waters on their surrounding discharge (Renaut and Jones, 2011b), we maintain
the traditional, more inclusive definition of the term sinter sensu lato to describe a sedimentary rock type
composed primarily of hot spring precipitate. Note that the broader use of the term does not imply (a)
the temperature of the fluid from which the sinter formed (from boiling to ambient); (b) the primary
mineralogy of the sinter (e.g., silica, iron, manganese, and carbonate, though travertine is the term
typically used to describe carbonate sinter); or (c) the diagenetic state of the sinter precipitate, which for
silica could be primary opal-A, any of the other varieties of microcrystalline opals or fibrous quartz
phases, or microcrystalline quartz (the microstructures of opal and fibrous quartz varieties are highly
disordered but opals rather than quartz varieties are kinetically favored to precipitate from aqueous fluids,
cf., Cady et al., 1996, 1998). In this chapter, the focus is on silica sinter, the relative geological age of
which is specified by the primary mineralogy.
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highlight the potential astrobiological importance of the recently discovered hydrothermal opaline silica deposits on the red planet.

7.2 HOT SPRING DEPOSITS AS ASTROBIOLOGY TARGETS
Silica-depositing hot spring ecosystems host a wide range of metabolic strategies that are
concentrated in sequential, concentrically arranged zones around hot spring effluents and
pools. When hot spring fluids flow out and away from near-boiling pools and geysers, the
metabolism of the primary producers in the microbial communities changes from chemotrophic to anoxygenic phototrophic to oxygenic phototrophic. As shown in Fig. 7.1,
the zonal distribution of distinct phototrophic microbial communities—visible because
of differences in the colors of their dominant photosynthetic pigments—produces a distinctive bullseye pattern when viewed from above. The major controls on the occurrence
of biofilm- and mat-forming communities in silica-depositing hot springs include temperature, pH, and H2S and O2 concentrations (e.g., Peary and Castenholz, 1964; Brock,

Fig. 7.1 Aerial photograph of Grand Prismatic hot spring, Yellowstone National Park, USA. Chemotrophic
microbial communities appear in the field as light-colored, transparent biofilms and streamers that
colonize sinters in and around hot spring pools like this one, so long as they are episodically bathed
with near-boiling fluids. Anoxygenic phototrophic communities occur as red- and green-pigmented
layered mats and green streamers that occur adjacent to the hyperthermophile chemotrophic
communities, living downstream in slightly lower temperature fluids. Oxygenic phototrophic microbial
communities, which can be characterized by brown, orange, green pigmented communities, live
at lower-to-ambient temperatures downstream of the higher temperature anoxygenic phototrophs.
Photo taken on March 26, 2015, © Sean Beckett j Dreamstime.com, Image ID 64049867.
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Fig. 7.2 Mixed Si- and Mn-depositing hot spring pool, Yellowstone National Park, USA. Deeper cavities
in the sinter on the bottom of the pool reveal the position (and upflows, not visible in photo) of
hydrothermal effluents of active (and likely former) vents. Submerged terraces just below the pool
rim extend out over the vents, building up sinter from beneath as hydrothermal fluids bubble
toward the surface and circulate convectively throughout the pool. The shallow submerged
surfaces represent the ledges of sinter that build out over the pool surface during a prior period of
quiescent flow. The columnar geyserite along the rims of the pool reveals periodic boiling-like
activity due to vigorous degassing, at this site. The mixed chemical composition of the hightemperature sinter reveals evidence of multiple pathways for fluids of different composition.

1978; Castenholz and Pierson, 1995; Ward et al., 1998; Bryant et al., 2007; Boomer et al.,
2009; Inskeep et al., 2010). In general, the steeper the thermal and geochemical gradients
along the pool rims and edges of the outflow channels, the more abrupt the transition
from one microbial community to the next and the more concentrated the biodiversity
at such transition zones.
Hyperthermophilic chemotrophs live, by definition, in fluids that range in temperature from near-boiling to 80°C (Brock, 1978; Stetter, 1996). In terrestrial silicadepositing hot springs, like the one shown in Fig. 7.2, hyperthermophilic communities
are dominated by filamentous bacteria (Blank et al., 2002; Inskeep et al., 2013).
When filamentous hyperthermophilic biofilms colonize geyserite2 surfaces, they form
2

High-temperature silica sinters, known as geyserites (sensu White et al., 1964), precipitate within or
immediately adjacent to thermal springs and geyser effluents from hydrothermal fluids ejected at or
above surface boiling temperatures, waters that were once thought to be sterile (Allen, 1934) and
capable only of producing abiotic sinters (Walter, 1976a).
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very thin biofilms only a few cell-layers thick, which are typically not visible with
the naked eye in the field (Cady and Farmer, 1996). In rapidly flowing outflow channels
of near-boiling hot spring pools, filamentous hyperthermophiles can form long (a few to a
few tens of centimeters long) filamentous “streamers” that flow freely from continuous
(e.g., as on a stick or rock) or isolated attachment points (e.g., from a topographical high
point a millimeter or two in diameter on a flat mat surface or on a loose piece of sinter)
(Reysenbach et al., 1994). Cady and Farmer (1996) were the first to demonstrate
that communities of hyperthermophilic biofilms colonize nearly any surface within
and along the rims of near-boiling silica-depositing hot springs and that their presence
influences the fabrics and the macrostructural characteristics of geyserites. The paleobiological relevance of geyserites was recently reviewed by Campbell et al. (2015a).
Hyperthermophiles are considered by many to be the closest living relatives of microbes
that occupied ancient ancestral hydrothermal niches at the ocean floor and on land (e.g.,
Shock, 1996; Farmer, 1998; Doolittle, 1999; Nisbet, 2000; Nisbet and Sleep, 2001;
Rothschild and Mancinelli, 2001; Reysenbach and Cady, 2001; Schwartzman
and Lineweaver, 2004; Stetter, 2006; Glansdorff et al., 2008; Deamer and Szostak,
2010; Deamer, 2012; Weiss et al., 2016; Soto et al., 2016; Cavalazzi et al., 2018;
Strazzulli et al., 2017; Dai, 2017; Price et al., 2017). Recent chemical, geological, and
biochemical computational evidence has reinforced the hypothesis that life could have
originated in terrestrial hot springs (cf., Van Kranendonk et al., 2018; Westall et al.,
2018, and references therein).
The transition from hyperthermophilic chemotrophic biofilms to filamentous thermophilic anoxygenic phototrophic communities occurs downstream, or in vertical
microniches ( Jones et al., 1997), where fluid temperatures drop below 80°C. Their
visible light-harvesting bacterial chlorophyll pigments reveal that these microbial populations occupy the upper layers of stratified thermophilic mats that can reach several
millimeters in thickness (Castenholz and Pierson, 1995; Boomer et al., 2009). Filamentous “streamers” of anoxygenic phototrophs can also develop in rapidly flowing outflow
channels in this region of a hot spring system when they become intertwined with one
another and with the highest-temperature oxygenic phototrophs (cf., Meyer-Dombard
et al., 2011; Siljestr€
om et al., 2017).
Different populations of cyanobacteria, which are oxygenic thermophilic phototrophs (Castenholz, 1969; Brock, 1978), produce an even wider variety of microbial
mat types located downstream from the anoxygenic phototrophic communities at
lower-to-ambient fluid temperatures. Conical, pinnacle, tufted, bubble, and pustular
mats develop in hot spring outflow channels and across the discharge aprons of silicadepositing hot springs. Massive low-relief, yet laterally continuous, “carpets” of sheathed
cyanobacteria often form where fluid depths thin to only a few millimeters thick (i.e.,
“sheet” flow) and temperatures drop to ambient. The combination of evaporation
and cooling of hydrothermal fluids at the distal ends of silica-depositing hot spring
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ecosystems typically encapsulates sheathed cyanobacteria, which enhance their preservation potential (Farmer, 1999; Guido and Campbell, 2017).
The sequential distribution of distinct thermophilic communities and their corresponding lithified remains in silica-depositing thermal springs in Yellowstone National
Park led Walter (1976b) to propose a correlative set of biological and lithological facies3
for such systems. When mineralized, the different mat biofacies can be correlated with
morphologically similar silica sinter deposits that Walter (1976b) described as sinter lithofacies (cf., Fig. 7.1, Cady and Farmer, 1996). This biofacies-lithofacies model provides a
robust framework for reconstructing the paleoecology of these types of hot spring
deposits, even after the primary opaline silica of the sinters transforms diagnetically to
more thermodynamically stable silica phases (Rodgers et al., 2004; Lynne, 2012).
The biofacies-lithofacies model is highly relevant to astrobiology search strategies on
Mars for three main reasons: (1) Lithofacies of silica hot spring/geyser deposits preserve a
variety of biosignatures indicative of the primary microbial inhabitants of the ecosystem
across multiple spatial scales. Multiple lines of evidence increase the probability of the
biogenic origin of possible biosignatures (Mustard et al., 2013; Westall et al., 2015a;
Hays, 2015; Horneck et al., 2016). For silica-depositing hot springs, the biosignatures
with the highest morphological fidelity include microbial mat fabrics and fossilized
microbial remains (Walter, 1976b; Walter et al., 1996; Hinman and Walter, 2005;
Campbell et al., 2015b); (2) Recently discovered primary opaline silica deposits on Mars,
interpreted as silica sinters (Squyres et al., 2008; Skok et al., 2010; Ruff et al., 2011), do
not appear to have undergone even the earliest stage(s) of diagenesis, which implies that
the deleterious effects of silica phase transformations, which cause subsequent, incremental loss of paleobiological information, would not have impacted microbial biosignatures
if they were preserved in such deposits (Walter et al., 1996; Hinman and Walter, 2005;
Guido and Campbell, 2017); (3) Lithofacies of hot springs and geysers preserve a paleobiological record of the biodiversity of its inhabitants. If the paleoecology of a hot spring
ecosystem was decipherable in siliceous sinter deposits on Mars, the discovery of different
lithofacies could reveal whether anoxygenic and oxygenic phototrophy ever evolved as
key microbial metabolic strategies on another world. In addition to having implications
for astrobiology, such a discovery would impact the selection and/or optimization of lifedetection instruments on future Mars missions and the design of exploration strategies for
other possible habitats (Parnell et al., 2007; Worms et al., 2009; Hays, 2015; Horneck
et al., 2016; Vago et al., 2017).
3

Facies are established to differentiate units of rock from adjacent units within a contiguous body of rock by
physical, chemical, or biological means. For hot springs, biofacies were established to distinguish mappable
microbial communities recognized by the color of their phototrophic pigments and the morphology of
their mats; lithofacies were established as the mineralized equivalents of hot spring biofacies (cf., Walter,
1976b).
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The ubiquitous occurrence on Earth of laminated microbial mat fabrics in silicadepositing hot spring systems, enhanced by pervasive in situ mineralization of biofilms
and mats, strengthens the proposition for astrobiological exploration of sites where
hydrothermal silica deposits have been located on Mars. The morphological and cellular
fidelity of biosignature preservation in hot springs on Earth depends upon the intrinsic
cellular characteristics of heat-loving organisms (e.g., Jones et al., 2001; Konhauser et al.,
2001; Yee et al., 2003; Benning et al., 2004a,b; Amores and Warren, 2007, 2009; Hugo
et al., 2010; Campbell et al., 2015b) and the extrinsic geochemical, hydrodynamic, and
seasonal factors that influence silica sinter precipitation and accumulation (e.g., Hinman
and Lindstrom, 1996; Braunstein and Lowe, 2001; Amores and Warren, 2007; Yee et al.,
2003; Orange et al., 2013; Alleon et al., 2016). An example of how the intrinsic
characteristics of particular cells can enhance their preservation is illustrated by the
sheathed cyanobacterium Calothrix, the dominant cyanobacterial population in distal
low-temperature regions of silica-depositing hot springs. These organisms tend to be
preferentially preserved in the geological record due to their dynamic response to silicification (i.e., their sheath thickens (Benning et al., 2004b) and mineral precipitation
can be localized on specific ultracellular structures in their sheathes (Hugo et al.,
2010)) and the preferential preservation of their sheaths compared to other cellular
components in siliceous sinter deposits (Farmer, 1999; Hinman and Walter, 2005;
Guido and Campbell, 2011; Campbell et al., 2015a,b). An example of the impact of
extrinsic factors on preservation is illustrated via a comparison of the effects of different modes of fossilization (cf., Fig. 9 in Cady and Farmer, 1996): cells rapidly and
completely replaced by opaline silica can retain their morphological fidelity; cells
completely entombed but only partially replaced by opaline silica can be permineralized
(cf., Cady, 2002); and cells incompletely entombed and cemented while still viable in
opaline silica typically lyse after death and their cellular contents are rapidly destroyed
through oxidation. When the carbonaceous remains of cells and extracellular polymeric
substances (EPS) are preserved in opaline silica, they can be characterized by multiple
chemical biosignatures (e.g., Siljestr€
om et al., 2017). The degree to which the effects
of high UV and ionizing radiation and post-preservational oxidation affect the structural
and chemical fidelity of microbial remains has only recently been explored. Theoretical
considerations and experimental studies indicate that cosmic rays can destroy amino acids
mixed with hydrated silica phases like opaline silica in <100 million years (Summons
et al., 2011; Pavlov et al., 2012).
Comparative studies of modern and ancient thermal spring deposits have shown that
the highest morphological fidelity of preservation is skewed toward sinter biofabrics and
stromatolite structures (Walter, 1976b; Hinman and Walter, 2005; Handley et al., 2008;
Campbell et al., 2015b; Westall et al., 2015b; Guido and Campbell, 2017). The ability to
recognize macroscale stromatolite structures and especially the microscale biofabrics of
the majority of hot spring and geyser lithofacies in older sinter deposits is remarkable
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given that, on Earth, the primary opal-A of sinter ultimately transforms to quartz (Rice
et al., 1995, 2002; Walter et al., 1996, 1998; Herdianita et al., 2000; Campbell et al.,
2001, 2015b; Trewin et al., 2003; Lynne and Campbell, 2003, 2004; Lynne et al.,
2005, 2007; Guidry and Chafetz, 2003; Hinman and Walter, 2005; Guido and
Campbell, 2011; Barbieri et al., 2014; Westall et al., 2015b; Djokic et al., 2017). The
fine-scale (millimeter) laminations of macrostromatolites (columns, digitate structures)
are preserved in the oldest known siliceous sinters, which were recently discovered in
the Archean Dresser Formation of the Pilbara Craton in Western Australia (Djokic
et al., 2017). On Earth, the long residence time of quartz at the Earth’s surface is imperative for preservation of such morphological details in the geological record (Farmer and
Des Marais, 1999). On Mars, the persistence of massive monomineralic opaline silica
deposits that could have originated in hot springs suggests that the more delicate
morphological features of microbial fossils and stromatolites can be expected to still exist
in such deposits.
Relevant to interpretations of the source of the opaline silica deposits on Mars is the
fact that economic geologists and geochemists have known for decades that both alkalichloride and acid-sulfate-chloride fluids can source surficial hot springs that deposit silica
sinters in terrestrial hydrothermal environments (cf., Ellis and Mahon, 1977; Henley and
Ellis, 1983; Nicholson, 1993; Renaut and Jones, 2011a). In addition to sourcing hot
springs, subsurface hydrothermal fluids contribute to the production of a variety of different types of silica deposits that have only recently been recognized as being distinct
from sinters (Sillitoe, 2015). These may include silica residue and pseudosinter (e.g., silicified water table deposits, silicified travertines, silicified volcanics, and silicified volcaniclastics (Rodgers et al., 2004; Guido and Campbell, 2011, 2017; Sillitoe, 2015). The
association of such deposits with hydrothermal processes can lead to their misidentification as sinter because they may display laminated fabrics and have a primary opaline silica
mineralogy. The discovery of fossil evidence of filamentous fabrics in epithermal samples
collected from hydrothermal deposits worldwide, archived in independent museum and
researcher collections, suggests that mineralization of filamentous chemotrophic microbiota is a common process in low-temperature (<boiling) subterranean environments
where silica-saturated fluids precipitated primary opaline silica on Earth (Hofmann
and Farmer, 2000).
Walter and Des Marais (1993) emphasized that remote-sensing techniques could be
used to distinguish surface sinters produced by hydrothermal activity due to their distinctive geomorphic features (typically mounds flanked by terraces, channels, and broad discharge aprons) and the geochemical and mineralogical differences between the nearly
monomineralic sinters and their surrounding country rock. Hydrothermally altered
ground in large hydrothermal fields, caused by fumarolic activity and hydrothermal
fluid-rock interactions, can produce a range of geochemically predictable mineral assemblages (Buchanan, 1981; Tosdal et al., 2009). Another consideration relevant to remote
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detection of hydrothermal deposits is the possibility that surficial hot spring deposits may
have been partly/completely removed by erosion, weathering, or impacts, leaving the
exposed epithermal paleosurface of the more voluminous subsurface component of a
hydrothermal system. This evidence for hydrothermal activity could also be detected
remotely as local to regional-scale mineral alteration haloes, the geochemical nature of
which could reveal insight with regard to the composition of the hydrothermal
fluid if the composition of unaltered country rock can be determined (Henley, 1996;
Sillitoe, 1993, 2015).
A final consideration relevant to an astrobiology search strategy for hydrothermal systems on Mars is the geological context of hydrothermal systems, which require a localized
subsurface heat source, typically volcanic or impact-related, and subsurface water or ice
(cf., Newsom, 1980; Gulick, 1998). Such features have been used to prospect for largescale epithermal mineral deposits for decades (e.g., Huntington, 1996). Even on small
rocky planets like Mars that never developed appreciable plate tectonic activity, hot
spring deposits likely formed whenever impact formation, volcanism, magmatic intrusions, or tectonic events resulted in prolonged hydrothermal activity (Gulick, 1998;
Osinski et al., 2013; Westall et al., 2015b).
Some of the earliest convincing evidence for hydrothermal activity on Mars were
remote images of simple channel systems along the margins of impact craters that were
found in data sets of images generated from mapping Mars globally at relatively low spatial
resolution (200 m per pixel) during the Viking Orbital Missions. These investigations
revealed that several major martian volcanic provinces contained possible hydrothermal
features evidenced by the superposition of fluvial geomorphological features associated
with extended volcanic activity (e.g., locations that include Apollinaris Mons, Alba
Patera, Hadriaca Patera, Tyrrhena Patera, Hecates Tholus) (Gulick and Baker, 1989,
1990; Gulick, 1998, 2001; Schultze-Makuch et al., 2007; Osinski et al., 2013). In spite
of the promising findings from remote imaging data sets, the remote and standoff acquisition of elemental and mineral spectra from the surface of Mars proved instrumental in
the discovery of geochemical evidence of hydrothermal activity on Mars.

7.3 DETECTION OF SILICEOUS HYDROTHERMAL HOT SPRING DEPOSITS
ON MARS
Once the technologically more advanced imaging spectrometers were flown on the
recent Mars Global Surveyor (MGS) and Mars Reconnaissance Orbiter (MRO) missions, the discovery of possible hydrothermal features on Mars that were associated with
fluvial morphology and a volcanic geological context steadily increased (Crumpler, 2003;
Farrand et al., 2005; Crumpler et al., 2007; Rossi et al., 2007, 2008a,b; Raitala et al.,
2008; Allen and Oehler, 2008). MGS returned high-resolution (6 m/pixel) narrowangle camera coverage over targeted regions for nearly 10 years (nearly 5 Mars years) after
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its arrival in 1997, and the MRO HiRISE camera imaged the surface with 0.25 m/pixel
resolution starting in late 2006. CRISM visible and near-infrared (VNIR) spectrometers,
also onboard the MRO mission, acquired mineralogical data (20 m/pixel highest resolution) that resolved surface and geochemical features on spatial dimensions of  80 m
or larger.4
Even with the combination of higher resolution imaging and spectroscopic data sets,
there were still complications in making reliable identifications of hydrothermal fields
from orbit, let alone identifying compositionally distinct individual hot spring deposits.
Many areas that display the geomorphological evidence consistent with the presence of
hydrothermal activity on the surface of Mars failed to produce the needed geological evidence in terms of mineralogical and surface landforms at higher resolution. This is largely
because much of the hydrothermal activity associated with the formation of large volcanoes or impacts on Mars is ancient and took place between several hundred million and
3.5 billion years ago. Numerous subsequent resurfacing events and erosional and depositional processes would have erased much of the meters-to-tens-of-meters-scale landforms associated with hydrothermal activity. Large volcanoes, like the Tharsis Montes
and the Elysium and Apollinaris Mons, are situated at high elevations where global dust
storms can deposit material but where the atmosphere is too thin for subsequent winds to
remove it. This creates recent, thick dust layers at high elevations that obscure spectral
and geomorphic observations of small-scale hydrothermal features. The presence of a
persistent dust cover is a major hindrance for reliable remote mineralogical identification.
For example, in CRISM VNIR spectra, the mineralogy of only the top few tens of
micrometers of the surface can be detected.
Fortunately, CRISM VNIR data from the volcanic complex of Syrtis Major—one of
the lowest elevation volcanoes and most dust-free regions on Mars—revealed robust evidence of regional hydrothermal activity in a volcanic geological setting. Multiple distinct
opaline silica mound structures identified at this site are similar in mineralogy and morphology to those associated with terrestrial hot springs on Earth (Skok et al., 2010).

7.4 MARS HOT SPRING DEPOSITS AT NILI PATERA
At the center of Syrtis Major is a series of nested caldera depressions, the best defined of
which is a 50-km-wide depression in Nili Patera (Fig. 7.3). The caldera is unique among
martian volcanic terrains in that it hosts evidence of both effusive and explosive volcanism, nearly monomineralic silica deposits, and compositional diversity that ranges from
olivine-rich basalts to silica-enriched units (Fawdon et al., 2015).
4

To distinguish mineralogically distinctive terranes on a Mars requires a spatial resolution of at least 9 pixels
at the  20 m per pixel resolution of the CRISM instrument and the absence of a dust cover.
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Fig. 7.3 Oblique view of Nili Patera caldera on Mars illustrates the variety of regional geological
features associated with this setting. Silica sinter deposits and sinter-type mounds have been
identified on and around the Nili Tholus volcanic cone (Skok et al., 2010).

Northeast of the caldera is the 300-m-high volcanic cone Nili Tholus. White-toned
deposits were reported by Skok et al. (2010) as opaline silica, which was detected in
CRISM spectral data on and around the cone (Fig. 7.4).
As shown in Fig. 7.5, CRISM data also revealed that—when normalized to the surrounding materials—the proximal white-tone deposits have a strong, asymmetric
2.21-μm VNIR absorption feature, which is caused by a combination vibrational absorption (OH stretch and SiOH bend) (Skok et al., 2010). These deposits also have weak (even
for Mars) hydration absorptions at 1.4 and 1.9 μm (cf., Skok et al., 2010; Sun et al.,
2016a,b). In combination, these spectral absorptions are consistent with an opal-A sinter
composition, an interpretation strengthened by the geological context and distribution
of the deposits on, and adjacent to, the Nili Tholus volcanic cone within the Nili Patera
caldera. Since the initial report of the discovery of these silica sinter deposits around Nili
Tholus, additional Si-OH spectral signatures have been identified in several areas within the
volcanic flows. Deposits with similar absorptions were also detected in regions to the west
and southwest of the cone, all lying on an evolved silica-enriched unit identified by thermal
infrared observations with the use of THEMIS (Christensen et al., 2005).
In contrast to the discrete and point source nature of the near-cone mound deposits,
opaline silica deposits to the west tend to be laterally more continuous (e.g., inset,
Fig. 7.5). Their distribution may represent the remains of a transient hydrothermal system
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Fig. 7.4 Oblique CRISM colored HiRISE DEM project image of Nili Tholus volcanic cone. White-toned
silica sinter deposits occur as mounds similar to those observed in large hydrothermal fields on Earth.
Sinter deposits beneath the mound shown in the center of the image, located on the flank of Nili
Tholus cone, radiates in a fan-shaped deposit oriented downslope, consistent with channelized
outflow deposits from terrestrial hydrothermal effluents (Skok et al., 2010). Image Credit: NASA/JPL/
MSSS/JHU-APL, CTX: P04_002427_1888_XI_08N292W, CRISM: FRT00010628.

driven by volcanic heat flow and the release of subsurface volatiles. Alternatively, the laterally continuous nature of the westernmost silica deposits, in contrast to the distinct
mound structures of the proximal deposits, could be the result of enhanced hydrothermal
venting and subsequent opaline silica deposition along shallow subterranean fractures.
Hydrothermal silica deposits to the southwest of Nili Tholus lie within the circumference of a region that consists of ejecta of two 100-m-wide craters. Such features are
consistent with opaline silica deposition during active volcanism. Syrtis Major is estimated to have been active for about 100 million years and experienced multiple
caldera-forming events (Hiesinger and Head III, 2004). While hydrothermal systems
may have been active throughout this entire period in this region of Mars, only the events
younger than any local volcanic resurfacing or dust burial would be visible from orbit.
Such a long-lived, stable subterranean hydrothermal system could have generated
numerous surface springs, each of which had the potential to support life and preserve
it in paleobiological sinter repositories if Mars was ever inhabited by extremophilic
bacteria.

7.5 OPALINE SILICA DEPOSITS AT COLUMBIA HILLS
Robust evidence for hot spring sinter deposits was discovered near Gusev crater during
ground exploration by the Spirit rover during the twin Mars Exploration Rover (MER)
missions. The Spirit rover landed in 2004 on relatively young, Hesperian, lava plains. In
addition to other sedimentary rock types, hydrothermal deposits were predicted to occur
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Fig. 7.5 HiRISE image of the regions analyzed by CRISM as part of NASA’s Mars Reconnaissance
Orbiter mission. Colored stars in the HiRISE image correspond to colored spectrum in the CRISM
VNIR spectral plots, the latter of which are characteristic of the data acquired from the silica
sinter mounds. All spectra display a broad asymmetrical spectral absorption feature at 2.21 μm,
indicative of water in opaline silica, though the feature is notably weaker for the distal deposits.
Left: HiRISE of Southwest deposits excavated by impact. Right: Proximal deposits of multiple
mounds (Background HiRISE CTX: B05_011459_1891_XI_09N292W, Southwest inset: HiRISE:
PSP_005684_1890).
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within Gusev crater, likely sourced from exposed deposits that rimmed and surrounded
smaller impacts (Cabrol et al., 2003). After exploring Gusev crater via multiple ground
traverses, the Spirit rover traversed eastward for 6 months toward the Columbia Hills.
The terrain at the Columbia Hills was found to be remarkably different from the volcanic terrain located at the landing site, consisting of older Noachian terrains that lie
topographically higher than the surrounding, younger volcanics. From the top of Husband Hill, a panoramic survey photographed by Spirit revealed a pentagon-shaped lighttoned feature in the valley below. As shown in Fig. 7.6, this 80-m-wide feature, named
Home Plate, became a prime mission objective. The rover reached Home Plate on sol
744 and began a multiyear study of the surrounding terrain.
In the Eastern Valley, located between Home Plate and Mitcheltree Ridge, the results
of multiple in situ instruments showed that the light-toned nodules found in association
with hydrated ferric sulfates were enriched in Si. Alpha Particle X-Ray Spectrometer
(APXS) analysis revealed their highly Si-enriched nature relative to the hydrated ferric
sulfates located in nearby rocks and soils (Ming et al., 2008). Miniature Thermal Emission
Spectrometer (Mini-TES) analysis of outcrop nodules known as the “Tyrone-nodules”
(sols 1100 and 1101), named for its proximity to the Tyrone sulfate-rich soil deposit

Fig. 7.6 HiRISE image of the Home Plate region visited by the Spirit rover during one of the twin MER
rover missions. Most of the investigations were conducted on the eastern edge of the deposits with the
excavated silica soils and digitate features identified near the Tyrone unit (NASA image).
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(Yen et al., 2008; Wang et al., 2008), revealed that the light-toned materials produced an
opaline silica spectral signature comparable with recent hydrothermal sinter deposits on
Earth (e.g., Fig. 3 of Squyres et al., 2008; Ruff et al., 2011). On sol 1148, a nearby underlying patch of light-toned sediment (named Gertrude Wiese (e.g., Fig. 2 in Squyres et al.,
2008 Navcam frame 2N233253342) was exposed after the Spirit rover drove over an
encrusted, poorly consolidated unit that crumbled due to the resistance created when
the broken wheel of the rover dragged across its surface. Subsequent APXS elemental
analysis of this white-toned sediment indicated that it ranged in composition from
65% to 92% wt% SiO2 (Squyres et al., 2008), the latter concentration representing
the highest silica content found to date on Mars. An example of the nodular opaline silica
in outcrop is shown in Fig. 7.7.
Additional analytical measurements made via the Spirit rover on soils and outcrops
around Home Plate over the next several months revealed opaline silica deposits in a variety of locations in the region. By sol 1220, 17 Mini-TES outcrop measurements that
were consistent with the presence of opaline silica, though contaminated to varying
degrees by silica-poor soil and dust, were acquired before analysis had to be stopped
due to interferences created by the accumulation of airborne dust on the Mini-TES
optics. Collectively, the silica-rich materials were interpreted by Squyres et al. (2008)

nodular opaline silica outcrop

Sol 778 Pancam ~ true color

Fig. 7.7 Nodular opaline silica outcrops adjacent to Home Plate (Navcam mosaic, sol 1116, rover wheel
tracks are 1 m apart). Pancam approximate true color image of opaline silic nodules before rover
traverse (ATC; sol 778, P2388). The approximately linear distribution of the opaline silica nodules
(from lower left to middle right of Navcam image) is similar to runoff channel-like deposits at
active silica-depositing hot springs found worldwide (NASA images).

193

194

From Habitability to Life on Mars

as having formed under low-pH hydrothermal conditions, either as fumarole-related
acid-sulfate leaching of basalts or precipitated as low-pH silica sinter. Low-pH hydrothermal conditions were favored because of the trends in major element enrichment (Si and
Ti) and depletion (Fe, Na, Al) relative to other Gusev crater volcanic materials and the
proximity of the opaline materials and the ferric sulfates, the latter of which were also
interpreted as having a probable low-pH hydrothermal origin (Yen et al., 2008).
A critical examination of the characteristics and distribution of opaline silica led
Ruff et al. (2011) to conclude that the silica-rich deposits around Home Plate originated as the erosion of a laterally persistent, stratigraphically restricted interval of silica
sinter. They found no spectroscopic evidence to indicate that the opaline silica had
been diagenetically matured beyond opal-A and no geochemical evidence in the
deposits that ruled out the precipitation of the opaline silica by near-neutral pH thermal
spring fluids.
Morphological comparisons of several features imaged in silica deposits at Home Plate
with those of silica sinters associated with hot springs at El Tatio, Chile, strengthened the
interpretation that the martian silica-rich deposits originated in hot spring discharge outflow channels (Ruff, 2015; Ruff and Farmer, 2016). The presence of centimeter-size
pieces of nodular masses of opaline silica with different types of digitate protrusions of
various length, shape, and orientation, along with their distribution in stratiform outcrops
on the floors of local topographic lows, are remarkably consistent with the morphology
and distribution of nodular sinters produced in outflow channels and debris aprons covered with water of various depth around some silica-depositing hot springs at El Tatio
(Fig. 7.8). Spectroscopic analysis of halite-encrusted nodular and digitate silica structures

Fig. 7.8 The morphology and distribution of digitate sinters discovered near Home Plate on Mars
(grayscale Microscopic Imager mosaic (sol 1157)) are remarkably similar to nodular sinters that
formed in outflow channels and debris aprons covered with water of various depth around hot
springs at El Tatio. White bar scale represents 1 cm in both images. Image credit: Ruff and Farmer (2016).
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at El Tatio also produces infrared spectra that are most similar to the spectra obtained from
morphologically similar structures in the siliceous sinter deposits at Home Plate
(cf., Fig. 5a, Ruff and Farmer, 2016).

7.6 THE LIKELIHOOD OF FINDING MORE HOT SPRING DEPOSITS
ON MARS
The question arises as to whether additional hydrothermal deposits will be found with
further exploration, given that these two detections are the basis of our understanding
of spring deposits on Mars. After the caldera spring deposits were found in Nili Patera,
a significant effort was made to search the other martian calderas for orbital evidence of
hot spring-like deposits characterized by similar morphology and composition. However, the concerted effort resulted in no new findings, and hence the question is whether
Nili Patera is fundamentally unique, either in its geological setting or because the region is
relatively dust free.
A comparative analysis of fundamental differences in the geological setting of the Nili
Patera caldera and Syrtis Major volcanic region indicates that their geological setting is
unique. The Nili Patera caldera surface lies in an 2-km depression that likely formed
as a result of the crustal relaxation of the Isidis basin (Fig. 7.9). This setting contrasts that of
most of the main Hesperian and Amazonian volcanics, which lie topographically higher
than the volcanic terrain that surrounds Syrtis Major (estimated to be 500-m thick,
Hiesinger and Head III, 2004). Regional crustal relaxation would also have created fractures that could have enhanced volcanism and caldera collapse. The latter would be
expected to produce a longer-lived source of high-silica hydrothermal fluid and more
voluminous spring sinter deposits at surface effluents (e.g., generated from a deeper part
of the volcano closer to differentiating high-Si magma bodies). Syrtis Major is surrounded
by hydrated Noachian crust, unlike all other calderas on Mars that are surrounded by their
own volcanics. Such high concentrations of dissolved silica in crustal hydrothermal fluid
could have sustained large-scale hydrothermal systems and made spring deposits common
in this region.
The discovery of siliceous hot spring deposits at Home Plate was fortuitous, even
though hydrothermal deposits were predicted as potential sedimentary rock in Gusev
crater (Cabrol et al., 2003; Schwenzer et al., 2012). If widespread volcanism during this
period on Mars drove hydrothermal systems that fed abundant spring systems across the
surface of the planet (including possible deep-sea hydrothermal deposits, cf., Michalski
et al., 2017), hot spring deposits like those found at Home Plate could be more common
in Noachian terrains. They may not, however, be obvious; extensive erosion would have
erased much of the volcanic context and global dust layers would have covered local
deposits. Such factors may inhibit the remote detection of locally restricted outcrops
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Fig. 7.9 Global map of Mars shows the location of Syrtis Major along the edge of the Isidis Basin. The
eruption conduits and calderas may lie on a region of weakness formed by basin relaxation, which
enhances the collapse.

of sinter from orbit, as they did at Home Plate. To test this hypothesis, further exploration
of Noachian-age terrains is required.

7.7 GEOCHEMICAL CONSIDERATIONS
Given the necessary geochemical context (i.e., some type of heat source and subsurface
water), it might be considered strange not to find silica-rich hydrothermal deposits
distributed across Mars. The average martian crust is basaltic (Taylor and McLennan,
2010) with a relatively narrow range of silica content (45–52 wt%), inferred primarily
on evidence from martian meteorites, orbital spectroscopic observations, and in situ rover
analyses of rocks interpreted as igneous (including volcaniclastics). Orbital spectral signatures indicate that basalt and basaltic minerals (i.e., pyroxene, plagioclase, and olivine)
dominate much of the martian surface. Analytical comparison of the geochemical
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composition of unconsolidated regolith located thousands of kilometers apart by the
Spirit and Opportunity rovers and the Mars Science Laboratory (MSL) mission rover Curiosity indicates regional basaltic sources (Yen et al., 2008; O’Connell-Cooper et al., 2017).
Dust measured by the three rovers is also basaltic, with enrichments in volatile and moderately volatile elements (S, Cl, and Zn) (Yen et al., 2008; Berger et al., 2016). Because
global dust storms have been observed regularly (about every three martian years), and the
dust has a uniform composition (like at these three rover sites), it is considered a global
geological unit that represents an average sampling of the Mars surface. Indications of
magmatic diversity have been discovered (e.g., Papike et al., 2009; Thompson et al.,
2016; Treiman et al., 2016); however, evidence of high-silica lithologies that formed
by igneous fractionation processes (e.g., andesite, trachyte, rhyolite, granite) is limited
and often ambiguous, suggesting that this pathway to silica enrichment is not widespread
on Mars.
On Earth, aquifers with abundant mafic minerals (pyroxene and olivine) usually have
the highest silica concentrations. Pyroxene, olivine, and glass in basalt weathers readily,
releasing silica into solution. Silica concentrations can be even higher in volcaniclastic
deposits, where small irregular grain shape, small grain size, and increased porosity
increase the surface area of the sediments to promote chemical and physical weathering
processes. Another consequence of weathering is that groundwater in pyroxene- and
olivine-rich volcaniclastic units can have 5 times more dissolved silica than in average
groundwater (Langmuir, 1997). Increasing temperature can increase silica solubility by
up to two orders of magnitude, leading to concentrations 5–30 times higher in hydrothermal systems on Earth. Thus, a hydrothermal system in a basaltic regime has a high
potential for mobilizing and concentrating silica.
The buffering capacity of basalt must be considered when predicting and modeling
silica solubility in hydrothermal fluids in a basaltic setting such as the martian crust. Silica
solubility generally does not change with pH in circumneutral to acidic waters; however,
silica solubility increases significantly in alkaline fluids (pH > 10). Thus, buffering of
weathering reactions influences dissolved silica concentrations. Weathering of basalt
by mildly acidic fluids will lead to the release of cations into solution, which buffers
the pH to circumneutral or mildly alkaline levels. In rare ultramafic settings on Earth,
this process can lead to a pH of 12 in Ca2+-OH waters (Barnes et al., 1978). In open
weathering systems on Earth, atmospheric CO2 provides acidity via carbonic acid formation at pH <6, which promotes the formation of carbonates in basaltic settings. Atmospheric CO2 is a plausible source of acidity for ancient Mars, but evidence of sulfate
deposits greatly exceeds that of carbonates, an indication that sulfuric acid may have
inhibited massive carbonate formation and dominated weathering. Alternative hypotheses suggest that carbonate deposits—in addition to those already detected (Ehlmann
et al., 2008)—are deeply buried, or that they formed early and were dissolved by acidic
fluids later in Mars’ history. Nevertheless, at low water-to-rock ratios and in highly
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concentrated hydrothermal brines, the buffering capacity of basalt can be exceeded and
acidic or alkaline solutions can evolve.

7.8 COMPETING HYPOTHESES FOR THE ORIGIN OF SILICA-RICH
DEPOSITS ON MARS
The traverses of both MER Spirit and MSL Curiosity rovers led to the discovery of silicarich materials that illustrate the diversity of silica-rich systems on Mars. In Gusev crater,
the rover Spirit encountered highly localized silica enrichments in soils and rocks;
whereas, at the base of Mt. Sharp in Gale crater, the rover Curiosity encountered localized
high-silica rocks as well as a major unit with moderately elevated silica. A comparison of
the occurrence, distribution, and potential source mechanisms of high-silica concentrations in rocks and soils analyzed at the two sites provides insights about silica-depositing
systems on Mars.
Home Plate. The association of the silica-rich unconsolidated sediment (soil) and nodular outcrop (up to 92 wt% SiO2) with volcanic tephra comprising Home Plate is consistent with formation under hydrothermal conditions. Two interpretations for the silica
enrichment have been proposed: (1) the high silica is residue after the leaching of a basaltic precursor by acid-sulfate solutions (Squyres et al., 2008; Milliken et al., 2008) and
(2) silica-saturated hydrothermal fluids precipitated opaline silica as sinter (Ruff
et al., 2011).
Low pH solution leaching of the basaltic precursors in the Home Plate area is
suggested by the compositional diversity of the silica-rich rocks (Squyres et al., 2008).
Additionally, the apparent enrichment of Ti with the silica, both of which have low
solubility in low pH fluids, indicates the Ti may be a residue derived from primary titanomagnetite in the basalt. Acid-sulfate solution weathering processes are also evident in
the sulfate-rich soils of Gusev crater. These soils contain 4–33 wt% silica, and thus the
sulfate and silica enrichments could have a common origin.
Precipitation of silica from high pH alkaline hydrothermal fluids can account for the
nodular morphology and unique textures in the silica-rich rocks near Home Plate, which
would be less likely to occur by way of alteration of basaltic rocks in the area (Ruff et al.,
2011). Low pH acid-sulfate alteration commonly results in the addition of sulfur, but the
silica-rich rocks and soils in Gusev crater have low sulfur content. In addition, Ti can be
mobilized in alkali-chloride brines and precipitate as anatase (e.g., Kinsinger et al., 2010;
Campbell et al., 2015b); thus, the Ti enrichment in opaline silica in Gusev crater is not
necessarily an indicator of low pH conditions.
Gale crater. Silica-rich materials discovered within Gale crater have four different
occurrences, two of which are grouped as altered sedimentary bedrock units (Rampe
et al., 2017), and the third is in fracture-associated haloes (Yen et al., 2017). A fourth
occurrence is a group of high-alkali mugearitic rocks (a class named Jake M). Silica
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enrichment in the Jake M rocks has been interpreted to be due to metasomatic and igneous processes (Stolper et al., 2013) and is less relevant to our discussion of the origin of
primary hydrothermal silica deposits.
The altered sedimentary bedrock units have elevated silica concentrations (i.e., most
in the 45–55 wt% range), though one tridymite-bearing unit named Buckskin has up to
75 wt% silica (Morris et al., 2016). The mineralogy of these units varies in detail, but crystalline SiO2 and high-Si amorphous material comprise about 25–60 wt% of the samples
analyzed by the Chemistry and Mineralogy (CheMin) X-ray diffractometer (XRD)
instrument (Rampe et al., 2017). The crystalline silica phases in these units include, in
variable fractions, cristobalite and tridymite, and microcrystalline opal-CT. Quartz is present at 1 wt% or less. The fracture-associated haloes have silica concentrations up to
70 wt%. In contrast with the microcrystalline-to-crystalline silica bedrock units, silica
in the haloes is largely X-ray amorphous (Yen et al., 2017).
Conflicting interpretations have been proposed to account for silica enrichment in
Gale crater. Several models suggest that acidic diagenetic fluids leached basaltic sedimentary bedrock of cations (Al, Ca, Mg, Fe, Mn, Ni, and Zn), while Si and Ti were retained
as residue (Rampe et al., 2017; Yen et al., 2017; Berger et al., 2017). Jarosite, a sulfate that
forms at low pH, was detected in CheMin XRD data, which support the acid-sulfate
fluid alteration scenario (Rampe et al., 2017). Both low (diagenetic < 150°C) and high
(hydrothermal > 150°C) temperature fluids have been invoked in geochemical leaching
models. One interpretation is that silica enrichment, via precipitation from either
circumneutral or alkaline diagenetic fluids, occurred via chemical weathering during erosion and transport of sediment into the crater (Frydenvang et al., 2017; Hurowitz et al.,
2017). The addition of high-silica phases to the sediments analyzed in the crater, which
includes detrital material such as tridymite in the Buckskin unit (a likely product of silicic
volcanism), would enhance silica enrichment in Gale crater (Morris et al., 2016).
Reconciling these different hypotheses is challenging, in part, because the provenance
of the Gale crater sedimentary rocks is poorly constrained.
At present, the same conundrum faced in interpreting the origin and potential importance of the silica deposits at Home Plate near the Gusev crater is plaguing interpretation
of the opaline silica detected at Gale crater. Are the deposits leached basalts, primary
aqueous hydrothermal precipitates, or diagenetic precipitates, and what was the temperature and pH of the fluid from which the opaline silica precipitated?

7.9 SITE SELECTION CONSIDERATIONS RELEVANT TO THE RETURN
TO MARS
On March 22, 2010, the Spirit rover stopped operations while still investigating the
Home Plate region, leaving many unanswered questions about the formation of the hydrothermal opaline sinters and their potential to host biosignatures. These questions and the
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detailed exploration by the Spirit rover led to selection of the Home Plate target and Columbia Hills, considered representative of hydrothermal spring environments, as one of the final
three options for the Mars 2020 rover-landing site. The other two landing site options
include the river delta in Jezero crater (Goudge et al., 2017, 2018), considered representative
of fluvial and lacustrine environments, and Northeast Syrtis (Bramble et al., 2017), considered representative of deep crustal environments and cold springs.
The Mars 2020 mission is designed to identify ancient environments capable of
supporting microbial life, and seek signs of possible past microbial life in those habitable
environments, particularly in specific rocks known to preserve signs of life over time. The
rover will explore sites that could have supported life as we know it on Earth and then
collect and cache samples that may be returned to Earth as part of a subsequent Mars sample return mission. Returned samples can be analyzed in greater detail with higherresolution instruments in the laboratory to determine whether life established itself on
Mars and if any unique biosignatures indicative of life are preserved in such materials.
As a landing-site candidate, Columbia Hills has had mixed support. Its strength as a
sample return target is often seen as a weakness to many in the scientific community, i.e.,
that is, the site has already been explored. As one of the only three locations on Mars to
have been explored by a long duration rover, extensive details are known about the target
rocks and intended samples, including the presence of multiple sedimentary facies in the
hydrothermal opaline silica deposits and the morphological similarities of macrostructures to hot spring sinters. Thus, the strength of this target is that more detailed exploration and analysis of a known site with potential biosignatures is likely to be critical for
astrobiology missions. Earth-based studies have shown that it can take years to decades to
understand the interplay of geochemical, hydrological, and biological processes that characterize specific habitats. Having ground-truthed data for a known site on Mars would
result in significantly more strategic exploration of a potential ecosystem (Cabrol, 2018).
For a mission designed to quickly sample and cache the rocks of interest, knowing the
rocks and their location and context would be a significant advantage. For scientists eager
to explore the diversity of ancient martian geology, there would be a missed opportunity
if such a major rover and return mission was dedicated to incrementally advancing a
previously explored location when so much about the planet is still unknown.
The case for returning to Columbia Hills is centered on the realization that opaline
silica sinter at the site exhibits potential morphological biosignatures—millimeter-scale
digitate features—that are texturally similar to those found in terrestrial hot spring
systems, such as the El Tatio, Chile, geothermal field (Ruff, 2015; Ruff and Farmer,
2016). The high elevation, correspondingly lower pressure, high UV, and high evaporation rates at El Tatio (Nicolau et al., 2014) make it arguably the most Mars-like of the
known terrestrial spring deposits. Geomorphic mapping has demonstrated macroscale
and microscale similarities in the digitate deposits at El Tatio and those on Mars.
This mapped, crossplanetary feature would be the primary target of a Mars 2020, or
future, mission to Columbia Hills.

Siliceous Hot Spring Deposits: Why They Remain Key Astrobiological Targets

On Earth, digitate sinter features preserve abundant microscale evidence of the
microbes that colonized their surfaces when the opaline silica structures formed (Cady
and Farmer, 1996; Braunstein and Lowe, 2001; Jones and Renaut, 2003; Lowe and
Braunstein, 2003; Handley et al., 2005, 2008). Digitate sinters on Earth are associated
with hot spring features in which microbial life thrived throughout our planet’s history.
Whether the macroscale and microscale biogenic characteristics of digitate sinters are a
requirement for their formation or just the result of having formed on the biologically
ubiquitous Earth is still an active area of research.
The opaline silica digitate sinters on Mars represent some of the strongest evidence to
date for potential biosignatures on the planet (Ruff and Farmer, 2016). Until a future
mission returns to the Columbia Hills, or a rover traverses to Nili Patera, or encounters
siliceous hot spring deposits at some other site on Mars, a number of key outstanding
questions with regard to the potential for life to have gained a foothold and evolve on
Mars remain unanswered. As discussed in this chapter, until sinter deposits on Mars
are proven to be void of biosignatures, silica hot springs deposits on Mars remain one
of the more compelling astrobiology targets known in our Solar System.
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8.1 INTRODUCTION
Mars has long been a focal point in the search for evidence of life beyond Earth. There is now
compelling evidence, accumulated over the past 40 years of Mars exploration, beginning
with the NASA Viking Mission through the NASA Mars Science Laboratory, that conditions on the surface of Mars were benign, even habitable, early in the history of the planet
(Squyres et al., 2004; Grotzinger et al., 2014). However, the surface of Mars is today an
extreme, frozen desert, where liquid water is, for the most part, unstable. Under these conditions, it is unlikely that metabolically active organisms currently exist on the surface or in
the near subsurface of the planet (Rummel et al., 2014; Kminek et al., 2010). Yet, transient
habitable conditions may occur, when the tilt of the planet’s spin axis relative to the sun periodically increases to a point that results in melting of near-surface ground ice at mid- and high
latitudes. These periods of high axis tilt, referred to as high-obliquity periods (Costard et al.,
2002; Jakosky et al., 2003; Mckay et al., 2013), have a recurrence time of 125,000years
(Ward, 1973; Laskar et al., 2004). Transient water-ice melting events may also occur after
random events such as volcanic eruptions or meteorite impacts (Abramov and Kring,
2005; Cousins and Crawford, 2011). The possibility that viable microorganisms may exist
in a dormant state (i.e., freeze-dried) in the regolith on Mars, awaiting these transient more
clement conditions, has not been ruled out (Mckay et al., 2013).
From Habitability to Life on Mars
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In addition to the limited availability of liquid water, the Martian radiation environment also presents major limitations on the possibility of microbial survival on presentday Mars. In contrast to the Earth, due to its thin atmosphere and the lack of a planetary
magnetosphere, ionizing radiation in the form of galactic cosmic rays (GCRs) and solar
energetic particles (SEPs) is only slightly attenuated before reaching the surface of Mars.
GCRs and SEPs can cause two types of potentially detrimental effects on cells and biomolecules: (i) direct radiation damage (e.g., Dartnell et al., 2011; Kminek and Bada,
2006) and (ii) indirect, in which reactive species are formed (e.g., reactive oxygen species
(ROS)) and subsequently chemically react with cells and organic matter (Henriksen,
1962). Therefore, ionizing radiation imposes an upper boundary on the amount of time
that a microbial organism can remain dormant and viable at the surface or in the near
subsurface of Mars. Direct and indirect radiation effects will also adversely impact the
preservation of organic biosignature relict of any possible ancient Martian life.
In this chapter, first, we summarize the radiation environment on the surface of Mars
from the first principles (Section 8.2). Then, we discuss the known effects of ionizing
radiation on living cells (Section 8.3). At the end, we present results from numerical
models of the radiation environment near the surface and their implications for habitability and preservation of biosignatures (Section 8.4).

8.2 THE IONIZING RADIATION ENVIRONMENT ON MARS
Our current understanding of the ionizing radiation environment at a given region on the
Martian surface is based on numerical algorithms that employ nuclear physics codes
(Dartnell et al., 2007) and direct measurements on the surface taken during robotic missions (Hassler et al., 2014). The primary sources of ionizing radiation on Mars are as
follows:
(i) Galactic cosmic rays (GCRs), which due to their high energy (with a peak at 1 GeV)
penetrate deep into the surface of Mars (10 m)
(ii) Solar energetic particles (SEPs), which range in energy from a few kiloelectron volt
to many tens of million electron volts per particle (e.g., Dartnell et al., 2007)
(iii) Decay of radioactive elements that are present in the surface of Mars (e.g., thorium,
uranium, and potassium)
(iv) Ultraviolet (UV) solar photons that impinge on the top surface of Mars
The UV radiation (i.e., UV photons) environment on Mars has been subject of numerous
studies (e.g., Cockell et al., 2000; Dartnell and Patel, 2014; Rummel et al., 2014; and
references therein), particularly with respect to its impact on Martian habitability and
the preservation of organic molecules that may provide evidence of past life on Mars
(i.e., biomarkers). In general, the impact of UV radiation is limited on the surfaces of
geologic materials and mechanical mixing, which can occur during Martian dust storms
and other physical processes, and is required to move UV radiation-altered materials to
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Fig. 8.1 Primary energy spectra for solar energetic particles (SEPs) and galactic cosmic rays (GCRs) at
solar minimum. The annual mean SEP flux at Mars orbit as computed by Space ENVironment
Information System (SPENVIS) is shown in blue. SEPs are made up of H and He. These spectra were
also used by Dartnell et al. (2007) and are available as an online database (http://www.spenvis.
oma.be). The GCR flux functions of energy bin for ions (H-Ni) are provided by the CREME-06 model.

appreciable depths. In contrast, the other sources of ionizing radiation, GCRs, SEPs, and
radioactive decay, are relevant to processes occurring in the top few meters of the Martian
surface (Dartnell et al., 2007). Fig. 8.1 shows the primary energy spectra for SEPs
and GCRs.
Radiation absorption in geologic materials is a complex process that depends on a
number of related parameters including chemical composition and material density.
Absorption also depends on the properties of the ionizing radiation (e.g., kinetic energy
and speed) and its resulting interactions with the surface materials (i.e., cross section) as it
penetrates to depth. To follow the interactions of the overall ionizing radiation distribution throughout an environment as complex as a planetary surface, sophisticated and
well-calibrated numerical models have been developed using numerical algorithms or
transport codes suitable for both engineering and scientific applications (e.g., Titt
et al., 2012). These codes, such as the Monte Carlo N-Particle (extended) (MNCPX,
Pelowitz, 2005) and geometry and tracking 4 (Geant4; Agostinelli et al., 2003; Allison
et al., 2006), are used to model radiation-particle behavior in three-dimensional space
and time. Comparisons between these two codes show that both produce similar results
for several models of surface geology, mineral distribution, and water geometry (e.g., Titt
et al., 2012). The cross-sectional libraries used in MCNPX and Geant4 have been
adapted and used for a range of planetary science applications including the instrument
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design and calibration and the interpretation of their returned data. Mission instruments
that have relied on these codes include the neutron and gamma-ray spectrometers on
Mars Odyssey (e.g., Gasnault et al., 1999), the neutron and gamma-ray spectrometers
on Lunar Prospector, and the gamma-ray and neutron detector (GRaND) on the Dawn
spacecraft (e.g., Prettyman et al., 2006; Lawrence et al., 2013; Teodoro et al., 2015).
These codes are also used for astrobiology application, including modeling environmental habitability (e.g., Cai et al., 2017; Ma and Jiang, 1999).
Both GCRs and SEPs are modulated by solar activity. The intensity of GCRs
(<30 GeV) is stronger during solar minimum and weaker during solar maximum, while
SEP fluxes show the opposite trend due to the increasing number of solar flares during solar
maximum (see Potgieter 2013 for a review), and these variations may impact the calculation of ionizing radiation reaching the surface of Mars. The most sophisticated transport
codes predict that as GCRs and SEPs impinge on the surface of Mars, interactions with
materials in the atmosphere and/or at the shallow surface produce energetic secondary particles: mesons (pions and kaons), gamma-ray photons, electrons/positrons, neutrons, and
high atomic number and energy (HZE) ions. Secondary mesons, which are not stable,
decay over a short timescale producing more muons, gamma-ray photons, and electrons.
This leads to a cone-structured particle shower, with a central core of HZE ions (hard component) within spreading cone of electrons, photons, and neutrons (soft component) of an
electromagnetic cascade (e.g., Rao and Sreekantan, 1998). The electromagnetic cascade
reaches a maximum diameter in the direction transversal to the primary GCR motion, after
which it steadily decays when the average particle energy drops below the required threshold for new particle production.
On Mars, the atmosphere and regolith provide radiation shielding, which is defined as
the total integrated mass of material in front of a given position per unit area. Radiation
penetration distance is calculated by dividing shielding by the average density of the Martian atmosphere and regolith. The location at which the electromagnetic cascade reaches
its maximum diameter is known as the Pfotzer maximum (Pfotzer, 1936a,b), and on
Mars, due to the planet’s thin atmosphere, it takes place approximately between 1.5
and 2 m below the surface, depending on the composition of the regolith. In contrast,
on Earth, due to the planet’s thicker atmosphere, the Pfotzer maximum takes place at
15 km above the surface. At the Martian surface (located above the Pfotzer maximum),
the average atmospheric shielding is 1.6  102 kg/m2 (Simonsen et al., 1991) resulting
in an ionizing radiation dose rate of 0.025–0.25 Gy/year (see Simonsen et al., 1991;
Pavlov et al., 2002; and references therein). On Earth, at sea level (located below the
Pfotzer maximum), atmospheric shielding is 1  104 kg/m2, resulting in an ionizing
radiation dose rate of 0.0003–0.001 Gy/year (Baumstark-Khan and Facius, 2002).
Fig. 8.2 shows the typical cases of secondary ionizing radiation in the shallow Martian
subsurface.
As mentioned previously, the interaction of ionizing radiation with matter is usually
categorized into two different types: (i) direct effects and (ii) indirect effects. In the case of
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Fig. 8.2 Schematic showing the typical cases of ionizing radiation produced by GCRs on a shallow
planetary surface. The secondaries include neutrons (n), gamma rays (γ), protons (p), electrons/
positrons (e/e+, respectively), mesons (pions (π) and kaons (Κ)), and highly charged/high-energy
(HZE) ions. For further details, see text. The region in blue represents the “central core” of the
secondary particle shower. The red arrow denotes a galactic cosmic ray (GCR), while the blue lines
show the central core spreading. Diagram produced by the authors.

direct effects, charged particles (e.g., electrons, positrons, protons, muons, kaons, helium,
and HZE ions) ionize matter upon impact. More specifically, high-velocity charged particles (other than electrons) lose energy in matter primarily through ionization and atomic
excitation (e.g., Grupen, 2010; Amsler et al., 2008). The mean rate of this energy loss is
referred to as the particle’s stopping power and is described by the Bethe equation (also
known as the Bethe-Bloch equation; see Eq. (A.1) in Appendix A) (e.g., Yao et al., 2006;
Amsler et al., 2008). The Bethe equation shows that.
(i) energy loss is independent of the mass of the incoming particle,
(ii) energy loss depends quadratically on the charge and velocity of the particle,
(iii) stopping power is relatively independent of the absorbing material.
Further details of these interactions and supporting equations are provided in
Appendix A.
The relationships described by the Bethe equation do not include electrons, which
Bethe (1930) considered as a particular case of charged-particle energy loss. Interactions
between secondary electrons and the matter they pass through occur through a variety of
mechanisms. At high energies, the dominant mechanisms of energy loss are collisions that
cause ionization and excitation of atoms where energy is attenuated by a multitude of
inelastic collisions until it reaches thermal levels and radiation (bremsstrahlung) production occurs due to electron deceleration. The production of X-rays (bremsstrahlung) by
the deceleration (stopping) of electrons is not a very efficient process at low energies
(5 MeV) (Amsler et al., 2008), but it becomes the dominant process at higher
energies (see Appendix I for further details). In the second type of effects, neutral particles
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(e.g., neutrons, neutrinos, mesons, and neutral kaons) or short-wavelength electromagnetic radiations (X-rays and gamma rays) ionize the target only indirectly (e.g., Grupen,
2010). Nuclear breakup by primary particles produces neutrons that subsequently excite
elemental nuclei through processes such as neutron scattering and neutron capture. The
interactions of the neutrons with the surrounding nuclei and their flux at any location
depend on the elemental composition of the material, driven by the different elastic
and inelastic cross sections of the elements. Hydrogen, for instance, is especially effective
in moderating neutrons (i.e., reducing neutron speed) (e.g., Feldman et al., 1993, 2002).
The absorption of neutrons by matter converts elemental nuclei, which are otherwise
stable under normal conditions, into unstable, excited states that emit gamma rays as they
shed energy and return to their stable, lower-energy states. In particular, excited hydrogen, sulfur, silicon, oxygen, iron, and carbon emit gamma rays, which in turn interact
with surrounding matter. The photoelectric effect, in which an atom absorbs a photon
and an energetic photoelectron is ejected from one of the atom’s bound shells, is the predominant mode of interaction for gamma rays at low energy (typically, E < 5  104 eV).
This interaction takes place with the atom as a whole and cannot take place with free
electrons. At intermediate energies (5  104 eV < E < 5  107 eV), Compton scattering
in which a photon transmits a fraction of this energy and momentum to an electron
loosely bound in the absorbing material is the predominant process. The photoelectric
and Compton loss processes differ in several details. Briefly, in Compton loss, the photon
energy loss is independent of the atomic number of the absorption material, while in the
photoelectric process, energy loss is proportional to atomic number (see Amsler et al.,
2008). The flux of higher energy (>5  107 eV) ionizing radiation particles is low and
therefore is not considered in the models.

8.3 RADIATION EFFECTS ON LIVING CELLS
The ionizing radiation field produced by SEPs and GCRs is harmful to life (Henriksen,
1962) through both direct and indirect processes. Severe biological effects occur when
ionization takes place at or near some particular radiation-sensitive molecule or cellular
component (e.g., Pollard et al., 1955; Steel, 1996); ionization occurring outside these
radiation-sensitive volumes is less effective. These processes are described by “radiation
target theory” or “radiation target analysis” (e.g., Pollard et al., 1955; Steel, 1996). At the
molecular level, direct ionizing radiation effects are based on the interaction of radiation
with molecules, with 60 eV transferred per event (Anchordoquy et al., 2009). These
interactions can lead to loss of biological activity via molecular structural rearrangements
(Osborne et al., 2000; Kempner, 2017).
The fundamental assumption underpinning radiation target analysis is that each primary ionization is random and has a Poisson distribution. In a single event, the probability
of escape (i.e., no interaction) is exponentially dependent on the radiation dose and
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molecular mass. Thus, number of surviving molecules (or surviving molecular function
or property) can be expressed as.
N ¼ N0 exp ðqDmÞ
where N0 is the initial number of molecules, D is the radiation dose, m is molecular mass,
and  q is a constant (Kempner, 1995). This is the simplest version of the target theory (a
single event and single target), and the survival curve is a straight line on a semilogarithmic plot whose slope is q. The dose survival of 0.37 (the D37 or D0 dose) is the dose that
will give an average of one hit per target or one inactivating event per cell.
According to this theory, it is possible to assess the efficiency of different types of radiation at producing certain biological effects; some of the model’s predictions are as
follows:
(i) The survival curve of the irradiated organism is exponential.
(ii) The effect of a given dose is independent of the dose rate of the radiation or of the
manner in which it is fractionated.
(iii) There is a difference in the dosage of different forms of radiation, which produce
identical biological effects.
Target theory has also been developed for the treatment of more complex situations
where radiation effects require multiple primary ionizations. In this case, the inactivation
curve displays an initial “shoulder” that may lead to an overestimation of N0 (e.g., Lea,
1955; Zhao et al., 2015).

8.3.1 Radiation Chemistry of Water
Direct damage of biomolecules occurs when energy losses induced by ionizing radiation
excite electrons within the molecules themselves, leading to ionization and radiolysis.
However, radiation mainly interacts with water as this makes up to 70% of a cell’s volume
(20% in bacterial spores). Water in a cell may undergo direct radiolysis to form atomic
hydrogen and a hydroxyl radical or may undergo ionization and generate a free electron
(e.g., Battista, 1997, 2000; Baumstark-Khan and Facius, 2002):
H2 O + radiation ! H2 O + + e ðaqÞ
The H2O+ ion is unstable and will rapidly dissociate (1016 s)
H2 O + ! H + +  OH
while e
aq can react with water to form a negative ion:
H2 O + e ðaqÞ ! H2 O
The H2O ion is also unstable and dissociates to form atomic hydrogen:
H2 O ! H + OH
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The net effect of water radiolysis and ionization is the generation of reactive free radicals,
including the highly reactive hydroxyl radical that may react with another hydroxyl
radical to form hydrogen peroxide:
OH +  OH ! H2 O2
Hydrogen peroxide may also form via reaction of atomic hydrogen in the presence of
oxygen:
H + O2 ! HO2
HO2 + HO2 ! H2 O2
The perhydroxyl radical may also dissociate to form superoxide:
+
HO2 ! O
2 +H

Thus, ionizing radiation can damage biopolymers such as DNA, RNA, and proteins,
not only through direct energy deposition but also indirectly by radiochemistry and
free-radical diffusion (Baumstark-Khan and Facius, 2002). The reactions shown above
represent only a small subset of processes that may occur from the interaction of ionizing
radiation with water. Overall, these reactions result in the production of many forms of
highly reactive species with unpaired electrons (free radicals). The OH radical is often
the most biologically damaging agent and, as shown above, can also result in the formation of other ROS such as hydrogen peroxide (H2O2) (Kiefer and Wiatrowski, 1991;
Lehnert, 2007). Hydrogen peroxide and super oxide, as well as other ROS produced
via water radiolysis, can act as strong oxidizing agents, and their presence in biological
systems can cause chemical damage including the alteration of protein molecules. Cell
death from irradiation is believed to be primarily due to DNA damage, and under gamma
irradiation, roughly 80% of DNA damage is caused indirectly by irradiation-induced
ROS (Ghosal et al., 2005). Of this irradiation-induced damage, 61% of the ionizations
take place on the DNA’s deoxyribose phosphate backbone, with the remaining 39%
distributed among the four nucleotide bases (Purkayastha et al., 2005). The metabolic
state of a cell plays an important role in the extent of damage from indirect effects, since
metabolically active cells might be able to actively mitigate some of the damage, whereas
dormant inactive cells can accumulate damage to lethal levels. Low temperatures can
increase resistance against ionizing radiation due to the reduced diffusion of radiationgenerated radicals (Baumstark-Khan and Facius, 2002).

8.3.2 Biological Impact of Various Forms of Radiation
Radiation damage effects on biological materials can be described using relative biological effectiveness (RBE), which is the ratio of a standard adsorbed radiation dose to a
radiation dose of another type that results in an equal amount of biological damage.
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Multiplying the RBE by the adsorbed dose (SI unit gray) yields biological equivalent dose
(SI unit sievert):
Biological equivalent dose ðSIÞ ¼ DðGyÞ  RBE
The International Commission on Radiological Protection (ICRP) publications contain
guidelines on the methodology to weight physically absorbed radiation doses. Briefly, the
physically absorbed radiation dose depends on the particle type, and in some cases, also on
the particle’s kinetic energy, the compounded effect of these two physical variables is
known as radiological potential. The product of the absorbed dose, D, and the corresponding radiation weighting factor, wD, is called the equivalent dose, HT. The standard
procedure is to set the X- and γ-ray weightings to 1 and include the other radiation factors via relative biological effectiveness. The factors appropriate for astrobiology research
are presented in Table 8.1.

8.4 THE MAXIMUM DORMANCY LIMIT ON MARS
As discussed in the previous section, the radiation environment on the surface of Mars
imposes limits on habitability through direct cellular damage and indirectly through
the formation of ROS (e.g., Pavlov et al., 2002; Dartnell et al., 2007). Dormant microorganisms, the most likely forms of life that could exist near the surface of Mars today, can
only accumulate a certain amount of cellular/molecular damage from exposure to ionizing radiation or ROS before cell death occurs. We call this threshold the maximum
dormancy limit (MDL). Therefore, an important habitability parameter is the amount
of radiation deposited in the regolith as a function of time and depth. Determination
of this parameter requires tracking and calculation of the following:
(i) Propagation of the GCRs and SEPs in the Martian atmosphere and the formation
of secondary particle showers due to GCR and SEP interaction with atmospheric
molecules.
(ii) Followed by atmospheric secondary impinging on the surface of the planet and
those formed in the shallow subsurface. Usually, the outputs of this stage are (a) the
flux of the most relevant particles (muons, electrons/positrons, protons, neutrons,
Table 8.1 The radiation biological effectiveness (RBE) of various forms of radiation
Radiation
RBE

X- and γ-rays
Electrons/positrons
Muons
Protons E 2.0 MeV
α-Particles and HZE

1
1
1
5
20

Taken from ICRP, 1990. Recommendations of the International Commission on Radiological Protection.
Technical report. Pergamon Press, Table 1, p. 6.
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photons, and HZE) at discrete locations and (b) energy deposition at finite-size
volumes throughout the simulation volume.
(iii) Radiation absorption by materials of astrobiological interest embedded in the
subsurface such as cells or organic molecules.
Pavlov et al. (2002) provided the first theoretical assessment of the biological effects of
ionizing radiation on Mars using numerical transport codes, but Dartnell et al. (2007)
conducted a more detailed study of the propagation of GCRs and SEPs through the Martian atmosphere and regolith to a depth of 20 m. The model used a 70 km atmospheric
column reproduced in terms of composition, pressure, density, and temperature with
data taken from the Mars Climate Database. The column represented a location on Mars
where the surface pressure is 600 Pa (Arabia Terra), at noon on a summer day (Ls ¼ 270–
300), when atmospheric density is highest. The model predicted that within the top 2 m
of regolith, a dormant population of Deinococcus radiodurans cells would suffer a millionfold reduction in viable cells in timescales ranging from 104 to 105 years, with a resulting
MDL of 650,000 years. However, the radiation assessment detector (RAD) on the
Mars Science Laboratory’s Curiosity rover obtained direct measurements of the GCR
and SEP radiation environment on the surface of the planet on 7 August 2012 at Gale
Crater (Hassler et al., 2014). The actual biologically weighted absorbed dose (see
Section 1.3.3) measured by the RAD was 232 mGy/year at the surface, which is a factor
of 3.6 times lower than the value modeled by Dartnell et al. (2007). Based on this surface
radiation dose, the MDL at 2 m depth would be 2.3 Myr.
For this chapter, we upgraded these previous results with a revised version of the
GCR spectra and an updated version of Geant4/PLANETOCOSMICS, as follows:
(i) A 70 km atmospheric column over the Martian polar regions, with composition,
pressure, density, and temperature profiles derived from the Martian Ames CGM
(http://www-mars.lmd.jussieu.fr/mars/access.html).
(ii) GCR primary spectra from proton to iron nuclei will be obtained from the
CREAM09 model (https://creme.isde.vanderbilt.edu/); this is displayed
in Fig. 8.1.
(iii) SEP flux over 10–200 MeV obtained from the SPENVIS database and adjusted to
the Martian orbit (http://www.spenvis.oma.be/).
Fig. 8.3 presents our modeled particle energy spectra over six orders of magnitude (from
1 MeV to 1 TeV) at the Martian surface. The six most relevant particle species are shown:
protons, HZE, neutrons, photons, electrons/positrons, and muons. Their fluxes result
from the forward scattering of high-energy particles flowing through the atmosphere,
as expected since this hard component of the cascade does not backscatter and some backscattering is mostly due to the soft component of the shower interacting with the top few
decimeters of the Martian surface (Clowdsley et al., 2000). To investigate the role of regolith composition, we considered two end-member scenarios: (i) pure ice (PI) and (ii) dry
homogenous (DH) regolith. The former is a 1  103 kg/m3 block of pure ice, while the
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Fig. 8.3 Energy spectra of the photons, neutrons, electrons, protons, HZE, and muons at the Martian
surface from SEPs and GCRs (solar minimum) presented in Fig. 8.1. The shallow surface models assume
pure ice (PI, dotted) and homogeneous dry (DH, solid); see text for details.

latter is a spatially homogenous 2.8  103 kg/m3 block of completely desiccated regolith
with an elemental composition based on average composition values obtained by Pathfinder (W€anke et al., 2001). This approach allowed us to compare our findings with
results already in the literature (e.g., Pavlov et al., 2002; Dartnell et al., 2007;
Mileikowsky et al., 2000). The feature in the proton spectrum at 100 MeV in Fig. 8.3
is caused by the high-energy cutoff of the SEP spectrum given by SPENVIS (see
Fig. 8.1). At energies below 25–40 MeV photons, electrons and neutrons dominate
the surface radiation environment, while at energies higher than 30 GeV, protons and
HZE have the largest fluxes. It must be noted that the neutron flux is sensitive to soil
composition; this is the basis of neutron spectroscopy employed to map volatiles, namely,
water, in the shallow subsurface of terrestrial planets (e.g., Feldman et al., 1993). This
sensitivity is particularly acute for energies below 20 MeV.
Fig. 8.4 presents the flux of secondary particles below 1 m of Martian regolith. At
energies lower than 20 GeV, the flux is mainly dominated by photons, neutrons, and
electrons. Like at the surface, at low energies (<40 MeV), there is a strong dependence
of the neutron flux on the regolith model composition. This dependency is due the efficient neutron moderation and capture by the hydrogen content of water (e.g., Feldman
et al., 1993). For this reason, soils with high water content lead to lower neutron fluxes.
At high energies, all the particle fluxes show attenuation when compared with their surface counterparts. This is more evident for HZE particles and is mainly due to ionization
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Fig. 8.4 Energy spectra of the secondary particles at 1 m depth by the primary GCRs and SEPs in
Fig. 8.1. Solid and dotted lines denote DH and PI soils, respectively.

losses to the target and nuclear interactions. The former causes an energy downshift in the
spectrum, while the latter leads to fragmentation of the primary HZEs into neutrons and
protons. The effects are more obvious in the homogeneous dry soil than in the pure ice
counterpart. At high energies, all the particle fluxes show attenuation when compared
with their surface counterparts. This is more evident for HZE particles and is mainly
due to ionization losses to the target and nuclear interactions.
Fig. 8.5 presents the flux of neutrons, protons, HZE, gamma rays, electrons, and
muons as a function of depth. The radiation environment is attenuated least in the pure
ice model as its shielding density is lower, but the majority of the considered species present a monotonic attenuation with depth in both regolith models. A Pfotzer maximum is
observed for γ-rays at 1 m deeper for the pure ice model than for the denser dry homogenous model. Furthermore, in both regolith scenarios, the gamma flux profile diminishes
until it becomes similar to the muon profile at 12.5 and 6.0 m in pure ice and dry
homogenous regolith, respectively. At depths ranging from 1 to 6.0 m (from 2
to 12.5), muons become the most dominant species in PI (DH). Electron profiles also
present a maximum in the flux profiles within the top 1.5 m of the regolith. The neutron
profile in homogeneous dry regolith shows a similar pattern. In pure ice at depths shallower than 1 m, neutrons have the highest secondary particle flux.
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Fig. 8.5 Flux attenuation of electron, muon, neutron, HZE, gamma, and proton within the top 20 m of
the Martian subsurface. Solid and dashed lines denote DH and PI soils, respectively.

Fig. 8.6 shows the annual accumulation of physically absorbed dose (left panel) and
biologically weighted dose (right panel) as function of depth, for the pure ice and the dry
homogeneous regolith models. Briefly, the weighted dose is the sum of the products of
each energy deposition event and the factors presented in Table 8.1. Using the assumption of Dartnell et al. (2007) that neutrons are accounted for indirectly, we excluded them
from the model.
The radiological effects of these particles are incorporated indirectly via protons,
recoil nuclei, and fragments. Our estimated weighted absorbed dose was 0.84 Gy/year
for both regolith models, similar to estimates by Dartnell et al. (2007). The sharp decrease
in both models in the top 0.10 m reflects that SEPs, although dominating the flux of
primaries, are not very energetic (see Fig. 8.1). It is worth comparing this dose value with
ionizing radiation due to the natural decay of radioisotopes in the regolith (e.g., 40K,
226
Ra, 238U, and 232Th). On Earth, the most extreme radiation environment due to
natural radioisotope decay is 0.4 Gy/year (Baumstark-Khan and Facius, 2002; Veiga
et al., 2006; Anjos et al., 2006), which corresponds to depths of 0.20 and 0.60 m
in the dry homogeneous and pure ice regolith models, respectively. Mileikowsky
et al. (2000) estimated that the intrinsic radiation environment in the Martian regolith
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Fig. 8.6 Left and right panel presents deposited radiation and weighted deposited radiation versus
depth, respectively. The blue and orange lines denote the “pure ice” and “dry homogenous”
Martian soils, respectively.

due to natural decay is 4  104 Gy/year, which corresponds to a depth of 3.6 m in a dry
homogenous regolith model. Therefore, we can assume that below this depth, the effects
of GCR’s cascade become subdued relative to radioisotope decay.
The weighted absorbed dose is the key parameter required to derive long-term biological effects of the ionizing radiation environment as a function of time and depth.
Fig. 8.7 presents the survival time as a function of depth for two microbial populations
E. coli – HD
D. radiodurans – HD
E. coli – PI
D. radiodurans – PI

1

Depth [m]

224

2

3

4

5

103

104

105

106

107

Survival time [years]

Fig. 8.7 Survival time versus depth, soil type, and microbial species for a 106 population reduction. The
two microbial species considered are E. coli and D. radiodurans; these are represented in gold and
green, respectively. The Martian regolith models are dry homogenous (solid) and pure ice (dashed).
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Table 8.2 Deinococcus radiodurans survival time computed using a 106 reduction
Survival time (years)
Depth

Surface
2  102 kg/m2
(0.07 m)
5  103 kg/m2
(1.80 m)
1  104 kg/m2
(3.60 m)b

Mileikowsky et al.
(2000)

Pavlov et al.
(2002)

Dartnell et al.
(2007)

This work

1.8  106
–

–
3.0  104a

1.8  104
8.7  104

1.6  104
8.5  104

1.4  107

–

1.8  106

6.0  105

–

4.0  107

4.0  107

4.0  107

All values are computed assuming dry regolith.
a
Computed using a 108 reduction.
b
Depth at which the GCR influence is subdominant compared with radionucleide decay.

in the two aforementioned regolith models: (i) D. radiodurans a radiation-resistant organism and (ii) Escherichia coli a radiation-sensitive organism. We assumed complete sterilization would take place after a microbial population reduction of 106 (Dartnell et al.,
2007), extrapolated to be 600 Gy and 12 kGy for E. coli and D. radiodurans, respectively
(Battista, 1997, 2000). Populations of radiation-sensitive organisms would become
extinct within the top 1 m of the Martian surface in <10,000 years in dry regolith and
as early as 3000 years for organisms surrounded by pure ice. Populations of radiationresistant organisms could endure up to 200,000 years within the top 1 m of dry regolith.
We emphasize that these predictions assume that organisms are in a dormant state and
continuously accumulate radiation damage. Cell repair during spurs of metabolic activity
with a frequency higher than these survival times would allow populations to endure longer periods of time. Table 8.2 presents a comparison between some of our D. radiodurans
models in the DH regolith and some of the published literature. Our models are very
similar to estimates by Dartnell et al. (2011) but depart from estimates by Pavlov et al.
(2002) and Mileikowsky et al. (2000) mainly at shallow depths. A primary reason for this
departure is that these previous studies only considered solar minimum, while Dartnell
et al. (2007) used PLANETOCOSMICS/Geant4, which includes all the required interactions to model the ionizing radiation propagation through the regolith. In the code
used by Pavlov et al. (2002) for modeling (Blinov and Lazarev, 1999), the contribution
of secondary pions, electrons, and gammas was not included, and slow neutron transport
was also not included (Pavlov et al., 2002).

8.5 CONCLUSIONS
The main period of Martian habitability occurred >3 billion years ago. Since then, habitability conditions have degraded, perhaps with the exception of relatively short, warm,
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and wet episodes triggered by volcanic activity, impacts, or orbital fluctuations. Therefore, the potential for extant life near the surface of Mars critically hinges on whether
microbial communities could have survived long stretches of dormancy in between
punctuated periods of habitable conditions, up to the present. Ionizing radiation on Mars
is a “silent killer” that limits the amount of time that microorganisms could remain dormant near the surface of the planet. This maximum dormancy limit (MDL) can be estimated using nuclear physics numerical codes that accurately simulate the interactions of
ionizing radiation with geologic materials. In the case of Mars, the MDL could span
1000–200,000 years depending on the radioresistance of dormant cells and the composition of regolith materials. This might be considered an upper limit on the current habitability potential of the planet.

APPENDIX A MATHEMATICAL EXPRESSIONS
Normal Bethe-Bloch Formula
Moderately, relativistic charged particles other than electrons lose energy in matter primarily by ionization and atomic excitation. The mean rate of energy loss referred to as the
particle’s stopping power, <dE/dx>, of a secondary particle with energy E is given by
the Bethe equation (also known as the Bethe-Bloch equation; Yao et al., 2006; Amsler
et al., 2008; and references therein):
 


dE 
z2 Z 1
δðβγ Þ
2
¼K  2 
lnf ðβÞ  β 
(A.1)

dx Z , B
2
β A 2
where Z and A are the charge and atomic number of the traversed material and z the
charge number of the projectile nucleus (which corresponds to the total charge for a fully
ionized HZE particle). The normalization K is given by 4πNA/(mec2), where NA is Avogadro’s constant, me the electron rest mass, and c the speed of light. Furthermore, x is the
traversed distance and β ¼ v/c, where c is the light speed and v is the speed of the projectile.
Finally, f(β) takes into account the details of the effects of the single collisions and the
mean exciting energy, while δ(βγ) is known as the mean excitation energy. In the current
application, we make the following approximation δ(βγ)/2 δ/2 (Amsler et al., 2008).
Mixtures of compounds can be thought as thin layers of pure elements in the right
proportion. In this case,
 
X dE 
dE 

¼
wj
(A.2)

dx mix:
dx
j
j
where <dE/dx > | j is the mean rate of energy loss in the jth element and wj denotes the
j-layer weight.
Eq. (A.1) can
P
P be inserted into Eq. (A.2) to find expressions for
hZ/Ai ¼ wjZj/Aj ¼ njZj/( njAj). For further details, see Amsler et al. (2008).
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Electron Bethe-Bloch Formula
The interactions between secondary electrons and the matter they pass through take place
through a variety of mechanisms. At high energies, however, the dominant mechanisms
of energy loss are collisions that cause ionization and excitation of atoms and radiation
production (bremsstrahlung) due to electron negative acceleration. In the former, energy
is attenuated by a multitude of inelastic collisions until it reaches thermal levels. Bethe
(1930) theorized that the electron energy loss is a particular case of the energy loss by
charged particles. Under the assumption that the velocity, v, of the incoming electron
exceeds that of the atomic orbital electrons (known as the Born approximation), the
mean energy loss per unit length is
 


dE 
z2 Z 1
δðβÞ

¼K  2 
lngðβÞ + F ðτÞ 
(A.3)
dx e , coll
2
β A 2
where τ ¼ β  1 (kinetic energy of the electron in units of mec2). The expressions for g(β)
and F(τ) can be found in Amsler et al. (2008). The production of X-rays (bremsstrahlung)
by the deacceleration (stopping) of electrons is not a very efficient process at low energies
( 5 MeV; Amsler et al., 2008), but it becomes the dominant process at higher energies.
In the context of quantum electrodynamics, using the Thomas-Fermi model, the amount
of energy lost by an electron as radiation per unit path length is approximately given by
 
dE 
183
1

¼ 4α  rε2  N0  E  Z 2  ln 1 ¼ E
(A.4)
dx e , rad
x
0
Z =3
where N0 is the atomic density of a medium with atomic number Z while α is the finestructure constant and rε the classical electron radius. x0 is the radiation length and is
equivalent to the thickness of the target for which the impinging energy is reduced to
the eth part of its initial value.
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9.1 OVERVIEW
The MAVEN mission has provided evidence that most of the early Martian atmosphere
was stripped away early by solar wind (e.g., Jakosky et al., 2015, 2017). For the major part
of the planet’s history, low gravity and weak magnetic field have hardly shielded the surface from the high energetic particles. Yet, thermal differences between day and night and
large storms regularly inject substantial amount of dust in the atmosphere, which can preclude solar radiation from significantly penetrating to the surface. The radiation environment of Mars is thus complex, and characterizing its evolution through time is essential to
understand (a) the impact of UV radiation on soil geochemistry and its role in the preservation of biosignatures in the geologic record, which were discussed in Chapter 8, and
(b) the UV environment and adaptation potential of early subaerial microbial habitats,
which are examined here.

9.2 BACKGROUND
The irradiance in watt per square meter from the Sun falls with the square of the distance.
The mean extraterrestrial solar irradiance on Earth outside the atmosphere is 1367 W/m2
(i.e., the solar constant) (Armitage, 1995). In comparison, the irradiance outside the
atmosphere of Mars is 0.431 times the solar constant. However, this value varies considerable due to the eccentricity of the Martian orbit. With a very thin atmosphere, the
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absence of an ozone layer, and the minor role played by water and carbon dioxide, solar
radiation is not strongly attenuated before reaching the surface of Mars (Patel et al., 2002).
As a result, neutral attenuation is mainly due to dust aerosol particles. However, although
the optical thickness of the Martian atmosphere is nearly 10 times smaller than that of the
Earth, data show that dust carried into the atmosphere by strong winds may remain in
suspension over extended periods of time due to the planet’s low gravity, with particle
sizes around 1.5 μm, which increase the atmospheric opacities (τ) between 0.4 and 0.6 at
all measured wavelengths (450, 670, 883, and 989 nm) (e.g., Pollack et al., 1977; Colburn
et al., 1989; Smith and Lemmon, 1999; Lemmon et al., 2004; Vicente-Retortillo
et al., 2017).
A radiative transfer model was used to calculate the transmission of solar UV radiation
to the surface of Mars between 190 and 410 nm, which reflects the typical aerosol during
quiet periods (McWilliam and Baird, 2002). As the thin Martian atmosphere does not
provide significant attenuation by oxygen and ozone, dust aerosol particles are therefore
mainly responsible for the neutral attenuation. Thus, at first glance, UV radiation would
not seem to pose a substantial hazard. However, the biological efficiency of deleterious
UV radiation is calculated by the erythemal action spectrum (Fig. 9.1) defined by the
Commission International de L’Eclairage (CIE) (H€ader and Erzinger, 2017).
In a low atmospheric dust load scenario, UV-B irradiance reaches 3.49 W m2,
which is double that of Earth at midlatitude during the summer equinox (e.g., assuming
an average total ozone column of 300 DU (Dobson unit), UV-B ¼ 1.66 W m2 in
Erlangen, 49.58° N, 11°) (H€ader et al., 2007). However, the record UV-B values measured on Licancabur in the Bolivian Andes at 5920 m a.s.l. (22.83° S, 67.97° W) were
4.1 W m2 during the summer with an average of 250 DU (Cabrol et al., 2014).
In addition to strong UV radiation, the Martian environment is also characterized
by high energetic radiation (see Chapter 8). The radiation assessment detector (RAD)
onboard the Curiosity rover at Gale crater is allowing detailed measurements (e.g.,
Hassler et al., 2014). It shows that radiation consists of galactic cosmic rays (GCR)
and solar energetic particles (SEP). The GCR dose rate varies between 180 and
225 μGy/day (1 Gy ¼ 1 J of energy deposited in 1 kg), while the SEP dose rate amounts
to about 50 μGy/day. Data indicate that radiation exposure on Mars is much harsher than
on Earth, which is explained by a lack of a strong magnetic field and an atmosphere 165
times thinner that cannot deflect high energetic particles. This highly energetic radiation
breaks molecular bonds in organic molecules such as DNA and would kill any life form
exposed at the surface, including in the top few meters of soil (Granskog et al., 2012; see
also Chapter 8). Even the most resilient terrestrial microorganisms, such as the radioresistant bacterium Deinococcus radiodurans (formerly Micrococcus radiodurans) would not
survive in such an environment (e.g., Rummel et al., 2014).
The present-day radiation environment is thus generally considered deadly for subaerial life and habitats. This constitutes a challenge as well for planning and implementing
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Fig. 9.1 Calculation of the biological efficiency of deleterious UV radiation. The solar spectrum at
the Earth’s surface (upper panel, red curve) is folded by the erythemal action spectrum defined by
the Commission International de L’Eclairage (green curve) (H€ader and Erzinger, 2017) to obtain the
effective action spectrum for erythemal damage on Earth (blue curve). The lower panel shows
the same procedure using the solar radiation on Mars under the low dust scenario (τ ¼ 0.1) using the
same scale as in the upper panel.

the human exploration and colonization of Mars (e.g., Cucinotta et al., 2013). The radiation dose equivalent to the annual cosmic radiation at sea level on our planet is about
0.4 mS (millisieverts). While a 6-month stay exposes astronauts to 75 mS, a 180-day journey to Mars would expose them to 123 mS, with an additional 122 mS for a 500-day stay
at the surface.
Geologic, mineralogical, and geochemical evidences support the idea that the current
Martian UV radiation environment has been prevalent for the past 3.8 billion years, with
some spatiotemporal fluctuations associated with obliquity cycles and atmospheric depth
(e.g., Atri et al., 2013). However, over the past decades, the state and evolution of the
climate and atmosphere on early Mars has been continuously debated. For some, evidence of abundant surface water activity supports the hypothesis that early Mars had a
substantially thicker atmosphere and a warmer and wetter climate than today over
extended geologic times (e.g., Baker, 2001; Carr and Head, 2015; Craddock and
Lorenz, 2017; Luo et al., 2017). Meanwhile, the results of the MAVEN mission
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( Jakosky et al., 2015, 2017) and climate modeling have recently cast doubt upon this
scenario (e.g., Wordsworth, 2016; Ehlmann et al., 2016).
38
Ar/36Ar data show that Mars rapidly lost over 65% of its atmospheric argon through
sputtering by pickup ions (e.g., Jakosky et al., 2017). The inferred loss of CO2 and O is
consistent with an early partial pressure of 1 bar CO2 and a large early atmospheric loss
from intense solar extreme UV radiation during the Sun’s T Tauri stage (e.g., Rahmati
et al., 2015; Airapetian et al., 2016). MAVEN also suggests that both the thick primordial
CO2 atmosphere inherited from the outgassing period and the magnetosphere were lost
by the end of the pre-Noachian (4.1 Ga). While a secondary atmosphere was generated
during the heavy bombardment period (4.2–3.8 Ga), large impacts of asteroids that contributed to its formation along with volcanic activity may also have played an important
role in its erosion (e.g., Catling and Zahnle, 2009).
Data seem thus to be more aligned with a scenario of continuously unstable atmospheric conditions, including during the Noachian, when this period was previously
thought to be the most favorable period for habitability. Meanwhile, studies that focus
on the topology of Martian hydrologic networks rather than their abundance emphasize
their immature development as an additional argument showing that favorable atmospheric conditions were only episodic and were never stable long enough for the development of systems similar to those of Earth.
Adding to the body of evidence, a recent mineralogical study explains the presence
and nature of clays on Mars through three primary modes of formation (i.e., surface,
hydrothermal, and crustal). It suggests that none of these modes involve much warmer
average temperatures than terrestrial Arctic regions today, with surface formation that can
be explained by relatively short wetter climate incursions during favorable obliquities
(Bishop et al., 2018). From a geochemical standpoint, the abundance of perchlorates
in the Martian soil is also consistent with the hypothesis of long-duration exposure to
strong UV radiation (see Chapter 8). Further, the relatively poor abundance of carbonates
may indicate that, although the Noachian atmosphere was thicker than today, it may
never have reached >0.4–1 bar at most (e.g., Ehlmann et al., 2016).
Overall, the picture of early Mars depicted by recent mission data appears to fit a scenario of an always unstable, relatively thin atmosphere, exposed early to both intense UV
radiation and high-energy particles due to the early loss of its magnetosphere. Episodic
increase in atmospheric depth during favorable obliquity cycles and dust from impact cratering and storms may have provided temporary shielding to the surface (e.g., Jakosky and
Phillips, 2001; Kreslavsky and Head, 2005). However, early subaerial habitats on Mars, if
any, may have had to always contend with a challenging radiation environment. With
upcoming missions planned to search for biosignatures, it is critical to understand the type
of environments this may have created for life and document whether adaptation was
ever possible (and what type) to make subaerial microbial habitats possible. In that, unique
environmental terrestrial analogs such as the high Andes may provide important clues.

UV and Life Adaptation Potential on Early Mars

9.3 A POLYEXTREME ENVIRONMENT
Over the past 20 years, the Chilean Atacama Desert, the Altiplano, and the high Andes
have provided robust analog study sites for extreme microbial habitats. This region is
exposed to the strongest solar irradiance measured to date on our planet (Cabrol
et al., 2014; Feister et al., 2015). From sea level up to over 6000 m elevation and from
glacial regions to some of the most arid conditions on Earth, unique analog environments
allow the reconstruction of a space-for-time substitution experiment that shows plausible
scenarios for changing Martian subaerial habitats from the early Noachian to the Hesperian. In the process, they provide critical insights into the evolution of habitability and life
potential (see Chapter 6). They also give us pointers on how environmental extremes
linked to a thinning unstable atmosphere, increased UV, aridity, and geologic and climate
changes, may have impacted biodiversity at local and global scale. More importantly, they
show the interplay of environmental polyextremes in a natural lab as it could have
unfolded on early Mars (Cabrol et al., 2007; Cabrol, 2018).
The geology, morphology, mineralogy, and geochemistry of the Andes, as well as the
rapid impact of climate change on its water resources (e.g., Bradley et al., 2006), make this
region a particularly relevant terrestrial analog to early Mars at the transition of the Noachian and Hesperian (e.g., Cabrol et al., 2009). Due to its latitudinal range and elevation,
this mountainous tropical region has the highest solar irradiance in the world. With many
peaks nearing or over 6000 m elevation, a thin and unstable atmosphere (480–450 mbar
on average) generates strong weather and climate variability on a seasonal and interannual
base. The column ozone is naturally thinner over the tropics, UV increasing with elevation, clear skies, and low aerosols (Blumthaler et al., 1997). In that context, the tropical
Andes represents a particularly valuable test region for quantifying the amount of biologically damaging radiation (UV-A and UV-B) reaching the surface (Piazena, 1996) and its
wavelength dependence on ozone in a naturally occurring extreme environment. Field
data collected between 18.5 and 23.2 S/68.5–67 W and 4300–5916 m elevation show
high levels of UV-B (280–315 nm) well correlated with radiative modeling for exceptionally clear skies (Piazena, 1996; Feister et al., 2015). Winter solstice values are equivalent to those of Antarctica during ozone hole events and double in the Austral summer.
High UV-B irradiance occurs in an atmosphere permanently depleted in ozone and the
common occurrence of negative ozone anomalies (Figs. 9.2 and 9.3).
The impact of strong UV-B and UV erythemally weighted daily dose on life is compounded by the broad daily temperature variations with sudden and sharp fluctuations
brought by clouds, the low relative humidity, and an enhanced yearly negative water
balance (Hock, 2008). However, as shown by the field studies in the Andes, the interplay
of environmental extremes may not have always necessarily resulted in an amplification of
the negative effect of high radiation on early Mars. This interplay was constantly evolving
in space and time, factors of fluctuations including latitude; season; obliquity; planetary
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Fig. 9.2 Examples of areas of strong ozone depletion (dark blue and purple) compared with the
regional standard average for latitude and elevation (220 DU, Dobson units).
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Fig. 9.3 Panels (A) and (B): Regional ozone fluctuations since 1979 in the survey area. Values in panel a
indicate decadal means (the 1980s–2000s). Panel (A)—Daily ozone variations showing a 2.7% ozone
decrease between the 1980s and 1990s (260–253 DU, Dobson units). The 2000 decade was more
stable. However, ozone concentration showed greater variability. Middle and bottom panels:
Seasonal ozone variations over three decades. Deviation is calculated with respect to the 1980s
decadal mean. During the 2000s, winter values almost regained their 1980s average and fall values
a third of their 1990s value. Yet, large interannual variations still occurred, for example, 283 DU in
2003 and 247 DU in 2004 (13%) and 281 and 259 DU in 2009 and 2010 (8%), respectively. Both
spring and summer values continued to decline throughout the 2000s (2% and 2.4%,
respectively). Panel (B)—OMI data showing strong ozone depletion events in the survey area. Data
are from Nimbus-7 (from 1979/01/01 to 1993/05/06), Meteor-3 (from 1991/08/22 to 1994/11/24),
GOME-1 GDP 4.0 (from 1995/07/01 to 1996/07/21) within 100 km, Earth Probe (from 1996/07/22 to
2005/12/14) at 1.0°  1.25°, and atmospheric infrared sounder (AIRS) global level-3 database at
1.0°  1.0° cells. Panel (C)—Examples of UV and temperature fluctuations and inversions measured
with Eldonet UV dosimeters during the 2007 austral summer at the summit of the Simba
volcanoes (5875 m elevation).
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changes (loss of atmosphere and magnetic field); and regional to local geochemical, mineralogical, topographic, and sedimentologic characteristics. For instance, as long as water
was stable at the surface, abundant total dissolved solids even in a shallow water column
would have still provided some shielding to aquatic microbial organisms and so would
have an ice cover. On the other hand, the combination of a steady loss of magnetosphere,
atmosphere, and water, short UV reaching the surface, high UV/T ratio, and the increasing formation of perchlorates would have been unfavorable not only to the survival of life
but also to the preservation of biosignatures (see Cabrol et al., 2007 for more on this
aspect of the discussion).
Overall, what the study of the strong radiation and polyextreme environment of the
Andes shows us is that in such an environment, the relative spatiotemporal influence of
each environmental parameter is what would have been critical to the survival and adaptation of potential microbial habitats. It also shows that this influence may have varied on
very short timescales (daily, seasonally, and interannually, e.g., Cabrol et al., 2009; Cabrol
and Grin, 2010). Importantly, while climate is the primary force driving changes in planetary habitability (including in the Andes, which is one of the regions of Earth most
affected by climate change), extreme microbial habitats are driven by processes at vastly
different scales. Elements that dictate their survival or disappearance in the Atacama, Altiplano, and Andes are at the scale of a local slope exposure, water retention, sediment texture, mineralogy, geochemistry, soil pH, local moisture acquisition, temperature, energy,
and type of shelter.
Indeed, if the Andes reflects what a changing early Martian environment was for
potential microbial habitats, then the keys to their survival and adaptability to an increasing UV environment would ultimately have been found at the meter to micrometer scale
(Cabrol, 2018), and this has fundamental implications for the search for biosignatures on
Mars because it shows that global trends about the early climate are merely an indication
of where to search and provide very little useful information on potential paleohabitat
location. As shown by MAVEN, Mars became extreme very early, and in such an environment, microbial habitat distribution and abundance at the surface would have become
stochastic. Ultimately, it may be that what we observe in the Andes corresponds to the
most favorable conditions for microbial habitat development early Mars ever experienced
as within a billion years of its formation; the planet already resembled what it is today.
Keys to possible adaptation and survival of life after this short favorable period may be
found in the early development of life on Earth and in space and laboratory experiments.

9.4 ADAPTATION AND ITS LIMITS
Before the evolution of oxygenic photosynthetic cyanobacteria 2.4 billion years ago,
Earth’s atmosphere did not contain oxygen and ozone (Catling and Claire, 2005). Persistent oxygen accumulation developed even much later, about 550 million years ago
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( Johnston et al., 2009). Therefore, Earth’s early atmosphere resembled the current atmosphere on Mars more than our planet’s current atmosphere. Oxygen strongly absorbs
UV-C radiation and the stratospheric ozone prevents most of solar UV-B to reach
the surface of the Earth. Consequently, the first photosynthetic organisms on our planet
had to develop in the presence of strong short-wavelength radiation from the Sun. Both
UV-C and UV-B attack relevant biomolecules such as lipids, proteins, and nucleic acids
that are modified or destroyed. Since these organisms need to harvest solar radiation, they
are simultaneously exposed to detrimental short-wavelength radiation. The photosynthetic apparatus and the nuclear DNA are prime targets (Richa et al., 2015; Gao
et al., 2018).
In order to survive in the presence of excessive solar UV-C and UV-B radiation,
organisms have developed a number of efficient protective strategies. Probably, the first
photosynthetic organisms developed deep down in the water column that is reflected by
the fact that some are capable of living with very low irradiances while they are even
impaired by high visible light (Macintyre et al., 2002). Another strategy is mat and crust
formation where organisms lower in the biofilm are protected by others further up,
which are sacrificed at high irradiation. Even though cyanobacteria are not capable of
active swimming, they can undergo vertical migrations in the water column changing
their buoyancy by producing or reducing gas vacuoles in their cells (Oliver, 1994); by
this means, they can adapt their position in the water column in dependence of the incident irradiation.
Early on, cyanobacteria have developed UV-absorbing pigments. Scytonemin is
restricted to cyanobacteria and is excreted to the outside of the cell (Garcia-Pichel
et al., 1992; Sinha et al., 1999). While this sunscreen pigment absorbs in the UV-A, it
also has a strong absorption band in the UV-C that may be regarded as a relic of the early
development (Fig. 9.4). The other UV-screening pigments are mycosporine-like amino
acids (MAA) that cyanobacteria share with eukaryotic phytoplankton and some macroalgae. MAAs are water-soluble, low-molecular-weight (< 400 Da) molecules absorbing
in the UV-B and UV-A. They consist of a cyclohexenone or cyclohexenimine chromophore conjugated to the nitrogen substituent of an amino acid or its imino alcohol (Sinha
et al., 1998). It is interesting to note that animals such as zooplankton are not able to synthesize these molecules since they lack the Shikimate pathway, but they can take them up
with their diet, store them in their cells, and use them for the same purpose.
In addition to direct damage of essential biomolecules, solar UV can produce reactive
oxygen species (ROS) such as singlet oxygen, peroxides, superoxide, and hydroxyl
radials (He and H€ader, 2002). Cells have developed a number of enzymatic and nonenzymatic reactions to quench ROS and thus mitigate the damage.
Other mitigating strategies include the repair of UV-induced damage. Bacteria are
too small to produce and store sufficient concentrations of MAAs to effectively screen
out UV radiation before it hits the sensitive DNA and therefore rely on fast repair
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Fig. 9.4 Chemical structure and absorption spectrum of scytonemin. (Modified from Sinha, R.P., Klisch,
M., Vaishampayan, A., Ha€der, D.-P., 1999. Biochemical and spectroscopic characterization of the
cyanobacterium Lyngbya sp. inhabiting mango (Mangifera indica) trees: presence of an ultravioletabsorbing pigment, scytonemin. Acta Protozool. 38, 291–298; Rastogi, R.P., Sinha, R.P., Moh, S.H., Lee,
T.K., Kottuparambil, S., Kim, Y.-J., Rhee, J.-S., Choi, E.-M., Brown, M.T., Ha€der, D.-P., 2014. Ultraviolet
radiation and cyanobacteria. J. Photochem. Photobiol. B Biol. 141, 154–169.)

mechanisms. UV-C induces 6,4-photoproducts and their Dewar valence isomers (Sinha
and H€ader, 2002). In contrast, UV-B induces mainly cyclobutane pyrimidine dimers
(CPDs). These are effectively repaired by the enzyme photolyase using the energy of
UV-A or blue photons (Sinha and H€ader, 2002). In addition, excision repair (base excision repair and nucleotide excision repair) plays important roles in DNA repair. Phytoplankton dwell in the upper mixing layer (UML) of the water column and are moved by
the action of wind and waves. When they are close to the surface, they are exposed to
excessive solar radiation and encounter UV-induced damage. This is being repaired
when the organisms are transported to deeper water with less intense irradiation.
The photosynthetic apparatus is another target of solar UV radiation. The D1 protein
in photosystem II is responsible for the electron transport from chlorophyll a to the
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primary acceptor. Excessive radiation kinks the molecule that is subsequently removed
and replaced by a newly synthesized protein (Gao et al., 2018).
On Mars, potential organisms would also be exposed to strong ionizing radiation
since the planet does not possess a strong magnetic field deflecting this (Kminek and
Bada, 2006). In order to analyze the effects of ionizing radiation on phytoplankton,
we exposed the green unicellular Euglena gracilis to gamma rays and high-energy carbon
ion irradiation (Sakashita et al., 2002d,c). Exposure to the ionizing radiation impaired
gravitaxis (orientation with respect to the gravitational field of the Earth) and the swimming velocity (Sakashita et al., 2002a,d,c). The damage induced by the ionizing radiation
seems to be mediated by induced ROS, since the inhibition could be partially mitigated
by adding the ROS quencher Trolox C (Sakashita et al., 2002b).
The current atmosphere on Mars is very thin (6.36 h Pa) and equals about 6% of the
atmospheric pressure on Earth. It consists of 95.3% carbon dioxide, the reminder are
nitrogen (2.7%); argon (1.6%); and traces of oxygen, carbon monoxide, and water
(Mahaffy et al., 2013; Montmessin et al., 2017). Thus, the atmospheric pressure on Mars
corresponds to a stratospheric air pressure at 35 km above the Earth’s surface. Several
space experiments have been conducted to evaluate the effect of solar UV and ionizing
radiation, vacuum, and widely fluctuating temperatures on various organisms in a scenario closely resembling that on the current Mars surface (Demets et al., 2005). Biopan
is a pan-shaped container attached to the outside of a Russian Foton spacecraft that allows
exposing biological material to open space. It is closed during launch and reentry and
opens when the satellite reaches its orbit. Between 1992 and 1999, four missions have
been carried out with 16 experiments. In addition to dormant spores of bacteria, ferns,
and mosses, lichens and amino acids were exposed (de La Torre Noetzel, 2007; Cottin
et al., 2008). The lichens fully recovered after exposure to 3  106 h Pa for 1 week unattenuated solar UV radiation (>200 nm) with a total fluence of 10.89  106 J m2. Judging
from these environments, the authors assume that lichens may be capable of surviving
conditions prevailing on Mars (de Vera et al., 2010; De Vera, 2012). The radiation
regime during the space flight was recorded using a miniaturized radiometer-dosimeter
(R3D) that monitored solar visible and UV radiation in four channels and ionized radiation distributed in 256 channels (Dachev et al., 2005; H€ader et al., 2009). One of the
objectives of these experiments was to prove that large organic molecules and dormant
spores and organisms can survive extended interplanetary space travel posited by the Panspermia hypothesis (Davies, 1996).
Similar experiments with a far longer exposure time have been carried out on several
EXPOSE facilities installed outside the ISS (Rabbow et al., 2009). The EXPOSE-E
instrument was exposed for 1.1 years before it was returned to Earth for evaluation of
the biological samples including bacterial and fungal spores, lichens, and cryptoendolithic
microbial communities (Horneck et al., 1999, 2002). Dormant eggs encased in a chitinous capsule of Daphnia and Eucypris were also found to survive the extended exposure to
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the hostile environment and showed an 11%–35% hatching success after returning to
Earth (Novikova et al., 2011).
Also on the EXPOSE modules, solar visible and UV radiation, as well as ionizing radiation, have been monitored continuously by R3D instruments (Dachev et al., 2012,
2017). One mechanism for protection during extended periods in a hostile environment
was also found on Earth in cyanobacteria growing inside rocks under a 5 mm layer of
granite in Southern Brazil (Richter et al., 2006). While the light penetration through
the overlying rock layer allowed only slow growth, it protected the organisms from high
solar irradiation and excessive temperatures.

9.5 CONCLUSION
Conditions on Mars are very harsh for life. Excessive solar UV radiation including UV-C
(>200 nm), wide temperature fluctuations, limited water supply, and very thin atmosphere with only traces of oxygen provide a hostile environment. In addition, the lack
of a stable magnetic field facilitates high energetic ionizing radiation to hit the surface of
the planet. Several life forms ranging from spores of bacteria, fungi, ferns, and mosses have
been found to survive similar harsh conditions on Earth and in space, and even dormant
lichens and eggs of microcrustaceans tolerate such extreme environments at least for limited periods of time on the order of days to months. Survival strategies include mat and
crust formation, vertical migration, UV-screening pigments, endolithic growth inside
rocks or meteorites, and efficient repair mechanisms of damage induced by UV and ionizing radiation. However, if long-term survival under such hostile conditions on the
order of hundreds to millions of years as posited by the panspermia hypothesis is possible
to allow interplanetary travel of early life forms has to be confirmed. However, the main
question remains whether or not active growth of primitive organisms is possible under
the current hostile conditions on Mars.
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Shurshakov, V., Benghin, V., Spurný, F., 2002. Calibration results obtained with Liulin-4 type dosimeters. Adv. Space Res. 30, 917–925.
Rastogi, R.P., Sinha, R.P., Moh, S.H., Lee, T.K., Kottuparambil, S., Kim, Y.-J., Rhee, J.-S., Choi, E.-M.,
Brown, M.T., H€ader, D.-P., 2014. Ultraviolet radiation and cyanobacteria. J. Photochem. Photobiol. B
Biol. 141, 154–169.

CHAPTER 10

Are Recurring Slope Lineae Habitable?
Alfred S. McEwen
Contents
10.1
10.2
10.3
10.4
10.5
10.6
10.7
10.8

Overview
Introduction and Background
RSL in the Southern Middle Latitudes
RSL in Equatorial and Northern Middle Latitudes
Color Observations
CRISM Detection of Hydrated Salts
RSL Association With Small Gullies and Slumps
How Do RSL Form?
10.8.1 Melting of Shallow Ice
10.8.2 Groundwater Models
10.8.3 Deliquescence
10.8.4 Dry RSL Models
10.8.5 Hybrid Models
10.9 Implications for Habitability
10.10 Should Candidate RSL Be Treated Like Special Regions?
10.11 Future Study of RSL
Acknowledgments
References

249
250
252
253
254
254
255
258
258
258
261
263
264
265
266
267
268
268

10.1 OVERVIEW
Recurring slope lineae (RSL) are dark flows on steep slopes that extend downhill gradually or incrementally and recur each Mars year. RSL activity often occurs at temperatures exceeding 255 K, meeting one requirement for potential habitability. The
temperature-dependent activity is consistent with the stability of brines likely on Mars,
and hydrated salts are transiently detected from orbit. These may be the most promising
locations for habitable conditions on Mars today, especially in equatorial regions.
However, topographic evidence strongly points to the formation of RSL as granular
flows, not seepage of water, so the water activity value is probably quite low (<0.5)
and habitability remains very challenging. Future spacecraft experiments and laboratory
experiments are needed to understand how RSL form and whether they need to be treated like special regions, requiring extra procedures for planetary protection (quarantine).
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10.2 INTRODUCTION AND BACKGROUND
Recurring slope lineae (RSL) are relatively dark flows on steep slopes with low albedos
(minimal dust cover), typically originating at bedrock outcrops (McEwen et al., 2011,
2014). Individual lineae are up to a few meters wide and up to 1.5 km long. RSL recur annually (by definition) over the same slopes. The lineae grow gradually or incrementally over a
period of several months, usually during the warmest time of the year for the particular latitude and slope aspect, and then fade (and often disappear) when inactive. This pattern
repeats over multiple years, with varying degrees of interannual variability. They are often
associated with pristine small gullies or channels that are otherwise rare on equatorial slopes.
Hundreds of individual lineae may be present over a local site and thousands in a single
HiRISE image, and there are hundreds of likely RSL sites. Hydrated oxychlorine salts have
been detected by Compact Reconnaissance Imaging Spectrometer for Mars (CRISM;
Murchie et al., 2007) at five sites (Ojha et al., 2015, 2017a; Ojha, 2016); some RSL may
leave relatively bright deposits on the slopes (Chojnacki et al., 2016; see Fig. 10.1).
RSL are common in the southern middle latitudes (SML) where they are most active
in southern summer on equator-facing slopes, the equatorial region where activity is usually timed to when the local slope receives the most insolation (McEwen et al., 2014), and
in Acidalia/Chryse Planitia with activity in northern spring and summer (Dundas et al.,
2015; Stillman et al., 2016). RSL are classified as “fully confirmed” when incremental or
gradual growth, fading, and yearly recurrence have all been observed (McEwen et al.,
2014). They are called “partially confirmed” when either incremental growth or recurrence has been observed or “candidate” sites when they resemble RSL in single images,
but changes have not been observed, or only fading has been seen; often, insufficient
repeat coverage has been acquired. The identification of RSL currently depends on
30 cm/pixel orbital images from the High Resolution Imaging Science Experiment
(HiRISE; McEwen et al., 2007) on the Mars Reconnaissance Orbiter (MRO).
There are at least 68 confirmed RSL sites and 406 candidate or partially confirmed
sites on Mars, where a “site” corresponds to a HiRISE image that may have multiple
slopes with RSL (Stillman et al., 2017). HiRISE has uniquely covered 2% of the martian surface by mid-2017, and a much smaller fraction has the repeat coverage needed to
identify RSL. However, HiRISE has preferentially targeted steep and low-albedo slopes
for a variety of science objectives, including the search for RSL. Only 40% of steep,
low-albedo, equator-facing slopes in the SML exhibit candidate RSL in the active summer season (Ojha et al., 2014). They seem to favor west-facing over east-facing slopes
(Stillman et al., 2017), but HiRISE preferentially targets the better-illuminated westfacing slopes (MRO observes at 3 PM), and RSL may be hidden in shadows on
east-facing slopes, so an actual east-west preference remains unproven. A global inventory of steep, low-albedo slopes on Mars has not been compiled, but it is likely much
less than 1% of Mars’ global surface area. A global map of bedrock on slopes based on
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Fig. 10.1 Examples of RSL sites, in IRB color (broad bandpasses centered at 900, 700, and 500 nm
displayed as red, green, and blue, respectively), with min-max stretches applied to each individual
bandpass to increase contrast. North is up and illumination is from the left in all images, and the
downhill direction is indicated by red arrows. (A) RSL flowing first over bright bedrock and colluvium,
then over the darker fan in Coprates Chasma (ESP_050021_1670). The active RSL are dark but leave
deposits (seen in places) that appear greenish in the IRB color. (B) RSL deposits appear greenishreddish in Ganges Chasm (ESP_047370_1705). (C) These RSL in Asimov crater lengthened unusually
late in the SML season, between Ls 11° and 19° when surface temperatures were well below 273 K,
but quickly faded (PSP_006926_1320). (D) RSL in Tivat crater (ESP_022973_1335) follow gullies that
are much larger than the RSL. The reddish streak (lower right) is present all year, but darkens where
RSL form over it, suggesting that RSL may darken the surface without necessarily changing its color.
(E) RSL in Krupac crater cover bright linear features that appear to be deposits from RSL activity in
past years (ESP_045018_1720). (F) RSL fans (black arrows) in Coprates Chasm became dark when the
air was dusty (left, ESP_030241_1650) but were bright in images acquired both before (not shown)
and after (right, ESP_030452_1650) the dusty event.
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thermal inertia (Edwards et al., 2009) strongly resembles the global map of RSL occurrences (Stillman et al., 2017), although with some exceptions. They occur over a broad
range of elevations, with no preference for regions with greater water stability at the surface (Haberle et al., 2001). RSL are widespread, and the count of confirmed sites will
continue to grow as more high-resolution repeat coverage is acquired.
RSL have been observed to recur for up to 5 Mars years (MY; 687 days on Earth), from
MY 29 to 33, but there is no upper limit on how long recurrence may continue. (See
Piqueux et al. (2015) for description of how Mars years are numbered.) If activity usually
ceases after a certain period of time, then that would constrain the quantity of the materials
needed (water, salt, or solid grains) or its replenishment rate. An indirect estimate may be
possible, assuming that the RSL activity lifetime is random across Mars. There are no fully
confirmed RSL sites where activity is known to have ceased, although the level of activity
has decreased in places. In some sites with multiple RSL slopes, some slopes appear inactive
after RSL were apparent in a prior year, but those particular slopes may not have ever met
the definition of fully confirmed. There are 20 fully confirmed RSL sites that have been
well monitored over at least 3 Mars years, and none has ceased activity. If the average lifetime is 100 Mars years, then 3% of the sites should cease in 3 years; 0.03 20 ¼ 0.6 site
turned off versus none observed, so the mean lifetime is probably of order or exceeds
100 Mars years. This logic may be flawed if some of the candidate sites, where repeat imaging did not show recurrence, actually are RSL sites that ceased recurrence.
Most published interpretations of RSL involve water, so it has been recommended
that these locations be treated like special regions (SRs) for planetary protection
(Rummel et al., 2014; Kminek et al., 2016). An SR is a place where organisms could
survive and reproduce; whether or not this is the case at RSL sites is unknown, so they
are recommended to be protected like SRs. However, recent results suggest that RSL are
granular flows on “angle of repose” slopes (Dundas et al., 2017a), perhaps associated with
small quantities of transient brine that may not ever have sufficient water activity (aw,
defined as relative humidity/100) to be habitable. This chapter provides a review of
RSL research and a discussion of the growing list of models to explain this activity
and implications for habitability.

10.3 RSL IN THE SOUTHERN MIDDLE LATITUDES
The discovery of RSL in the SML and their basic characteristics were described by
McEwen et al. (2011). They found RSL only on steep slopes, measured as 27°–38° from
the only three HiRISE digital terrain models (DTMs; Kirk et al., 2008) available at that
time over known RSL sites. Some RSL appear to terminate in the middle of steep slopes,
and McEwen et al. (2011) commented that “…RSL lengths must be controlled by a limited volume of mobile material.” They considered multiple hypotheses for the origin of
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RSL, including wet and dry flows, but favored some role for briny water in spite of no
known source of sufficient water to fill pore spaces as needed for seepage. There has
been increasing evidence for widespread hygroscopic salts on Mars from measurements
by landers, rovers, orbiters, and analysis of martian meteorites, many of which lower the
freezing point of brine (e.g., Hecht et al., 2009; Osterloo et al., 2010; Glavin et al.,
2013; Clark and Kounaves, 2016). RSL activity is more consistent with briny than fresh
water when surface or shallow subsurface temperatures are above the salt eutectic temperature (as low as 200 K) and sometimes below 273 K. The peak daily surface temperatures corresponding to seasons of RSL growth in the SML are usually above 273 K
and occur between Ls 245° and 314° (late spring to middle summer) (Stillman et al.,
2014). (Ls is areocentric longitude of the sun, a measure of season; southern summer
begins at Ls 270°.) However, there are exceptions in Asimov and Horowitz craters
(McEwen et al., 2011; Ojha et al., 2014) and Hale and Palikir craters (Dundas et al.,
2015; Stillman and Grimm, 2018). Only 41% (82 out of 200) of the SML sites with
steep, equator-facing rocky slopes with bedrock exposures contain candidate RSL
(Ojha et al., 2014), with confirmed RSL present in at least 18 of those locations
(Stillman et al., 2017).

10.4 RSL IN EQUATORIAL AND NORTHERN MIDDLE LATITUDES
Evidence for abundant equatorial RSL (McEwen et al., 2014) indicated that preservation
of shallow (<1 m) ice or frozen brine was especially unlikely given rapid sublimation rates
throughout the year (Mellon et al., 2004; Altheide et al., 2009). Mars Odyssey Neutron
Spectrometer data have been interpreted as evidence for patches of shallow equatorial ice
(Wilson et al., 2018), but alternate analyses concluded that this interpretation is problematic (Pathare et al., 2018). The equatorial RSL share the same set of distinctive characteristics as in the SML, except that the seasonality varies primarily with slope aspect, or
may continue year-round on east- and west-facing slopes. Valles Marineris (VM) has by
far the greatest concentration of RSL on Mars (Chojnacki et al., 2016; Stillman et al.,
2017) and also has the greatest concentration of steep 75 m scale slopes (Neumann
et al., 2003) over low-albedo regions (Putzig and Mellon, 2007) and with high-rock
abundances (Edwards et al., 2009). A dozen confirmed or partially confirmed RSL sites
have been documented in other equatorial regions and in Chryse and Acidalia Planitia in
the northern middle latitudes (Dundas et al., 2015), where they are clearly active when
surface temperatures are below 273 K (Stillman et al., 2016). Confirmed RSL are rare or
absent in the northern hemisphere beyond a portion of Chryse and Acidalia Planitia,
although there are a few unconfirmed candidate sites near the Jezero crater and northeast
Syrtis Major candidate landing sites for the NASA 2020 rover and near the Mawrth Vallis
candidate landing site for the ExoMars rover.
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10.5 COLOR OBSERVATIONS
CRISM hyperspectral and HiRISE color observations have provided useful constraints
on RSL properties, in addition to the CRISM detection of hydrated salts (discussed
below). Although water bands have not been detected, Masse et al. (2016) showed
via laboratory experiments that wet surfaces could maintain a low albedo when mostly
dry, perhaps like RSL in the midafternoon when MRO observes, but that the water
absorption bands would be very weak, likely not detectable by CRISM over subpixel
areas. CRISM cannot resolve individual flows with a best imaging scale of 18 m/pixel,
but there is evidence for seasonally enhanced ferric and ferrous absorptions over RSLrich slopes (Ojha et al., 2013). This CRISM result is consistent with the color of RSL
fans and some faded RSL as seen by HiRISE, in which these absorptions make the
RED (600–800 nm) bandpass relatively bright compared with the BG (400–600 nm)
or NIR (800–1000 nm) bands (Fig. 10.1A and B). In other words, these areas appear relatively greenish in HiRISE IRB color with individually contrast-enhanced IR, RED,
and BG images displayed as red, green, and blue, respectively (see color images in
McEwen et al., 2014; Chojnacki et al., 2016). The spectra could be explained in multiple
ways such as coarse grain sizes, precipitation of ferric oxides, and/or wetting of the substrate (Ojha et al., 2013). Darkening and fading due to wetting and drying of soil is well
documented (e.g., Pommerol et al., 2013), and some inactive RSL paths are bright or
colored, perhaps from deposition of salts and/or ferric oxides (Fig. 10.1A, B, and E).
Darkening via larger grain sizes could result from the dynamics of granular flows
(Dundas et al., 2017a), but if fading is due to decreasing grain sizes, then how this can
happen over a period of a few weeks has not been explained. Fading of RSL due to atmospheric dust fallout would require that the dark lineae be less blue than their surroundings,
which is not obvious in the color images. The HiRISE color bands should be effective for
distinguishing dust from nondust surface materials on Mars (Delamere et al., 2010) but
require atmospheric and slope corrections for quantitative analysis (Fernando et al.,
2017). It would also be difficult to explain the fading of inactive lineae adjacent to dark,
growing lineae (Stillman et al., 2017) via dust fallout, unless grain flow actively removes
the dust. But there are correlations between fading of RSL and fading of dust devil and
rock fall tracks in Tivat crater, suggesting that regional seasonal removal of dust may partially explain or complicate RSL fading (Schaefer et al., 2017).

10.6 CRISM DETECTION OF HYDRATED SALTS
A strong constraint on the origin of RSL is the detection of hydrated oxychlorine (perchlorate and chlorate) salts associated with five RSL sites (Ojha et al., 2015, 2017b; Ojha,
2016). The compositional identification is based on comparison to laboratory measurements (Hanley et al., 2014, 2015). Hydrated salts of this composition have been detected
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from orbit in only two other settings (Ojha et al. 2017a; Ojha, 2016): one associated with
ice-exposing new impacts (Byrne et al., 2009; Dundas et al., 2014) and possibly within
the north polar layered deposits (Masse et al., 2012). Water ice is exposed and sublimating
at the two non-RSL settings, which greatly facilitates deliquescence (Fischer et al., 2016),
but what is special about RSL sites? It is probably not just a matter of exposing subsurface
materials because hydrated salts have not been seen in new impacts that did not expose ice
(Ojha et al., 2017a; Ojha, 2016) or in new gully activity (Núñez et al., 2016). Although
the CRISM dataset has not been thoroughly searched at the single-pixel level, the presence of sufficient hydrated oxychlorine salt to be detected by CRISM at 18 m/pixel
seems to be rare, even though anhydrous perchlorates may be ubiquitous in the martian
regolith at the level below 1% (Clark and Kounaves, 2016). Perchlorates are highly deliquescent but are expected to form water only in the early morning or late afternoon in
nonpolar regions of Mars (Gough et al., 2011). In equatorial regions and in the middle
afternoon when CRISM observes, efflorescence is expected to produce anhydrous salts,
which lack near-IR absorption bands, rather than hydrated salts (Gough et al., 2011).
Furthermore, if perchlorates are distributed in the soil at levels below 1%, then forming
enough hydrated salt to be detected from orbit would be difficult at any time of the day,
unless a process like flowing water served to concentrate the salt. Cull et al. (2010) found
the distribution of perchlorate salts at the Phoenix landing site to be locally concentrated,
similar to salt patches that result from aqueous dissolution and redistribution on Earth.
The best interpretation is that there must be some water associated with RSL, but not
necessarily flowing water.

10.7 RSL ASSOCIATION WITH SMALL GULLIES AND SLUMPS
Although classic martian gullies are concentrated in the middle latitudes, pristine small
gullies are often found with RSL in equatorial regions (Fig. 10.2), where fresh-looking
gullies are rare. A gully is defined as “A small channel with steep sides caused by erosion
and cut in unconsolidated materials by concentrated but intermittent flow of water…and
too deep (e.g., >0.5 m) to be obliterated by ordinary tillage” (Neuendorf et al., 2010).
The channels (1–20 m wide, sometimes >0.5 m deep) associated with many RSL fit this
definition in terms of size. However, martian midlatitude ravines are typically much
larger and are called “gullies” in the Mars science literature, so we call the RSL-related
landforms “small gullies” even though they are the size of typical gullies on Earth. The
largest RSL gullies are in VM and are just barely resolved in images from MRO’s Context
Camera (Malin et al., 2007), although a recent global CTX-image survey excluded them
(Harrison et al., 2015). Auld and Dixon (2016) described a small number of equatorial
gullies based on early HiRISE images, before HiRISE began a campaign of imaging steep
slopes to look for RSL. HiRISE monitoring has shown that gully formation in the middle
latitudes is due to dry debris flows fluidized by seasonal CO2 (Dundas et al., 2017b).
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Fig. 10.2 Hill in Juventae Chasma with small gullies and RSL on all sides at Ls 356° in MY 33
(ESP_050390_1755). Locations of full-resolution cutouts B, C, and D indicated in view of the entire
hill (upper left). This is also a hill with abundant slumps on the RSL/gully fans.

However, RSL form over the warmest places on Mars, making CO2 highly unstable
throughout the year, so CO2 fluidization is not a viable mechanism to produce the small
gullies at equatorial locations in the present climate.
Were the small channels associated with RSL caused by aqueous erosion, today or in
the recent past? If so, it would be odd that they only form over slopes steeper than 28°.
Also, many RSL sites lack apparent gullies, even when lighting conditions are favorable
to see subtle topographic shading. Small gullies may not be detected in some HiRISE
images, especially on sun-facing slopes where the topographic shading is not accentuated.
Many RSL flows are associated with small gullies in their upper reaches, but channels are
often not apparent on the smooth fans, which may account for most of the length of
lineae and where they are most obvious. There are some equatorial regions where small
gullies are present but RSL have not been seen; some of these sites are otherwise identical
to RSL slopes in terms of morphology: steep, rocky slopes and channels lead to a smooth
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fan at 30° slope and IRB “greenish” fans (e.g., ESP_049071_1630). RSL at such locations may be seen in the future from continued monitoring, or they could have been
active in the recent past.
The straightforward interpretation is that RSL activity erodes gullies in the upper
slopes and deposits sediment on lower (but still steep) slopes forming fans. We have
not seen unambiguous topographic evidence for erosion of these gullies today, so either
they erode slowly over many years or the gullies formed in the past and the RSL simply
follow these channels. Since we believe that RSL are active for >100 Mars years, slow
erosion not detected by HiRISE is plausible. There is often an excellent fit in size
between RSL, gullies, and fans, suggesting a genetic relation (Fig. 10.2). In some cases,
especially in the middle latitudes, the present-day RSL are much smaller and shorter than
the gullies they follow (Fig. 10.1D), so the present-day activity levels did not carve the
large gullies. (But there may be smaller gullies in the large-gully headwalls that are wellmatched in size to the RSL.) In other places, especially in VM, the RSL precisely fit the
small gullies and extend out to the downhill margins of the gully fans. Unless a remarkable
coincidence, this suggests that the RSL activity modified the topography. There are a few
cases where we see probable topographic changes associated with active RSL (Chojnacki
et al., 2016), but in most cases, either the RSL erode and deposit sediment too slowly to
detect with HiRISE over several Mars years, or the major erosion is episodic.
HiRISE has detected newly formed topographic slumps associated with RSL fans in
at least 12 locations—nine around a hill in Juventae Chasma (Ojha et al., 2017b; see
Fig. 10.2), two in Garni crater in Melas Chasma, and one along wall slopes in Coprates
Chasma (Chojnacki et al., 2016). Typical lengths are tens of meters with topographic
relief of 1 m (negative on uphill end and higher in the downhill lobe). The slumps
are initially relatively dark, similar to RSL, and then fade over a few weeks, also similar
to the fading of RSL when they become inactive. Note that slope streaks on dust-mantled
slopes, of comparable size, require decades to fade via atmospheric dust fallout
(Aharonson et al., 2003). A distinctive landform assemblage is seen at several locations
within central and eastern VM: small channels on most slope aspects of isolated hills
or crater walls, extending very nearly to the tops of the hills or crater rim, associated with
RSL that match the channels in size, and with a set of lobate deposits from slumps at the
base of RSL fans (Fig. 10.2). RSL activity in VM generally changes slope aspect with
season—N-facing slopes in northern summer and S-facing slopes in southern summer.
The slumps begin midway down the RSL fans and have a different seasonality—most
active from Ls 0°–120°, the coldest time of the year in VM in general, but especially
on south-facing slopes where most of the slumps have been seen. Assuming this association between gullies, RSL, and slumps is not coincidental, an integrated landscape evolution model would be appropriate. Perhaps RSL activity carves the small gullies and
deposits sediment near the base of angle-of-repose slopes, slowly oversteepening the
slopes, which episodically slump. How this erosion happens and why the slumping happens mostly in the (slightly) colder season are not understood.
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10.8 HOW DO RSL FORM?
10.8.1 Melting of Shallow Ice
Chevrier and Rivera-Valentin (2012) proposed that SML RSL formed by melting frozen
brines from in a past climate. Frozen brine can remain after pure water ice has sublimated
away. This model explained the seasonality and temperature dependence of RSL, including the observation that RSL activity peaks after the warmest surface temperatures are
reached, corresponding to peak seasonal temperatures in the shallow subsurface. However, this model did not explain how RSL could recur over many years over such warm
slopes and was especially challenged by the discovery of abundant equatorial RSL, where
frozen brines should not persist (Altheide et al., 2009).
Stillman et al. (2014) compared RSL activity and surface temperatures in the SML,
reporting that RSL are actively lengthening almost only when the peak daily surface
temperature exceeds 273 K and concluding that they must be due to freshwater flows.
However, the spatial resolution of temperature mapping from orbit exceeds 200 m,
so the temperatures may be dominated by fine-grained materials near RSL rather than
the actual lineae. Also, there is no basis for assuming that RSL are active during the warmest time of day. Martian groundwater is expected to be salty (Burt and Knauth, 2003;
Tosca et al., 2011), so melting of vapor-deposited ice would seem to be the only viable
source of freshwater on Mars today. Grimm et al. (2014) modeled RSL as freshwater
flows requiring 2–10 m3 of H2O per meter of source headwall. While equally favoring
origin from shallow groundwater, they suggested that annual recharge of ice by vapor
cold trapping might be supplied from the atmosphere or subsurface. However, the martian atmosphere is extraordinarily dry, with <10 precipitable microns of yearly averaged
column abundance of water vapor in the southern hemisphere (Smith, 2008), and vapor
transport through the subsurface is extremely slow (Hudson et al., 2007; Hudson and
Aharonson, 2008). Also, shallow ice should not be present over many of the SML
RSL sites, particularly on the equator-facing slopes (Aharonson and Schorghofer,
2006) where SML RSL are found.

10.8.2 Groundwater Models
Stillman et al. (2016, 2017) proposed that the RSL in Acidalia/Chryse and VM are
sourced from salty groundwater. However, RSL often initiate near the tops of isolated
peaks and ridges, which is difficult to explain via groundwater (McEwen et al., 2011,
2014; Chojnacki et al., 2016; Dundas et al., 2017a). Groundwater will be driven to
low elevations by topographic pumping (Showman et al., 2004), but there is no elevation
preference for RSL within the >10 km of relief in VM (Chojnacki et al., 2016). Faulting
and fractures will complicate where fluids emerge onto the surface, and Watkins et al.
(2014) showed that there are many linear structures on slopes with RSL, but the RSL
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do not appear to initiate along linear structural trends and there should still be a strong
preference for lower elevations. Although orbital ground-penetrating radar experiments
have not detected subsurface water, that does not rule out its potential existence (Farrell
et al., 2009; Stillman and Grimm, 2011). The retention of a global groundwater table to
the present day is theoretically difficult but not impossible (Clifford et al., 2010; Grimm
et al., 2017). Nevertheless, we can conclude that there is no convincing evidence for
widespread shallow or deep groundwater in Mars today, unless the RSL are interpreted
as such evidence.
There are many deposits interpreted as chlorides over broad regions of Mars (Osterloo
et al., 2010) but little evidence for a direct connection between these deposits and RSL
sites (Mitchell et al., 2016). Nevertheless, Mitchell and Christensen (2016) concluded
that RSL could be produced by capillary wicking of chloride-rich brines, leaving lag
deposits of chlorides below the detection limits of orbiting instruments.
If not groundwater or melting of ice, the only other potential source of water is the
atmosphere, but this cannot produce sufficient water to produce saturated flow unless
water is somehow extracted from the entire atmosphere and concentrated onto <1%
of the surface area of Mars. Seasonal variations in column abundance of atmospheric
water over RSL sites do not correlate with RSL activity (McEwen et al., 2014), although
the relation between RSL activity and water vapor in the atmosphere could be complex
due to exchange with the surface, with subsurface storage in the cold seasons such that
only warming is required to initiate deliquescence (Wang et al., 2017). Stillman et al.
(2016, 2017) concluded that groundwater is the only recharge mechanism consistent
with their interpretation that RSL are due to water flow in a saturated porous medium.
There are abundant equatorial RSL outside of VM, such on the west-facing slopes of
Krupac crater (7.8°S, 86.0°E; Figs. 10.1E and 10.3). This site is at a high elevation
(+1.8 km) with little surrounding terrain at even higher elevations that might drive
groundwater release along the walls of the crater. What is unusual about this site is that
the RSL fade near the warmest time of the year. Given the equatorial location and westfacing slopes, seasonal temperatures track subsolar latitude and heliocentric range (perihelion at Ls 251° and aphelion at Ls 71°), so the warmest time of the year for the surface
and shallow subsurface is near the equinoxes and perihelion, and that’s when we might
expect RSL to be active. Instead, RSL are present (dark) most of the year and fade or
disappear near perihelion (Ls 232°–264°). Peak activity is near Ls 200° and 10°; they
are less active (not changing much, but still relatively dark) at aphelion, when coldest.
This pattern has repeated in 2 Mars years, MY 32-33. Clearly, some RSL activity prefers
or requires a temperature range below the warmest possible near Mars’ equator. The timing of this activity does not match the expected pattern from melting a frozen aquitard at
depth, releasing groundwater during the warmest times (Stillman et al., 2016, 2017).
What this shows is that RSL activity requires a particular range of temperatures, not necessarily the hottest times at a site.
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Fig. 10.3 Krupac crater. North is up in all views. (A) MOLA color-coded elevations, with white box around
Krupac crater. Red indicates elevations near +2 km; yellow is near +1 km. (B) THEMIS nighttime IR showing
bright (warm, rocky) walls of Krupac Crater and extensive dark (cold) radial ejecta, typical of young craters
(Tornabene et al., 2006). (C) Image of Krupac Crater by MRO’s Context Camera (F17_042407_1722).
(D) Full-resolution sample of RSL (ESP_047141_1720); location indicated by white box in E. (E) HiRISE
browse image covering eastern half of the crater (ESP_047708_1720).

What if groundwater doesn’t emerge but rises close to the surface, enhancing the local
relative humidity, leading to voluminous deliquescence over nearby slopes? One of the
most likely places on Mars for groundwater to reach the surface is deep in VM (AndrewsHanna et al., 2010). There has been an interpretation of water fogs inside VM
(M€
ohlmann et al., 2009), which would probably require a local source of water

Are Recurring Slope Lineae Habitable?

(Leung et al., 2016). Other workers have concluded that the haze in VM is from dust
storms that drain into the canyons (Cantor et al., 2001; Inada et al., 2008), but that dust
is associated with water (Ojha et al., 2017b). There are also equatorial RSL at high elevations where groundwater upwelling is unlikely and putative fogs have not been seen,
such as Krupac crater.
Groundwater and melting of shallow ice do not seem to be viable as general explanations for RSL activity. There remains the possibility that different RSL have different
origins. I do not favor this possibility because the RSL have such distinctive and peculiar
characteristics, usually consistent across the various locations where they are found. There
are also anomalous lineae with nonseasonal growth or fading (e.g., Fig. 7 of Chojnacki
et al., 2016) that could require a different explanation. The variable temperatures of RSL
activity may indicate that brine compositions vary from place to place, consistent with the
known presence of a variety of salt compositions (see next section), if these brines can
somehow trigger RSL formation.

10.8.3 Deliquescence
The idea that small amounts of very salty water could be transiently stable on Mars today
was mentioned by Leighton and Murray (1966), and hygroscopic salts were detected by
the Viking landers (Clark, 1978; Navarro-Gonzalez et al., 2010) and in martian meteorites (Rao et al., 2008; Kounaves et al., 2014). Interest in deliquescence was spurred by
observations of perchlorates by the Phoenix lander mission (Smith et al., 2009; Hecht
et al., 2009; M€
ohlmann and Thomsen, 2011), including possible droplets of water on
the lander struts (Rennó et al., 2009). There is growing evidence that conditions permitting deliquescence are common on Mars (Gough et al., 2011, 2016; Martı́n-Torres et al.,
2015; Glavin et al., 2013; Fischer et al., 2016; Martinez and Renno, 2013).
Levy (2012) compared RSL to water tracks in Antarctica (Levy et al., 2011; Dickson
et al., 2013) and showed that the growth rates of RSL are consistent with liquid flow
in the porous upper regolith. Although water tracks share several key characteristics
with RSL, such as darkening and downhill lengthening during the warm season
and fading in the cold season, they extend onto much lower slope angles than
RSL. Water tracks are partially sourced by salt deliquescence (Gough et al., 2017),
the mechanism Levy (2012) favored for martian RSL, but the column of air over
Antarctica contains about two orders of magnitude more water than martian air
(Connolley and King, 1993).
Kossacki and Markiewicz (2014) found theoretical conditions needed for deliquescence of salt on Mars only within a narrow range of parameters they considered,
but recent results have widened that activity space. Laboratory work shows that
hydrous chlorides and oxychlorine salts, especially in the shallow subsurface, are promising to explain the temperature-dependent activity of RSL, including equatorial
latitudes (Nuding et al., 2014; Gough et al., 2011, 2014, 2016; Wang et al., 2017). Once
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an aqueous solution was formed from calcium chloride, efflorescence did not occur
until single-digit RH values were reached (3.9% RH on average; Gough et al., 2016).
Deliquescence and efflorescence can explain the darkening and fading of RSL
(Heinz et al., 2016), and these studies proposed that RSL are fossil features—salt
deposits from past gully activity—that darken each year due to deliquescence. This
model does not explain the incremental or gradual lengthening of RSL, or the observation that they form in different places from year to year, or the fact that many RSL do
not follow gullies. But deliquescence along RSL tracks may help explain some observations. For example, there are locations where RSL seem to initially form largely at
once, followed by growth only at their tips. HiRISE cannot monitor these sites more
often than about twice per month and usually much less often, so it is not possible to
distinguish rapid initial growth from instantaneous darkening of previous salt deposits.
Rapid initial growth has been described at some well-monitored sites (Schaefer et al.,
2015), but we cannot rule out the hypothesis that large lengths of RSL darken all at
once as envisioned by Heinz et al. (2016). If so, that does not eliminate the problem
of how to explain the incremental or gradual growth and changing RSL paths, but less
water may be required.
Does the behavior of RSL in Krupac Crater (Fig. 10.3) make sense in terms of deliquescence? There are some bright lineae (maybe a result of salt deposition or concentration) here that darken incrementally as RSL advance (Fig. 10.1E) and then reappear as
the RSL fade. Deliquescence requires particular combinations of temperature and relative humidity (RH). Invariably, RH drops as temperature rises on Mars (Gough et al.,
2011; many others). Near perihelion in Krupac crater, the RH may be too low for even
metastable water from a particular brine composition, explaining the warm-season fading. With hysteresis, deliquesced liquids may remain metastable through the day to
single-digit RH, but if the RH is low enough, it will completely effloresce. Unfortunately, we have very few measurements of RH on Mars and little information of the vertical distribution of water vapor (Tamppari et al., 2010), which might otherwise be used
to predict the RH at the surface.
Another observation of potential significance is that RSL activity often correlates with
regional dust storm activity (McEwen et al., 2011, 2014; Chojnacki et al., 2016; Stillman
et al., 2014, 2017). Large (>100 m scale) and extensive RSL fans in VM become relatively
darker (compared to the surroundings) during or shortly after dusty periods, returning to
their previous appearance within weeks when the air is back to normal (Fig. 10.1E;
Chojnacki et al., 2016, especially supplemental animations 1 and 2). How can we explain
this observation? Daytime surface temperatures are lower, and nighttime temperatures
are higher, each by 10°C, when the air is very dusty (Ryan and Henry, 1979). Given
the anticorrelation between T and RH, this means that conditions needed for deliquescence, when the air is dusty, may exist for extended time periods of the day and night and
the conditions needed for efflorescence should be reduced at midday. However, we are
ignorant about actual relative humidity levels at these times and places. A microwave/
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submillimeter sounder on a future orbiter could fill this major gap in understanding water
on Mars (Forget and Mambo Team, 2004).
In summary, deliquescence may be common on Mars and can explain changing albedos, but it probably cannot produce sufficient water for saturated flow given <20 precipitable microns atmospheric column abundance over most RSL sites (McEwen et al.,
2014, Table S4).

10.8.4 Dry RSL Models
Thermal infrared observations could provide a test for wet soils, and Edwards and
Piqueux (2016) analyzed data from the Thermal Emission Imaging System (THEMIS:
Christensen et al., 2004) over Garni crater, concluding that an upper limit to water abundance is just 3%. Unfortunately, this result is ambiguous due to the temporal variability of
RSL in Garni crater (Stillman et al., 2017). There is not a single THEMIS observation of
Garni crater in which we can be certain that the RSL were sufficiently active to fill >20%
of the THEMIS resolution field of view (300  300 m), which Edwards and Piqueux
(2016) considered necessary for detection. It is also not clear that another assumption is
correct, that of similar thermophysical properties on the floor of Garni crater (where fines
accumulate) and the active crater slopes (where fines are removed). A future orbiter
designed to study RSL in this manner should have thermal IR resolution better than
20 m, concurrent submeter resolution imaging, and the ability to target key locations
for frequent repeat observations.
Dundas et al. (2017a) measured slope relations of RSL on a set of 10 HiRISE DTMs
and found in nearly all cases that the mean slope at the end of a linea is between 28° and
35°, matching the range of slip face slopes for active martian sand dunes (Atwood-Stone
and McEwen, 2013). Such slopes are interpreted as the range of critical angles where
cohesionless granular flows will stop motion (often called dynamic angle of repose).
In some places, there are RSL of widely varying lengths (from tens of meters to
1.5 km), yet all of the lineae terminate where the slope is near 30°. Although flow length
could be limited by water supply to seeps and thus terminate before reaching shallow
slopes, it does not seem reasonable to argue that the water supply is everywhere just
the right amount for the flow length to reach the distance matching certain slope angles.
This result seems to be a strong constraint requiring that RSL are fundamentally granular
flows, not water seeps. However, the behavior of RSL is extremely unusual for volatilefree flows on Earth, with gradual or incremental growth and hundreds of concurrently
active flows over kilometer-scale areas, which recur multiple years in nearly or exactly the
same locations. Granular flows should deplete the local slope in fine-grained material, so
they should not recur annually in the same places unless resupplied as on active sand
dunes. In some places, climbing ripples are seen on RSL fans (Chojnacki et al., 2016;
Dundas et al., 2017a), which can then collapse into granular flows, but they have not
been seen to climb onto the bedrock where RSL initiate.
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How could dry granular flows have the distinctive seasonal behavior of RSL? Schmidt
et al. (2017) published a novel idea to explain the RSL by rarefied gas-triggered granular
flows. The model requires sudden cooling of warm grains of 100 μm radius or smaller
size, which then experience an extremely tiny lift force from the sharp temperature gradients (Knudsen pump) to effectively lower the static angle of repose and initiate movement on slopes already at this angle. However, the static angle of repose is several degrees
steeper than the dynamic angle of repose or stopping angle (Cheng and Zhao, 2017), and
it is not clear how the RSL slopes are steepened to this static angle during cold seasons.
This model requires very low atmospheric pressures and would not work on Earth,
which is an attractive way to explain the lack of a good terrestrial analog. However, most
RSL slopes are likely to have larger grain sizes than 100 μm radius. The thermal inertias at
RSL sites (McEwen et al., 2011; Chojnacki et al., 2016) are consistent with mostly coarse
sand and rocks (Putzig and Mellon, 2007). Although thermal inertia is insensitive to the
top millimeter, the proposed RSL flow mechanism would remove such a layer of fine
grains and preclude the observed yearly recurrence. The Knudsen pump mechanism
can provide a tiny lift force on small grains only near rapidly moving shadows, absent
along the lengths of many RSL flows, and it is difficult to understand how a small source
region near a boulder can generate flows extending hundreds of meters downslope.
There are new dark slope lineae on the Moon that are likely granular flows or boulder
tracks (Speyerer et al., 2014), but none reported that behave temporally like RSL, in spite of
analysis of 18,516 high-resolution (<2 m/pixel) repeat images with nearly identical photometric angles (Wagner et al., 2017). The Moon does not experience pronounced seasonal
temperature changes, lacks a collisional atmosphere, and lacks geologically significant quantities of volatiles, all of which can influence granular flows (Kokelaar et al., 2017). Some
combination of martian environmental parameters must be needed for RSL activity.

10.8.5 Hybrid Models
We seem to have contradictory strong constraints on the origin of RSL: the presence of
hydrated oxychlorine salts and topographic evidence for cohesionless granular flows. Perhaps small amounts of water serve to trigger granular flows as in the lab experiments of
Masse et al. (2016), but those experiments required more water than can reasonably be
expected from deliquescence on Mars. Perhaps deliquescence concentrated in the shallow subsurface (Gough et al., 2016; Wang et al., 2017) or expansion of hydroscopic salts
can destabilize overlying grains. As in the model of Schmidt et al. (2017), only relatively
small forces may be needed to initiate movement on angle-of-repose slopes with a surface
layer of low-cohesion grains.
Alternatively, the high temperatures could desiccate the grains of tiny amounts of
adsorbed water that provides cohesion (Schorghofer et al., 2002), but it hasn’t been
explained how that could trigger motion unless the slopes exceeded the static angle of
repose, typically several degrees steeper than the stopping angle for granular flows
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(Cheng and Zhao, 2017). Also, this prediction does not match the lack of seasonality for
martian slope streaks on dust-mantled slopes (Schorghofer and King, 2011).
The annual recurrence of RSL is difficult to explain in all of the models discussed
above. RSL activity is depleting something, either water, salt, or small grains, which must
be replenished for recurrence. Grains can be produced by eroding the small gullies or by
more distributed erosion that doesn’t create detectable gullies, but what could cause sufficient erosion? Erosion rates on Mars are 3–30 nm/year in Meridiani Planum
(Golombek et al., 2014) and 100 nm/year for relatively bright sedimentary rocks
(Kite and Mayer, 2017). Erosion of 100 nm/year seems far from sufficient to sustain
the yearly RSL activity. Although loose grains will be eroded faster than bedrock,
RSL activity removes those grains, which must be replenished. Perhaps mechanical salt
weathering helps to create sand-sized particles (Malin, 1974; Jagoutz, 2006).
In conclusion, RSL probably extend down slopes as granular flows, and the timing of
their activity and albedo changes probably involve salty water, but an exact mechanism is
still not understood. This lack of understanding hinders attempts to evaluate habitability.

10.9 IMPLICATIONS FOR HABITABILITY
If RSL are seeps of water from extensive shallow aquifers (Travis et al., 2013; Stillman
et al., 2016, 2017; Mitchell and Christensen, 2016) or melting of vapor-transported ice or
frozen brine (Chevrier and Rivera-Valentin, 2012), then these features mark the most
promising locations on Mars for present-day habitability. However, as discussed above,
these models seem highly unlikely. If RSL are largely dry granular flows, perhaps triggered by or otherwise associated with small amounts of brine, then prospects for life
as we know it are poor within the RSL because the water activity is low. However, there
is evidence consistent with water, and its source is not understood, so we cannot rule out
the idea that habitable environments transiently exist in the vicinity of RSL.
For known terrestrial life, key limits are temperature (T) and water activity (aw); limits
recommended to define SRs (with margin) are T > 245 K and aw > 0.5, anytime in the
past 500 years (Kminek et al., 2016). There is no question that surface temperatures often
exceed 245 K when RSL are active, so water activity is the main constraint. Most previous studies have favored the hypothesis that RSL are associated with salty water in some
manner, given the temperature-dependent activity and association with transient
hydrated salts, but have struggled to explain the origin of sufficient water for downhill
seepage. If only a tiny amount of water from deliquescence is present, then these brines
should have a low aw (Tosca et al., 2008; Toner and Catling, 2016) and would not be
considered habitable. Ionic strength may be a barrier to water availability in brines even
when the water activity was biologically permissive (Fox-Powell et al., 2016). Nevertheless, discussion has continued about possible present-day life on Mars supported by
hygroscopic salts (Davila et al., 2010; Ulrich et al., 2010; Parro et al., 2011; Gomez
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et al., 2012; Oren et al., 2014; Hansen-Goos et al., 2014; Schulze-Makuch et al., 2015;
King, 2015; J€anchen et al., 2016; Schuerger et al., 2017), and the RSL mark locations
with hygroscopic salts and temperatures permissive of life. Nuding et al. (2017) demonstrated that Ca perchlorate solutions are not sporicidal.

10.10 SHOULD CANDIDATE RSL BE TREATED LIKE SPECIAL REGIONS?
A Mars special region is defined as “A region within which terrestrial organisms are likely
to propagate or a region that is interpreted to have a high potential for the existence of
extant martian life forms” (Kminek et al., 2010). Confirmed and partially confirmed RSL
sites are considered “uncertain” SRs (Rummel et al., 2014), which must be treated like
known SRs. Designating only parts of Mars as SRs (or uncertain SRs) has facilitated surface exploration in equatorial regions where no SRs were suspected to exist prior to
2010. The discovery of RSL has altered that paradigm, and there are now locations treated as SRs scattered throughout equatorial low-albedo regions of Mars, the most favorable landing regions, and more are being discovered as more HiRISE images are
acquired. However, landing on a slope steeper than 27° has always been avoided, at least
for landers whose location has been determined. The current COSPAR study committee
recommendation is to evaluate every candidate landing or exploration site with any linear
and relatively dark slope feature on a case-by-case basis (Kminek et al., 2016). This
includes nearly every slope on Mars. Currently, even weak RSL candidates such as those
in Gale crater (Dundas and McEwen, 2015) are being treated like SRs ( Jones and
Vasavada, 2016). Although features at one location in Gale crater 50 km from the rover
met the definition for partially confirmed RSL, all others are candidates for which no
clear incremental growth or recurrence has been seen. The Mars Science Laboratory
(MSL) rover has imaged small granular flows (Dickson et al., 2016), and the best hypothesis is that the candidate RSL near the rover are dry granular flows that may sometimes
overprint or reactivate but lack seasonal recurrence, so they are not RSL. The region
around the Curiosity rover is probably the best-monitored spot on Mars (43 overlapping
HiRISE images acquired from 2006 to 2017), and there has been no clear detection of
growth or recurrence of any slope lineae. Narrow (<0.5 m), barely detected lineae may
sometimes not be apparent in a HiRISE image due to a poor signal-noise ratio through
dusty air, from highly oblique views of steep slopes, or in blurred images (only since early
2017). NASA directed the MSL project to institute a protocol in daily rover operations to
ensure ongoing compliance with its planetary protection categorization, partially in
response to concern over the possible role of present-day liquid water in the formation
of lineae on local slopes around the rover ( Jones and Vasavada, 2016). For further discussion of planetary quarantine on Mars, see Fairen and Schulze-Makuch (2013), Fairen
et al. (2017), and Rummel and Conley (2017).
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10.11 FUTURE STUDY OF RSL
Laboratory experiments hold great promise for understanding RSL, as they can be performed at only 2 orders of magnitude smaller scale than in nature. Past experiments
have yielded important clues. Gully formation by water has been simulated under martian
conditions (e.g., Coleman et al., 2009; Jouannic et al., 2015). Masse et al. (2016) demonstrated that granular flows can be triggered by boiling water or brine, which easily boils
at martian atmospheric pressures and surface temperatures. There have been multiple
experiments on deliquescence, cited previously. Takagi et al. (2011) demonstrated the
behavior of shallow granular flows on steep slopes. Hudson et al. (2007) measured the
diffusion of water vapor in martian soil simulants. Wurm et al. (2008) demonstrated that
illumination of dust at atmospheric pressure near 6.4 mbar can lift micron-size particles.
However, none of these experiments have reproduced all of the environmental conditions of martian RSL over relevant timescales, and none have demonstrated how RSL
can form. In particular, for those experiments involving water on slopes, the water or
ice is always artificially introduced into the lab setup, and granular flow experiments
include some artificial mechanism to initiate flow. A future lab experiment that I recommend would be testing the idea that hygroscopic salts in the shallow subsurface can
initiate granular flows on dynamic angle-of-repose slopes under martian conditions.
Unless there is a breakthrough in laboratory experiments or in remote sensing by current assets, future flight projects are needed to understand RSL. The current COSPAR
policy and NASA interpretations for Mars SRs means that future surface exploration missions may be required to implement expensive procedures. The solution to this problem
is to better understand RSL. New and continued orbital remote sensing could certainly
help, especially visible, near-IR, thermal, submillimeter, and radar sounding observations
at higher resolutions and sensitivities than past orbital experiments (MEPAG NEX-SAG
Report, 2015). Observation at multiple times of the day may also provide key constraints,
and the ExoMars Trace Gas Orbiter is expected to achieve a 400 km circular orbit that
cycles through all local times of the day several times per season (Zurek et al., 2011). The
Color and Stereo Surface Imaging System (CaSSIS; Thomas et al., 2017) can image in
four color bands at 4.6 m/pixel, resolving RSL fans and other locations to see if there
are color and albedo changes with time of the day, as expected if deliquescence is extensive. For definitive results on habitability, in situ measurements may be required. Innovative concepts to explore RSL sites in situ have been presented in conference abstracts
(e.g., Satoh et al., 2013; Tanner et al., 2013; Hatakenaka et al., 2015; Nannen et al., 2016;
Mege et al., 2016; Grimm, 2017), but there are not yet any approved missions. If such a
mission did discover present-day habitability or detect biosignatures, that would represent a major advance in NASA’s top science goal. A negative result for habitability would
be less exciting but could ease constraints on future missions and would provide essential
insights into a process unknown on Earth.
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11.1 INTRODUCTION
Beginning over 40 years ago with the Viking missions, the National Aeronautics and
Space Administration (NASA) strategy for the exploration of Mars has centered on
the question of whether that planet ever hosted life. The lack of compelling positive
results from the Viking biology experiments (Klein et al., 1976; Klein, 1998), together
with an emerging understanding of past and present Mars surface conditions, has shifted
the focus from extant to ancient life. The current surface of Mars is extremely inhospitable, whereas habitable conditions were apparently widespread in the distant past when
Mars had a denser atmosphere and an abundant surface water (Grotzinger et al., 2014;
Arvidson et al., 2014; Arvidson, 2016 and references therein; Wordsworth, 2016).
NASA’s strategy for Mars exploration has evolved in recent years from a “follow the
water” approach by the Mars Exploration Rovers (MER; Squyres et al., 2004), to a
search for ancient habitable environments by the Mars Science Laboratory (MSL;
Grotzinger et al., 2012), to a search for signs of ancient life by Mars 2020 (MEPAG,
2015). The analogous search for the earliest evidence of life on Earth is fraught with
ambiguity (e.g., French et al., 2015; Schopf and Packer, 1987; Schopf, 1993; Brasier
et al., 2002, 2015; Schopf and Kudryavstev, 2012), in part due to active geologic processes that—over eons—destroy rocks or alter their records beyond recognition.
Although preservation processes have acted differently on Mars where plate tectonics,
metamorphism, and modern-day weathering are reduced or absent, the burden of proof
for the confirmation of extraterrestrial life will be high. Compelling confirmation of a past
martian biosphere may not be possible with in situ (remote robotic) science alone, which
motivates collection of samples by Mars 2020 for possible Earth return. Beyond possible
paradigm-shifting advances in the field of astrobiology, sample return could revolutionize
our understanding of Mars’ early geologic, geochemical, and climatic evolution relative
to other terrestrial planets and the solar system as a whole. A sample return campaign
would also offer compelling demonstrations of key technical capabilities required for
eventual human exploration.
This chapter was written and published before the mission’s planned launch in 2020,
during a time of rapid development and against a backdrop of ongoing science and engineering trades. Although accurate at the time of writing, details herein must be considered
in this context—this is a snapshot in time of a mission in development by NASA, the Jet
Propulsion Laboratory, and the Mars 2020 project to explore the surface of Mars, seek evidence of ancient life, collect a returnable cache of samples, and prepare for future exploration. Collection of returnable samples by Mars 2020 represents a critical first step toward a
potential multimission Mars sample return (MSR) effort. Mars 2020 is the only mission
related to MSR that is currently approved or funded, and as such, all references in this document to the overarching sample return effort must be considered conceptual. The
National Research Council recommended that the highest priority for large planetary

The NASA Mars 2020 Rover Mission and the Search for Extraterrestrial Life

science missions in the decade 2013–22 should be to “initiate the Mars sample return campaign” (NRC, 2011, e.g., p. 258). With this in mind, the Mars 2020 team is developing and
will conduct the mission in a way that maximizes the prospects for eventual sample return.

11.1.1 Background and Previous Missions
The possibility of life on Mars has captivated the human imagination for centuries and has
been a key scientific driver for NASA’s exploration of that planet since the early Mariner
missions. The search for evidence of life on the martian surface was a primary mission
objective of the twin Viking landers in 1976. The Viking biological investigation was
a groundbreaking scientific and technical achievement that continues to inform planetary
missions, but the result is generally considered to have been negative (Klein et al., 1976;
Klein, 1998). The observation of 14CO2 that evolved during the labeled release experiment remained an anomalous and equivocal element of the Viking biological investigation until the detection of perchlorate in martian regolith by the Phoenix lander (Hecht
et al., 2009) provided direct evidence supporting an abiotic explanation (Zent and
McKay, 1994; Yen et al., 2000; Navarro-González et al., 2010; Quinn et al., 2013) consistent with other Viking results.
With the widely publicized—and highly debated—claim of potential ancient biosignatures in martian meteorite ALH84001 (McKay et al., 1996) and the successful demonstration of the first Mars rover Sojourner by the NASA Pathfinder mission a year later,
interest in life on Mars was powerfully reinvigorated. Distinct from that of the Viking era,
the emphasis of the new age of Mars surface exploration is a search for evidence of ancient
life. While it is not impossible that Mars is currently inhabited in the relatively deep subsurface where stable liquid water is possible, Mars was a far more habitable planet in the
distant past prior to the loss of its atmosphere and, along with it, widely clement surface
conditions. Furthermore, the search for extant life on Mars introduces a number of planetary protection considerations that make the delivery of highly capable scientific payloads (and the engineering systems required to deploy and operate them)
extraordinarily challenging. By contrast, the search for geologic evidence of ancient life
in areas of Mars currently uninhabitable by known Earth life relaxes planetary protection
concerns. As an additional benefit, exploration of ancient environments in search of
ancient biosignatures yields valuable scientific knowledge about the long-term evolution
of Mars as a planetary system.
The exploration strategy for the new wave of Mars surface missions beginning in
2004—the MER Spirit and Opportunity—was to “follow the water.” The requirement
for liquid water unites all known life forms, and it was thus reasoned that past liquid water
was the primary prerequisite for the past life on Mars. Indeed, MER found multiple lines
of evidence confirming the past presence of liquid water including trough cross

277

278

From Habitability to Life on Mars

stratification and diagenetic hematite concretions termed “blueberries” (Squyres et al.,
2004) and the iron sulfate mineral jarosite (Klingelh€
ofer et al., 2004).
MSL Curiosity followed 8 years later with a new and larger rover platform carrying a
more complex and capable scientific payload. With the intention to explore a NoachianHesperian sedimentary sequence at Mount Sharp in Gale Crater, Curiosity sought evidence of habitability beyond the presence of liquid water and continues to explore an
environment that presumably records the loss of widespread surface habitability that
occurred as a result of atmospheric loss and the “great drying” of Mars. Early in the mission, Curiosity explored an ancient lacustrine mudstone at Yellowknife Bay and uncovered the most robust and comprehensive evidence yet assembled for a habitable
extraterrestrial environment. Work at Yellowknife Bay revealed lithologic and textural
evidence for abundant surface water with geochemical and mineralogical evidence of its
circumneutral pH and available redox couples to support chemoautotrophic microbial
metabolism at the time of deposition (Grotzinger et al., 2014). Among its many other
scientific and technical achievements, MSL further advanced the understanding of the
evolution of habitability on ancient Mars with the discovery of a record of sustained
deposition in a fluvio-deltaic-lacustrine setting (Grotzinger et al., 2015), a deuterium/
hydrogen measurement of Hesperian clay hydroxyls in Yellowknife Bay sediments demonstrating deposition prior to complete atmospheric loss (Mahaffy et al., 2015) and direct
measurements of the depositional and exposure ages of Yellowknife Bay via the first
radiometric dates from the surface of another planet (Farley et al., 2013). MSL has also
made the first detections of organic molecules on the surface of Mars in the form of chlorobenzene (150–300 ppb) and C2-C4 dichloroalkanes (up to 70 ppb). These molecules
are interpreted as reaction products of martian chlorine (e.g., as oxychlorine) with
organic matter synthesized on Mars or delivered via meteoritic infall (Freissinet et al.,
2015). MSL has made major advances in the study of extraterrestrial habitability, including an exploration model for organic molecules that focuses the search for instances of
“scarp retreat” in order to access the most recently exhumed rock that has been protected
from destructive, ionizing radiation (Farley et al., 2013). However, the lack of any clear
biosignatures observed by Curiosity’s extremely capable scientific payload in an environment known to have been habitable underscores the challenges associated with the key
objective of Mars 2020 to seek the signs of ancient life.

11.2 MISSION OBJECTIVES
Mars 2020 has an ambitious set of objectives that are derived from the recommendations
of the Planetary Decadal Survey (NRC, 2011) and the Mars 2020 Science Definition
Team report (Mustard et al., 2013). These objectives build upon the successes of
MSL and the earlier Mars surface missions, though Mars 2020 is distinguished by its
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objective to make progress toward MSR by assembling a cache of scientifically selected
samples that could be retrieved and returned to Earth by future missions. Mars 2020
brings an extremely capable payload to the surface that will facilitate sample selection
by documenting the geologic and astrobiological context of the landing site, effectively
assembling the “field notes” for the sample set. The exploration process required to document field context for a returnable sample set will generate important new scientific
discoveries about Mars, past and present. These discoveries will advance planetary science, of course, but they also lay important new groundwork for future human exploration of the surface of Mars.
The Mars 2020 mission objectives are as follows, taken from the Program Level
Requirements Appendix (PLRA), the agreement between NASA and JPL establishing
the level 1 requirements for the mission:
(A) Characterize the processes that formed and modified the geologic record within a
field exploration area on Mars selected for evidence of an astrobiologically relevant
ancient environment and geologic diversity.
(B) Perform the following astrobiologically relevant investigations on the geologic
materials at the landing site:
(1) Determine the habitability of an ancient environment.
(2) For ancient environments interpreted to have been habitable, search for materials with high biosignature preservation potential.
(3) Search for potential evidence of past life using the observations regarding habitability and preservation as a guide.
(C) Assemble rigorously documented and returnable cached samples for possible future
return to Earth:
(1) Obtain samples that are scientifically selected, for which the field context is
documented, that contain the most promising samples identified in objective
B and that represent the geologic diversity of the field site.
(2) Plan for compliance with expected future needs in the areas of planetary protection and engineering so that the cached samples could be returned in the
future if NASA chooses to do so.
(D) Contribute to the preparation for human exploration of Mars by making significant
progress toward filling at least one major Strategic Knowledge Gap (SKG). The
highest priority SKG measurements that are synergistic with Mars 2020 science
objectives and compatible with the mission concept are as follows:
(1) Demonstration of in-situ resource utilization (ISRU) technologies to enable
propellant and consumable oxygen production from the martian atmosphere
for future exploration missions.
(2) Characterization of atmospheric dust size and morphology to understand its
effects on the operation of surface systems and human health.
(3) Surface weather measurements to validate global atmospheric models.
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(4) A set of engineering sensors embedded in the M2020 heat shield and backshell
to gather data on the aerothermal conditions, thermal protection system, and
aerodynamic performance characteristics of the M2020 entry vehicle during its
entry and descent to the Mars surface.
The primary scientific question that integrates science objectives A-C is whether Mars
was ever inhabited. In situ exploration using the scientific payload immediately provides
new insights for Mars geology and planetary science (objectives A and B) while guiding
the selection of and providing the critical scientific context for a cache of samples (objective C) that has the potential to revolutionize our understanding of life, terrestrial planets,
and evolution of the solar system. The mission also supports NASA’s goal to send humans
to Mars in the coming decades: the more that is known about the martian environment,
the better prepared humankind will be to send people to the surface and return them
safely to Earth.

11.3 MISSION OVERVIEW AND COMPARISON TO MSL
The Mars 2020 mission began development in early 2013, just a few months after the
MSL Curiosity rover’s spectacular landing success at Gale Crater. Mars 2020 builds
directly on MSL, relying heavily on its design and verification data and in many cases
using flight-spare hardware. This “heritage” approach reduces new engineering development and associated uncertainty and is expected to yield as a dividend a substantially
lower overall cost and shorter development cycle.
The major technical advances required for Mars 2020 to accomplish its goals of seeking the signs of ancient life and to prepare samples for possible Earth return include a new
suite of seven scientific instruments and a sophisticated robotic system to collect, seal, and
cache samples. Both are described more fully in the following sections. Mars 2020 will
also be outfitted with strengthened wheels to eliminate the damage experienced by Curiosity as it drove across rock-strewn martian surfaces (Arvidson et al., 2017).
Mars 2020 will launch from Cape Canaveral sometime within a 30-day window in
July and August of 2020 (hence the current mission name; the rover will likely be
renamed before launch). It will arrive at Mars after a 7.5-month cruise in February of
2021. The fundamental design of the cruise and the entry, descent, and landing
(EDL) systems remain unchanged from MSL, but a microphone and new high-definition
cameras on the rover and the descent stage will acquire unique sound and video to document the EDL process.
Mars 2020 will have a prime mission duration of at least 1 Mars year or approximately
2 Earth years. Due to the expected challenges of accomplishing a robust program of in situ
exploration comparable with MSL while also assembling a cache of samples during the
prime mission, the project has elected to qualify flight hardware for an additional half
Mars year (i.e., beyond the qualification for MSL). Like MSL, the Mars 2020 project
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includes a multimission radioisotope thermoelectric generator (MMRTG) that is
expected to yield sufficient power for rover operations substantially exceeding the length
of the primary mission.

11.4 SCIENCE PAYLOAD AND IN SITU INVESTIGATIONS
The science payload was carefully selected to support the mission’s science goals and represents a mixture of fundamentally new instruments and enhanced versions of instruments on board Curiosity. Sensing units for two of the instruments are mounted on
the Remote Sensing Mast (Mastcam-Z and SuperCam), and two are mounted to the turret located at the end of the robotic arm [Planetary Instrument for X-ray Lithochemistry
(PIXL) and scanning habitable environments with raman and luminescence for organics
and chemicals (SHERLOC)]. The Radar Imager for Mars’ Subsurface Experiment
(RIMFAX) antenna is mounted on the underside of the rover, while Mars Environmental Dynamics Analyzer (MEDA) has sensors distributed around the rover. The Mars Oxygen In-Situ Resource Utilization Experiment (MOXIE) is located inside the rover, as are
the most temperature-sensitive electronics components of the other instruments. Configuration of instruments and other key components on the rover is shown in Fig. 11.1.

11.4.1 Mastcam-Z
Mastcam-Z features a stereo pair of multispectral, color zoom cameras. Maximum image
size is 1600  1200 pixels (2 megapixels), and maximum pixel scale at 2 m is about

Fig. 11.1 Artist’s concept of the Mars 2020 rover with key elements indicated as discussed in the text.

281

282

From Habitability to Life on Mars

150 μm per pixel (enabling features of 0.5 mm to be distinguished). Mastcam-Z shares
strong heritage with the MSL Mastcam instrument, but includes new multispectral filters
and a new zoom capability that significantly enhances stereo imaging flexibility. “Wideangle” Mastcam-Z stereo panoramic images are crucial to understand geologic structures
in the exploration environment, and “telephoto” images of individual targets and the
robotic arm workspace immediately in front of the rover are key data products to evaluate
lithology and support scientific targeting by other instruments.

11.4.2 RIMFAX
The RIMFAX, contributed by Norway, is a ground-penetrating radar with a frequency
range of 150–1200 MHz and a penetration depth >10 m depending on surface materials.
Although ground-penetrating radars have orbited Mars (MARSIS on Mars Express and
SHARAD on Mars Reconnaissance Orbiter), RIMFAX is a completely new technology
for Mars surface missions. Ground-penetrating radar will enable the science team to trace
geologic structures observed on the surface into the subsurface, enhancing reconstructions of local and regional stratigraphy. RIMFAX also has the capability to detect water
and ice in the subsurface, although landing sites with orbital evidence for ice or liquid
water within 5 m of the surface will be avoided for planetary protection reasons.

11.4.3 SuperCam
SuperCam builds upon the strong heritage and scientific success of the MSL ChemCam
instrument and is developed primarily in partnership between the United States and
France. SuperCam is a remote sensing instrument comprising a remote micro imager
(RMI) and a laser-induced breakdown spectroscopy (LIBS) similar to MSL ChemCam
(Wiens et al., 2012, 2015, 2017; Maurice et al., 2012, 2016) but now with color RMI.
New capabilities for SuperCam include visible-infrared (VISIR) and remote Raman
spectroscopy. The latter technique uses a pulsed laser at 532 nm (green Raman) to interrogate samples over a very short period of time (5 ns) and uses a time-gated intensified
detector to minimize interference from ambient light and fluorescence. SuperCam’s
VISIR spectroscopy consists of an infrared (IR) spectrometer that covers the 1.3–
2.6 μm range and the 0.4–0.85 μm range with the spectrometers used for LIBS and
Raman spectroscopy. SuperCam includes a scientific microphone that will remotely
determine physical properties of the targets from the acoustic signal of the (LIBS) laser
interaction with the surface and can also be used for characterization of atmospheric turbulence (wind gusts and dust devils).
Coboresighted VISIR and remote Raman spectroscopies enable a more balanced
mineral characterization and more confident identification than either one technique
alone. For example, Raman spectroscopy easily identifies feldspar minerals, which are
difficult (at best) to identify with VISIR, while VISIR spectroscopy may offer better
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sensitivity than Raman for certain minerals such as hydrated silicates. These two techniques together can observe silicates, carbonates, sulfates, phosphates, sulfides, and
organic molecules. The combination of both elemental and mineral signatures provides
strong synergy in characterizing any target. Like ChemCam, elemental compositions are
obtained for all major elements to high precision, and minor and trace elements including
Li, B, C, N, Cr, V, Mn, Ni, Cu, Rb, Sr, and Ba will be detected and quantified (Wiens
et al., 2015; Maurice et al., 2016). An added advantage to all techniques is that the LIBS
analysis removes surface dust, enabling a clear view of the surfaces.
The SuperCam mast unit contains a Nd:YAG laser that provides both LIBS
(1064 nm) and Raman (532 nm) interrogation, a telescope to project the laser light
and collect the light for all techniques, the RMI camera, and the IR spectrometer, microphone, and electronics. Light for the LIBS, the Raman, and the VIS portion of the VISIR
spectra is transferred to the rover body by a fiber optic cable. The body unit contains three
spectrometers to cover these observations, along with electronics to control the instrument and communicate with the rover. The mast unit is provided by the French Space
Agency (CNES), while the body unit is built by Los Alamos National Laboratory under
contract with NASA. An extensive calibration target assembly with some 28 targets—
including mineral separates, rock, and glasses that have been crushed and flash sintered
for homogeneity (Cousin et al., 2017)—is mounted on the back of the rover. The assembly is a Spanish contribution, while the targets themselves are a multinational effort
involving France, Denmark, Canada, Spain, and the United States.
With LIBS capability extending to a distance of 7 m, Raman to 12 m, VISIR up to
10 km, and RMI to infinity, SuperCam offers a diverse toolkit to guide exploration at a
distance. Analytic spot sizes vary by technique and with distance but at 2 m are expected
to be 400 μm for LIBS, 1.4 mm for Raman, and 2.2 mm for IR. An IR “long raster”
mode, with SuperCam rapidly analyzing 100 locations across a transect, will reveal
mineralogical distinctions at the outcrop scale. A single-spot, submillimeter-scale analytic
resolution at a distance of 2 m in the rover workspace enables rapid interrogation of
individual grains or clasts, matrices, veins, and alteration rinds—key components to
reconstruct formation and alteration processes in the exploration environment. Using
fine-scale targeting, SuperCam will be able to analyze compositions within the drill hole
itself, which will be an important feature for understanding the nature of the samples that
could later be returned to Earth.

11.4.4 PIXL
The PIXL is a robotic arm-mounted X-ray fluorescence (XRF) spectrometer and microcontext camera system that will be used to measure the elemental chemistry of rocks and
soils and to map chemical variations in relation to visible fine-scale textures and microstructures. PIXL follows the highly successful alpha particle X-ray spectrometer (APXS)
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instruments on previous Mars rovers that measured the average elemental composition of
rocks and soils over an area of several square centimeters. With the capability to analyze
elemental lithochemistry with spatial sampling of 100 μm, PIXL will allow scientists to
accurately link chemical variations to small-scale features such as individual grains, laminae, and interstitial cements.
The turret-mounted PIXL sensor head uses a 28 kV X-ray tube and polycapillary Xray focusing optic to produce a 100 μm-diameter, high-flux X-ray beam on a target
25 mm away. The high-intensity beam causes X-ray fluorescence that is measured with
dual silicon drift detectors, enabling measurement of major and minor elements in as little
as 10 s. The sensor head is mounted on a hexapod motion system that can be used to
precisely scan the instrument in three dimensions. Using the hexapod to raster the beam
across the surface of a rock, PIXL can acquire square-centimeter-scale elemental maps
with submillimeter-scale spatial resolution in a matter of hours. For rapid analyses, line
and grid scans can be performed. Scans can be performed on both flat surfaces and uneven
surfaces with several millimeters or more of surface topography. However, maps are best
acquired on flat surfaces. A 45 mm-diameter abrasion tool and dust removal tool on the
rover turret will create a flat surface where desired and provide access to less
weathered rock.
PIXL’s element data can be used in multiple ways to gain detailed insights to the
nature of geologic materials encountered. Examples include the following:
(1) Use spatial covariations of elements to constrain mineralogy.
(2) Use element maps to recognize textures or microstructures that aren’t apparent in
visual images, for example, due to tool markings from the interaction of the abrading
bit with the rock surface.
(3) Determine the chemical makeup of individual features such as sedimentary grains,
igneous crystals, laminae, veinlets, and interstitial cements.
(4) Identify spatial variations in the relative abundance of elements to recognize and characterize alteration gradients, alteration rims on grains, zoned cements, and crystals.
(5) Sum spectra together to determine the bulk rock chemistry of a scanned area.
Thus, in addition to providing the bulk rock chemical analyses to which Mars scientists
have become accustomed on past rover missions, PIXL will also enable true petrologic
analysis of martian rocks.

11.4.5 SHERLOC
The SHERLOC instrument is a noncontact robotic arm-mounted spectrometer with
two imaging systems (Beegle et al., 2015). SHERLOC provides high-spatial-resolution
(15 μm/pixel) imaging coregistered with hyperspectral maps of mineral and organic composition acquired over approximately square centimeter areas using a 100 μm beam
diameter.
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SHERLOC’s 248.6 nm deep ultraviolet (DUV) scanning laser generates fluorescence
emission from aromatic organics and DUV resonance Raman scattering from aliphatic
and aromatic organics and astrobiologically relevant minerals. When using a DUV light
source, the weaker Raman scattering takes place in a wavelength range (253–274 nm)
that is outside the otherwise obscuring fluorescence range that starts beyond 270 nm
and extends into the visible. This enables detection of both Raman scattered photons
and stimulated fluorescence emission on the same CCD. The SHERLOC CCD is identical to those used for MSL ChemCam and Mars 2020 SuperCam (Wiens et al., 2012).
Detectable organic functional groups include the CdH, CN, C]O, and C]C bonds,
and detectable mineral species include carbonates, perchlorates, sulfates, and phyllosilicates. Expected detection limits are as low as 106 (w/w) for aromatic organics and
103 for aliphatic organics, and mineral spectra from grains as small as 50 μm can feasibly
be recognized.
SHERLOC employs two imaging systems: the Wide Angle Topographic Sensor for
Operations and Engineering (WATSON) and the autofocus and context imager (ACI).
WATSON is a reflight of the MSL Mars Hand Lens Imager (MAHLI) camera head
(Edgett et al., 2012). WATSON will provide color images with a spatial resolution sufficient (at closest approach) to distinguish sand from silt and smaller-sized grains—an
important sedimentologic distinction in the evaluation of habitable environments and
potential biosignature preservation. Like MAHLI, WATSON also images rover hardware for engineering capabilities including monitoring of wheel wear and produces rover
“selfies” for education and public engagement. The ACI enables focusing of the DUV
laser for standoff analysis from a distance of 48  7 mm above a target and is coboresighted
with the laser scanning system to document the visible context for fluorescence and
Raman maps.
SHERLOC DUV fluorescence and Raman maps will be coregistered with
WATSON images and PIXL maps (see above), providing a depth of petrographic information about martian materials previously only available from analyses of meteorites in
Earth-based laboratories. Such coordinated, grain-scale observations of elemental,
mineral, and organic compositions in their textural and stratigraphic context powerfully
support mission objectives to document rock formation and alteration processes, evaluate
habitability, seek signs of ancient life, and select sampling targets with high potential to
preserve signs of life and planetary evolution.

11.4.6 MEDA
The MEDA is contributed by Spain, led by the Centro de Astrobiologia (CAB), with
support for the US investigation team members from the NASA Science Mission and
Human Exploration and Operations Mission Directorates. MEDA is an integrated suite
of sensors providing in situ near-surface weather measurements and dust characterization.
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MEDA is an evolution of the MSL Rover Environmental Monitoring Station (REMS;
Gómez-Elvira et al., 2012) and PanCam/HazCam (Bell et al., 2003). It will measure
wind speed and direction, atmospheric pressure, air and ground temperature, relative
humidity, radiation fluxes near the surface of Mars, and optical properties of dust. These
environmental measurements will inform Mars climate models and support eventual
human exploration.
MEDA includes a pressure sensor that shares direct heritage with REMS. The relative
humidity sensor, like the pressure sensor, is contributed by the Finnish Meteorological
Institute and incorporates a new sensor membrane for increased dynamic range. The
wind sensor emerges from a collaboration between the CAB; the Universitat Politècnica
de Catalunya (UPC); the Seville Institute for Microelectronics (IMSE); and the Computadoras, Redes e Ingenierı́a (CRISA). Details of the sensor design have been changed to
increase mechanical robustness and consume less power, and the number of hot plates has
been doubled to increase functional redundancy.
The air temperature sensor (ATS), developed by CAB, consists of five sets of triple
thin wire thermocouple sensors based on the concept used by Mars Pathfinder and
Viking. Three ATS sensors are located around the rover mast at around 278 mm height
from the rover deck (1458 mm from the ground) and 120° from each other to ensure that
one sensor is always upwind of the mast. The other two sets of thermocouples are positioned at the sides of the rover and about 880 mm above the ground. This vertical distribution of the ATS will help characterize the temperature gradient on the surface layer
above the regolith.
The Thermal Infrared Sensor (TIRS), by CAB and CRISA, has upward and downward pointing thermopiles using similar detectors as on REMS but sampling different
wavelength ranges. In addition to surface temperature, the TIRS will measure downward
and upward radiation in the 6.5–30 μm range to document net radiative TIR fluxes forcing the atmosphere at the surface of Mars. It also provides atmospheric temperature of the
low layer above the rover location averaged over a few tens of meters, constraining vertical temperature gradients that drive convection.
The radiation and dust sensor (RDS), developed by the Instituto Nacional de Tecnica
Aeroespacial (INTA), represents an evolution of two sensors previously flown to Mars.
The first sensor, Skycam, is a JPL-provided CCD camera that inherits the electronics of
the MER HazCams and incorporates a new lens to minimize internal reflections and stray
light. Skycam also includes a neutral density filter to enable direct observation of the sun
with minimal blooming and a ring mask to compare direct with scattered sunlight. Skycam will measure the rate of irradiance decay as a function of the distance to the sun disc,
and its comparison to radiative transfer models will give a constraint on atmospheric
particle-size distribution. Side-looking photodiodes on the RDS will measure scattering
properties related to particle shape. Uplooking photodiodes will characterize optical
opacity of the atmosphere as a function of wavelength from the UV to the near IR.
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11.4.7 MOXIE
The MOXIE is a 1% scale model of an oxygen processing plant that is intended to support a human expedition sometime in the 2030s. A technology demonstrator, MOXIE
ingests the thin CO2 that comprises 96% of the martian air and produces O2 as a primary
product. On a future mission, such a process could produce 30 t of liquid oxygen for
ascent vehicle propellant in the 16 months preceding launch of a human crew to Mars,
representing 78% of the propellant mass needed for a CH4/O2 propulsion system. To
bring this amount of oxygen from Earth would otherwise require four to five heavy lift
launches (Drake, 2007).
MOXIE’s solid oxide electrolysis (SOXE) stack for converting CO2 to O2 is designed
and built by Ceramatec, Inc. (Hartvigsen et al., 2015). Its working elements are stacked,
scandia-stabilized zirconia electrolyte-supported cells with thin screen-printed electrodes, coated with a catalytic cathode on one side and an anode on the other. When
CO2 flows over the catalyzed cathode surface at 800°C under an applied electric potential, it is electrolyzed according to the reaction CO2 + 2e ) CO + O. The resulting
oxygen ions are electrochemically drawn through the solid oxide electrolyte to the
anode, where they are oxidized (O ) O + 2e) to produce gaseous O2. A scroll pump
developed by Air Squared, Inc. collects and compresses the CO2 for the reaction.
In development at the Jet Propulsion Laboratory, MOXIE is expected to produce
10 g/h of O2 on Mars with >99.6% purity (Hoffman et al., 2015). Oxygen production
is expected to be limited both by the compressor capacity and by the external conditions
that determine the density and quantity of air that can be drawn in. On Mars, autonomous
MOXIE operations will be optimized, and degradation mechanisms will be studied.

11.4.8 Returned Sample Science
A unique aspect of Mars 2020 is the inclusion of returned sample science (RSS) as a distinct investigation. RSS is not associated with any one instrument, but rather is concerned with maximizing the scientific value of samples to be collected during the
surface mission. The reasons why a set of martian samples would be valuable if returned
to Earth have been described in multiple reports in the literature, and the interested
reader is referred to Mustard et al. (2013), E2E-iSAG (McLennan et al., 2011), and
NRC (2011) and references therein. Of particular significance is E2E-iSAG
(McLennan et al., 2011), which describes specific scientific objectives for a sample return
enterprise and translates that into terms that are useful for a project development team,
such as how many samples are needed, the physical attributes (e.g., mass, volume, and
mechanical integrity) needed in order to support the requisite measurements as currently
envisioned, and how the collection could be organized into suites.
To represent the needs and interests of the future sample analysis community during the
development phase of the Mars 2020 project, a “Returned Sample Science Board” (RSSB)
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comprising 14 scientists was selected by NASA from a pool of applicants. As part of the
Mars 2020 science team, the RSSB has participated in landing site selection discussions,
consulted on key science-engineering trades (e.g., RSSB, 2016) at the request of Mars
2020 project science, and is represented along with the selected payloads on the Project
Science Group (PSG). Many of the questions put to the RSSB during the period
2015–17 related to the degree of importance of certain factors that relate to sample quality,
such as temperature, contamination, and fracturing. In addition, the RSSB contributed to
the development of the project’s contamination knowledge strategy (Farley et al., 2017).
The term of the RSSB extends until the participating scientist selection process, projected to complete prior to launch. Some participating scientists will be selected specifically for their expertise in returned sample science, and these individuals will join the
Mars 2020 science team in an integrated approach to scientific decision making in support
of in situ exploration and returned sample science during the surface mission.

11.5 SAMPLING AND CACHING SYSTEM
The major new development for the Mars 2020 flight system is the Sampling and
Caching System (SCS). The Mars 2020 SCS represents an unprecedented set of technical
challenges and is critical to the success of the Mars 2020 mission and to the progress
toward MSR. Although a number of previous missions have had surface preparation
and sample collection capabilities—for example, MSL Curiosity has an advanced drilling
and sample handling system (Anderson et al., 2012)—the Mars 2020 SCS is a fundamentally new design that enables surface preparation and core acquisition, as well as sealing,
onboard storage, and release of sample tubes to the surface, all bound by a set of organic,
inorganic, and biological cleanliness requirements more stringent than those for any prior
planetary mission. Key elements of the Mars 2020 sampling and caching system are
shown in Fig. 11.2.

11.5.1 Sample-Related Requirements
Mars 2020 is designed to meet an ambitious and stringent set of scientific requirements on
the samples to be cached (Table 11.1). The mission will be capable of acquiring at least 31
samples, each consisting of about 15 g of rock or regolith. The desired mass of each sample
was derived from estimates of how much mass is likely required for analysis and archiving
of returned samples (McLennan et al., 2011), while the total number of samples is dictated
by the duration of Mars 2020’s surface investigation and notional lift capabilities of a
return mission. Each rock sample will consist of a cylindrical core about 1 cm in diameter
from the uppermost 5 cm of the rock and will be drilled directly into an individual
ultraclean sample tube. Unconsolidated material such as regolith will be collected
through a specialized sampling bit that allows particles to flow by gravity into the
sample tube.
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Fig. 11.2 Mars 2020 sampling and caching system, including a front view of the rover (A) with turret,
robotic arm, and adaptive caching assembly (ACA) indicated; a view of the ACA from below (B); another
view of the turret (C) showing PIXL, SHERLOC, and drill (one stabilizer shown; bit is retracted); and a
drawing of a sample tube (D) with a representative test core shown to scale.

Scientific integrity requirements exist to minimize rock fragmentation that would
preclude identification of structures (especially biosignatures), to restrict sample temperature to <60°C during drilling and storage on Mars, and to minimize volatile loss via
hermetic sealing of each tube immediately after acquisition. The most demanding
requirements on sample integrity are those that limit terrestrial contamination. These
include a requirement of absolute sterility (less than one viable organism per sample tube),
restrictions on the abundance of many elements critical for geochemical study, and
extraordinarily stringent requirements on organic contamination.
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Table 11.1 Requirements on the samples to be prepared for caching by the Mars 2020 mission
Category
Requirement

Number of samples
Sample mass (each)
Contamination limits
Inorganic
Organic
Biologic
Drilling and storage
temperature
Individual sample tube sealing
Sample disaggregation

Capable of at least 31 in total, with 20 in the primary mission
10–15 g cylindrical cores
Limits on 21 key elements based on typical concentrations in
martian meteorites
<10 ppb total organic carbon
< 1 ppb of 10 critical marker compounds
<1 viable terrestrial organism per sample
<60°C at all times including during depot on Mars surface
Hermetic (to prevent volatile loss and contamination)
Maintain large pieces to allow structure investigations during
drilling, storage, and possible Earth return

Separate from sample cleanliness requirements, the Mars 2020 mission will acquire
detailed contamination knowledge covering all relevant stages of the mission. This
knowledge will be critical for confirming the martian origin of any potential biosignatures detected in the returned samples. Prior to spacecraft assembly, witness plates and
spacecraft swabs will be used to characterize vapor-deposited and particulate organic
and biological contamination. This includes a thorough genetic inventory of potential
microbial contaminants in relevant development environments. Also during this phase,
lot-identical spacecraft components, including a planned “contamination model” of the
drilling system, will be archived for future analysis.
Once the spacecraft is assembled, it is no longer possible to directly measure Earthsourced contamination until samples are returned, so Mars 2020 will feature a system
designed to accumulate contaminants during Mars surface operations and the roundtrip
flight. Six sample tubes (“witness tubes”) will be modified to carry a witness plate
assembly (WPA) featuring ultraclean surfaces and meshes that will trap molecular and particulate contaminants. The witness tubes will be stored and processed identically to
sample-containing tubes, with the exception of bit-on-rock contact. By carrying six
such tubes, it will be possible for the science team to devise appropriate strategies for
when to expose and seal these tubes as the contamination environment aboard the
rover evolves.
If specific organic compounds or organisms are someday detected in returned samples, a comparison between the preflight contaminant analyses and the witness tube measurements can be made to assess whether there is evidence for an Earth source. If
necessary, the contamination model of the drill can be used to assess the role of biton-rock contact in sourcing and possibly modifying organic compounds. In the end,
it may be necessary to make spatially resolved measurements (i.e., compare interior
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portions of sample with exterior portions) to compellingly confirm a martian source of
potential biosignatures.

11.5.2 Design of the Sampling and Caching System
The Mars 2020 sampling and caching system (SCS) is a dual-purpose subsystem supporting both in situ exploration and sample acquisition and storage. Features of the SCS that
support sampling include a rotary-percussive drill similar to MSL but modified to generate cores rather than cuttings, a rotating bit carousel containing multiple bits for rock
coring and regolith collection, and an adaptive caching assembly (ACA) with its own
robotic sample handling arm (SHA) enabling filled sample or witness tubes to be photographed, sealed, stored, and eventually placed on the surface of Mars. The SCS supports
in situ science investigations with a gas-based dust removal tool (gDRT) and drill bits
designed for surface abrasion. The abrading bit is used to prepare a 4 cm-diameter patch
of rock to facilitate proximity science including imaging and mapping by the PIXL and
SHERLOC instruments. The gDRT uses a high-velocity jet of nitrogen gas to remove
dust and abrasion fines that might otherwise obscure surface targets.
To collect a rock sample, the SHA inserts an empty sample tube into a coring bit, and
this bit is rotated into docking position for insertion into the drill. The drill containing the
coring bit is placed onto the desired target and preloaded, a “hole start” routine is run, and
coring continues in either rotary-percussive or rotary-only mode, depending upon the
mechanical characteristics of the rock. An eccentric race at the end of the sample tube
facilitates core breakoff, the drill is removed from the borehole, and the robotic arm
docks again to the bit carousel, which removes the bit and rotates, presenting the rear
portion of the bit to the ACA. The filled sample tube is removed from the bit by the
SHA and taken through a number of stations including imaging, volume estimation,
and sealing prior to storage in its original location.

11.5.3 Sample Caching and Potential Return
In order to maximize flexibility and minimize risk, Mars 2020 has adopted an approach
called “adaptive” caching by which multiple sealed sample tubes will be dropped by the
ACA onto the surface of Mars (e.g., Beaty et al., 2015). This is in contrast to an approach
in which all samples are stored on board the rover in a single container until a decision is
made to transfer the container—the monolithic cache—on to the martian surface. Evaluation of the relative benefits of these two basic caching architectures dates back at least as
far as early MSR concepts emerging in the years following Mars Pathfinder. The main
advantage of the adaptive approach adopted by Mars 2020 is that it allows the mission to
offload its sample cargo at opportune times, thereby eliminating the possibility that all of
the samples (e.g., in a monolithic cache) get stranded in a disabled rover. Adaptive
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caching also permits the potential return mission to select the highest value samples for
return rather than to take all samples in the monolithic cache.
The current notional strategy is that multiple samples will be deposited at a “depot”
site selected to optimize relocation by the retrieval mission and where dust accumulation
is expected to be minimal. A likely scenario for depot caching is as follows. A first region
of interest (ROI 1) is explored, approximately half (10) of prime mission samples are
collected, and the rover drives to ROI 2 with samples stored on board. Prior to exploring
ROI 2, a suitable depot location is identified nearby, and the samples from ROI 1 are
dropped in a collection. This offloads the risk associated with further transport of the sample cargo. ROI 2 is explored, 10 more samples are collected, the rover returns to the
depot, and the samples from ROI 2 are added to the initial collection. At this point, the
team is free to pursue higher risk exploration near ROI 2 or at a third ROI some distance
away. Once more, samples are collected; the team will face the decision of whether to
return to the first depot or to establish a new depot. An obvious risk of establishing multiple depots is that the retrieval mission may not be designed to traverse among far-flung
depots.
Because follow-on sample return missions are not yet confirmed, the length of time
the samples collected by Mars 2020 must retain their integrity on the surface is unknown.
Mars 2020 is verifying that sample tubes and seals will last at least 10 years on the surface of
Mars and 10 years in Mars orbit.

11.6 EXTANT LIFE AND PLANETARY PROTECTION
The combination of low and widely varying temperature, low atmospheric pressure, low
water activity, and high ultraviolet and ionizing radiation environment at the surface of
modern Mars is extremely inhospitable for life. Geologic evidence and models of planetary evolution suggest that similarly inhospitable conditions have prevailed for most of
Mars history—probably for >3 billion years (3 Ga; Carr and Head, 2010)—and martian
life has not been detected by any previous mission. It thus seems unlikely, but not impossible, that present-day Mars supports a biosphere. If martian life does exist today, it would
likely be confined to subsurface environments that are protected from deleterious radiation and where liquid water is stable. These caveats notwithstanding, the precautionary
principle has led to policies for planetary protection designed to limit “forward” contamination of extraterrestrial environments by Earth organisms and “backward” contamination of Earth by extraterrestrial organisms.
Samples collected by Mars 2020 will be sealed in tubes and placed on the surface of
Mars where their exteriors will be in contact with the martian environment (and possible
martian organisms). Further, containment of samples in such a way that Earth is protected
from accidental release of a possible martian organism would be the responsibility of
follow-on missions. The Mars 2020 project is working with future mission planners
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to design a system that would enable future missions to meet planetary protection responsibilities and will be archiving information about Mars 2020 that future missions would
need to demonstrate that samples are safe to return.
Surface environments on Mars “within which terrestrial organisms are likely to replicate” (e.g., with water activity between 0.5 and 1.0 and temperature above – 25°C)
have been designated “special” or “uncertain regions” (Rummel et al., 2002, 2014;
Committee to Review the MEPAG Report on Mars Special Regions et al., 2015;
COSPAR, 2015). Mars 2020 will not target special regions because its goal is to look
instead at the potentially far more habitable environments of pre-3 Ga Mars. As was
the case for MSL, the Mars 2020 strategy to prevent forward contamination responds
to NASA policy for Mars surface missions that do not access special regions. MSL met
the biological cleanliness (or “bioburden”) requirements to prevent forward contamination with significant margin (Benardini et al., 2014). Mars 2020 will use a heritage
approach with limited improvements to ensure compliance with high confidence.

11.7 LANDING SITE SELECTION
Following previous practice (e.g., Golombek et al., 2012), the selection of a landing site
for Mars 2020 will occur late in mission development to ensure that the greatest amount
of orbital data has been acquired before a decision is made. Previous landing site selection
efforts, additional orbital data acquired since the MSL site selection process, and heritage
engineering approach used for Mars 2020 have enabled more thorough and rapid scientific and engineering safety analyses of landing sites than ever before. Landing site selection criteria are different for Mars 2020 than for previous rover missions. With objectives
to seek evidence of ancient life and prepare a cache of samples, strong evidence for habitability and conditions conducive to biosignature preservation in the depositional environment and lithologic diversity assumes new importance.
The bulk of the record of life on Earth derives from sedimentary rocks deposited in
relatively shallow, subaqueous settings. Experience studying the Earth’s sedimentary rock
record also provides a clear and robust model to guide the search for biosignatures in
fluvio-deltaic or lacustrine environments on Mars. For these reasons, many in the Mars
science community favor a landing site with clear evidence for large, standing bodies of
water, for example, geomorphic evidence for a delta, often accompanied by mineralogical evidence for hydrous minerals.
However, questions remain whether habitable environments present at the Mars surface subsisted long enough to allow life to gain a recognizable foothold. Current thinking
suggests that life on Earth emerged among the diverse and abundant chemical disequilibria (including abiotic organic synthesis) that result from energetic water-rock interaction
in subsurface hydrothermal systems (e.g., Russell et al., 2014). The great significance of
Earth’s “deep biosphere” (organisms living >1 m below the surface; Edwards et al., 2012)
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has been appreciated only relatively recently (e.g., Kallmeyer et al., 2012). While there is
nothing to suggest that the deep biosphere is a recent phenomenon, very little is known
about its distribution and extent throughout Earth’s history—and of particular relevance
to the Mars 2020 mission—and how it may be preserved in the rock record. The influence of a magnetic field on the habitability of surface environments on Mars is also
unknown. Most sites considered for Mars 2020 appear to have been deposited after
the magnetic field was lost. For these reasons, the most ancient (early Noachian) landing
sites featuring evidence for hydrothermal activity enjoy strong community support.
In addition to past habitability, the ideal Mars 2020 landing site would feature geologic diversity adequate to satisfy the needs and desires of the community of scientists who
would someday analyze returned samples. There is a great diversity of investigations to
which returned samples are likely to be subjected, and many investigations have specific
target lithologies. For example, there is strong and obvious interest in analyzing igneous
rocks to better understand the nature and timing of early planetary differentiation and in
sedimentary rocks that may carry a record of ancient climatic evolution. Also of interest
are rocks that may document an early martian magnetic field and those that would provide a radiometrically determined age of a laterally extensive cratered surface to test crater
chronology models. Locating a single site that meets all of these objectives is unlikely, and
prioritization will almost certainly be required.
As of this writing, three Mars 2020 landing site workshops have been held, and the list
of possible landing sites has been narrowed to three: Columbia Hills, Jezero Crater, and
Northeast Syrtis. Leading hypotheses regarding the geologic origin and potential habitability have been developed for each site. A delta at Jezero Crater samples a lithologically
diverse watershed and provides evidence for subaqueous sediment deposition in a craterfilling lake (Fassett and Head, 2005; Ehlmann et al., 2008; Schon et al., 2012; Goudge
et al., 2015, 2017). Among a diversity of igneous rocks observed by the Spirit rover near
the Columbia Hills in Gusev Crater is a silica deposit interpreted to be the preserved remnants of a surface hydrothermal system (Ruff et al., 2011; Schmidt et al., 2008; Squyres
et al., 2008) that could contain biosignatures (Ruff and Farmer, 2016). Northeast Syrtis
exposes extremely ancient, early Noachian crust without clear geomorphic evidence for
persistent surface water but with mineralogical indicators consistent with past water-rock
interaction across a range of temperatures, including phyllosilicates and alteration of olivine to Mg carbonate and serpentine (Bramble et al., 2017; Ehlmann et al., 2008, 2009;
Ehlmann and Mustard, 2012) or talc carbonate (Brown et al., 2010).

11.8 MARS 2020 AND THE SEARCH FOR LIFE BEYOND EARTH
11.8.1 Mars 2020 and In Situ Astrobiology
Mars 2020 builds upon previous rover missions’ approaches for documenting geologic
context and assessing ancient habitability. Upon landing and system checkout, the science
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team will select an initial exploration area or “region of interest” (ROI), roughly 1 km2 in
area. The first ROI will be selected on the basis of perceived scientific potential and proximity to the rover landing site from a number of previously identified ROIs that will have
been mapped and prioritized by the science team based on orbital data (e.g., MRO HiRISE imagery and CRISM spectra). As the rover approaches and arrives at the first ROI,
stereo color images from Mastcam-Z and enhanced engineering cameras (EECAMs) at
increasing spatial resolution will begin to reveal information about lithology, structure,
and stratigraphic relations of geologic units present within the ROI. Radar soundings
from RIMFAX will be correlated with image data to extend the structural and stratigraphic investigation into the subsurface. Multispectral imagery from Mastcam-Z,
together with LIBS, VNIR, and Raman spectroscopy from SuperCam, will provide
information about mineralogy at a distance of a few to tens of meters from the rover,
enabling further development of a model for deposition and subsequent diagenesis of
rocks in the ROI. As the contextual, ground-based “remote science” dataset is acquired,
new understanding of the local geology will be used to refine ROI maps based previously
on orbital data alone. Remote science data will lead the team to select scientifically compelling and safely accessible targets for surface preparation and “proximity science” with
the turret-mounted instruments PIXL and SHERLOC, whose data will ultimately
inform the choice of sampling locations based upon the likelihood of a target to preserve
records of ancient life and planetary evolution that could someday be detected in Earthbased laboratories.
Certain elements of Mars 2020 astrobiology exploration strategy are landing site independent. Evidence of past liquid water and its persistent interaction with rock to yield
metabolic substrates is the dominant exploration target regardless of habitat type. Potential for and diversity of disequilibria are important components of habitability, so locations with apparently primary mineralogical and morphologic complexity may be
preferable to relatively homogeneous locations. Evidence of diagenetic alteration can
be favorable or unfavorable, depending upon the circumstance. Oxidizing or acidic fluids
can destroy primary elemental or molecular biosignatures (e.g., Sumner, 2004), and
recrystallization or impact processes can destroy morphologic biosignatures. From that
point of view, rocks that are as mechanically and chemically “primary” are considered
to be higher priority targets for potential biosignature preservation. On the other hand,
the aforementioned fracture networks can represent important subsurface habitable environments and must not be overlooked. Similarly, impact-generated hydrothermal systems may destroy evidence of earlier life in the host rock while forming their own
postimpact habitats (Osinski et al., 2013) and potentially preserving records of subsurface
life (Parnell et al., 2010; Sapers et al., 2014, 2015).
As the shift in focus of the MSL mission from habitability to taphonomy demonstrates
(e.g. Grotzinger, 2014), the element of time is critical in both directions. Long times are
important—for a habitat to generate sufficient biosignatures to enable detection, the
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system must persist long enough for a biome to take hold and produce a relatively robust
and recalcitrant environmental expression. Short times are also important—rapid burial
and/or rapid crystallization are key to preservation of biosignatures before they can be
degraded by ambient environmental processes, and short surface exposure time is important to protect any complex molecular biosignatures from being destroyed (or rendered
ambiguous) by ionizing radiation. Each of these requirements for biosignature formation
and preservation has implications for the Mars 2020 mission’s exploration strategy. Mars
2020 will seek local environments with evidence for relatively persistent water (e.g.,
lacustrine sediments and nodes in fracture networks), maximal primary chemical diversity, and favorable taphonomic conditions (e.g. rapid burial or entombment by evaporitic
minerals and impact glass).
Certain details of the mission’s surface exploration strategy are heavily site-dependent.
For example, exploration of fluvio-deltaic and lacustrine environments in Jezero Crater
might prioritize a search for low-energy distal facies with a high capacity to preserve
organic matter and any carbonate-bearing facies nearer to ancient shorelines that could
have offered a physical and chemical environment particularly conducive to the formation and preservation of biosignatures in forms recognizable to rover instrumentation
(e.g., fossilized microbial mats or stromatolites). By contrast, habitable environments
at NE Syrtis were likely in the subsurface where water interacted with rock to generate
chemical disequilibria that could have been harnessed by microbial life. The exploration
strategy at NE Syrtis might focus on identifying fluid flow networks, perhaps seeking
nodes in ancient fracture/vein systems where fluids of varying compositions could have
interacted to generate chemically fertile microenvironments. Exploration targets at
Columbia Hills have already been identified using ground-based data from the MER
Spirit rover. High-silica materials with digitate morphology observed near Home Plate
have been interpreted to represent potential biosignatures (Ruff and Farmer, 2016), and a
spatially resolved investigation of the elemental and molecular chemistry of these features
with PIXL and SHERLOC would be a priority in order to determine whether there is
more compelling evidence of ancient life than what MER Spirit observed.

11.8.2 Martian Biosignatures
What is a martian biosignature? Will we know it when we see it? Mars rover scientists and
engineers often joke about finding “the dinosaur bone,” but the modern concept of
astrobiology holds that the conditions enabling complex, multicellular life on Earth
are probably unique in the solar system, and thus any extraterrestrial life is likely to have
been microbial. Rather than the dinosaur bone, then, we may consider the astrobiological “holy grail” of a Mars rover mission to be something like a stromatolite—a finely
layered sedimentary rock that may represent a fossil microbial mat. Many stromatolites as
we know them from ancient Earth rocks would be readily detectable by Mars 2020
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instrumentation, with submillimeter- to centimeter-scale lamination that sometimes
exhibits morphologically correlated elemental and molecular heterogeneity (including
biotic organic matter preserved on billion year timescales as kerogen and distinctly confined to certain laminae). For example, variably silicified, carbonate stromatolites of the
3.4 Ga Strelley Pool formation in Western Australia represent some of the oldest widely
accepted evidence for life on Earth and show morphologic, elemental, molecular, and
isotopic signs of life within a geologic context clearly indicative of deposition in a habitable environment (Allwood et al., 2006, 2009; Bontognali et al., 2012; Lepot et al.,
2013; Flannery et al., 2018).
Recently, the Mars 2020 PIXL and SHERLOC teams conducted a coordinated
investigation of a particularly well-preserved kerogen- and carbonate-bearing sample
of a Strelley Pool formation stromatolite using laboratory development models of the
Mars 2020 instruments (Fig. 11.3). PIXL used microfocus X-ray fluorescence to observe
features consistent with a variably silicified matrix of original dolomite having spatially

Fig. 11.3 Coregistered X-ray fluorescence (PIXL) and UV Raman (SHERLOC) maps over a 2.5  8 mm
laminated region of a stromatolite from the 3.4 Ga Strelley Pool formation, Western Australia.
Leftmost panel is similar to an image acquired from the WATSON camera on SHERLOC; center
panel is a PIXL map showing distribution of Si, Ca, and Fe; and rightmost panel is a SHERLOC UV
Raman map showing intensity of peaks corresponding to dolomite, kerogen, and quartz.

297

298

From Habitability to Life on Mars

variable Fe concentrations consistent with earlier observations by Allwood et al. (2009).
Coregistered SHERLOC UV fluorescence and Raman measurements confirmed the
carbonate mineralogy variably altered to quartz, with kerogen preferentially distributed
in zones of silicification. This type of elemental and molecular heterogeneity in correlation with primary morphology (in this case, millimeter-scale laminae) represents an
important class of biosignature clearly detectable by the Mars 2020 payload.
In general, we suggest that potential biosignatures can be defined as (1) co-occurring
concentrations of biologically important elements, molecules, and/or minerals; (2) exhibiting heterogeneity correlated in space with complex or otherwise biologically suggestive morphologies; (3) observed within a geologic context consistent with habitability;
and (4) the likelihood of biogenicity dependent upon the relative parsimony of any abiotic explanations for the sum of the observed phenomena.

11.8.3 Astrobiologic Considerations for MSR
Mars 2020 has the tremendous opportunity and profound responsibility to provide the
in situ geologic and environmental context for what would be among the most precious
samples in the history of science if successfully returned to Earth. The ability to achieve
scientific consensus about any evidence for ancient life observed in samples returned from
Mars strongly depends on the quality of science conducted during the Mars 2020 mission.
To this end, the science team is developing a three-part approach to contextualization of
samples.
The first component of sample contextualization will include a set of data and interpretations largely independent of the decision to collect any particular sample. Using an
approach similar to previous rover missions, Mars 2020 will explore the landing site, conducting an analysis of representative materials that is as comprehensive as possible in order
to generate interpretive models explaining the emplacement and alteration of rocks
exposed at the surface. This work will be in service of planetary science generally—
the science team will pursue and communicate discoveries related to the evolution of
Mars as a system, including its capacity to support life. This process will also guide the
eventual selection of samples that are themselves dominantly contextual. In addition
to any primarily “astrobiology” samples with high potential to preserve biosignatures,
future scientists will need access to a representative set of “context” samples collected
primarily for this purpose. These samples would be of high scientific value in their
own right, selected as faithful recorders of the conditions of deposition/emplacement,
the nature of the most significant alteration events, and a time series of environmental
change encompassing the interval represented by astrobiology-oriented samples.
The second component will include a minimum set of systematic observations to be
performed as consistently as possible on or in association with every sampling target.
Analytic consistency will support the rapid construction and dissemination of “dossiers”
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for each sample, the compilation of which will represent an early guidebook to the samples available for return. The third component will include detailed observations specifically tailored to individual samples or sampling locations. These may represent the
richest, but most complex and difficult to interpret data from the mission, and their full
fruition may not come until sample analysis on Earth. It is in this third realm that any
potential biosignatures are likely to emerge, and it is these data that may provide the most
compelling rationale for sample return.
Mars 2020 will carry more sample tubes (40) than the currently envisioned carrying
capacity for a retrieval mission (31). Planning for success, scientists of the future will be
able to debate the merits of the Mars 2020 samples after the sampling phase of the mission
concludes in order to determine the highest value subset for return to Earth. The Mars
2020 science team is designing the sample documentation program with these future
deliberations in mind.

11.8.4 Some Thoughts on Returned Sample Science
Assuming that samples collected by Mars 2020 are successfully returned, the Earth-based
phase of returned sample science would begin in earnest with documentation of any conditions associated with touchdown and field recovery of the Earth entry capsule that
could impact sample properties. Planetary protection concerns related to returned extraterrestrial samples that could feasibly contain viable extraterrestrial organisms require that
extraordinary measures be taken to ensure containment. For example, the return capsule
must be designed to survive impact without the aid of a parachute to avoid the unintended and uncontrolled exposure of martian materials to the Earth environment. Upon
landing, the return capsule would be removed to a receiving facility with a degree of
biological security that may exceed any that exists today. After an initial phase of analysis,
it is possible that the samples would be transferred to a separate, lower biosecurity and
longer-term curation facility from which subsamples could be distributed to external laboratories for further analysis.
The search for evidence of ancient life in returned martian samples would likely use an
approach fundamentally similar to that described in Section 11.8.2, with the addition of a
wide variety of analytic techniques not featured by Mars 2020. The analytic possibilities
are numerous, and it is likely that approaches not yet imagined would be employed.
Here, we offer several examples of existing techniques that would almost certainly play
an important role in returned sample astrobiology. Solvent extraction followed by gas
chromatography and mass spectrometry is among the most powerful methods available
to study the ancient record of life on Earth, and this approach applied to returned martian
samples would enable the detection of any organic molecules of sufficient complexity or
distributions of molecules in patterns that cannot be explained abiotically (e.g., Summons
et al., 2011). Clearly, nondestructive or minimally destructive techniques would be
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favored whenever feasible for returned sample analysis as they minimize sample consumption and provide data in petrographic context. Careful sample preparation followed
by light and electron microscopy would enable a search for microbial fossils and spatially
resolved elemental, molecular, and isotopic analysis. Biogenicity assessment of putative
microfossils in ancient Earth rocks has a long and controversial history (e.g., Schopf,
1993; Brasier et al., 2002), but criteria for such assessments have evolved considerably
over the last several decades (e.g., Schopf and Walter, 1983; Buick, 1990; Sugitani
et al., 2007; Wacey, 2009), and similar approaches have been applied to nonmicrofossil
biosignatures including putative microbial microalteration textures in igneous rocks
(McLoughlin and Grosch, 2015). Recent developments in spatially resolved analysis
of organic and mineral matter distinguish morphologically correlated compositional heterogeneities and represent important new capabilities for the confident detection of biosignatures at or below the scale of individual microorganisms (e.g., Williford et al., 2013,
2016; Wacey et al., 2016). In particular, the evolution of techniques such as atom probe
tomography (e.g., Miller et al., 2012; Valley et al., 2014) will no doubt be important to
the future analysis of returned extraterrestrial samples.
Although the primary astrobiological motivation for Mars 2020 and MSR as currently
envisioned is to investigate the possibility of ancient life on Mars, a pristine and scientifically selected set of samples from the surface of that planet would also offer an excellent
opportunity to seek signs of extant (living or recently deceased) extraterrestrial life. This
search would be complementary to the planetary protection goal to determine whether
the samples contain any martian organisms that are hazardous to Earth life. As such and as
was the case for the lunar samples returned by the Apollo program, this biological analysis
would likely occur early (in part to assess any risks to human workers) and certainly
within the high biosecurity receiving facility. Because it would be impossible to conclusively prove the absence of a dangerous martian organism without complete consumption of the sample set (an absurd proposition!), future scientists and policy makers will
likely face a decision to either sterilize the samples or contain them in the high biosecurity
receiving facility indefinitely (or until human exploration of Mars matures to a degree
that existential threats to the biosphere of Earth can be confidently rejected). Removal
to a lower security, longer-term curation facility, and distribution to external laboratories
may thus require sterilization of the samples and acceptance of any accompanying alterations to sample properties that might result. Workers of the future may have to balance a
desire to conduct specific, idiosyncratic analyses in unique individual laboratories against
the potential scientific cost of sample sterilization.
How then might extant life be detected in martian samples, and if detected, how
could scientists determine conclusively whether the organisms were Earth-sourced contaminants (the obvious null hypothesis) or indigenous martian life? If the contamination
could be confidently rejected and the recovery of indigenous martian life confirmed, the
implications would be profound. Such a discovery would immediately raise an important
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second-order question: are the martian organisms the result of an independent origin of
life on Mars (independent genesis) or are Earth and Mars life related through impact
exchange (panspermia)?
One might imagine (based on the current state of the art for life detection in low biomass terrestrial samples) that the first detection of a possible extant microorganism in a
returned martian sample would result from fluorescence or electron microscopy (e.g.,
Kallmeyer et al., 2008; Morono et al., 2009). If a cell-like entity (CLE) were detected,
researchers would face difficult decisions about downstream destructive analysis. Possible
choices with the potential to yield a confident determination of biogenicity would
include lysis and sequencing (e.g., Gawad et al., 2016) or cryo-electron tomography
(e.g., Dobro et al., 2017). Unsuccessful sequencing after lysis would be uninformative
unless sufficient unprocessed CLE material remained to permit further analysis. Successful amplification and sequencing showing a match to any known Earth life would suggest
contamination. A sequence that did not match any previously known and showed
extraordinarily deep divergence (e.g., such that the sequence was unassignable to any
of the three domains of Earth life) could be explained by either (1) panspermia or (2)
extraordinary convergent evolution to DNA after independent genesis. Successful
cryo-EM could show cellular anatomy distinct from any known form of Earth life,
but this result would also likely be inconclusive given the current pace of discovery in
this field (Dobro et al., 2017). It is possible that a combination of mass spectrometry
and crystallography could reveal a system of pseudo/xenoproteins and/or xenonucleic
acids that would represent strong evidence for independent genesis on Mars. Regardless
of the analytic choice and the result, information from a single CLE would almost certainly be insufficient to disprove the null hypothesis of terrestrial contamination, and a
variety of analytic techniques applied on a larger number of CLEs would be required.
Therefore, the probable approach prior to any destructive analysis would be to repeat
the procedure that yielded the first CLE detection, consuming additional material from
the sample in question and/or from other returned samples until either (1) more CLEs
were detected or (2) the willingness to expend sample material on the search for extant
life was overwhelmed by the desire to pursue the more central goals to understand the
evolution of Mars as a system, including the search for evidence of ancient life.
Return and analysis of samples from Mars would represent an important turning point
for astrobiology. For a field that has so far been restricted to analysis of Earth-based analogs, models, and remote observations, the opportunity to bring scientifically selected
samples of a once habitable planet into the laboratory for interrogation by any technique
available on Earth would be transformative. Perhaps the most exciting, but least likely,
result (given the current inhospitability of surface environments) of MSR science would
be the determination that Mars is currently inhabited by organisms from an independent
genesis. More likely and similarly meaningful would be a determination that Mars was
inhabited in the ancient past—answering a central motivating question for Mars 2020
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and MSR. It may be difficult or impossible to determine whether any evidence of ancient
martian life in samples collected by Mars 2020 resulted from independent genesis or panspermia. It is also possible, of course, that Mars was never inhabited or that samples and
in situ data collected by Mars 2020 reveal no convincing evidence of life. A complete lack
of biosignatures in a diverse and carefully selected set of samples from a clearly habitable
ancient environment on Mars could place important constraints on the spatiotemporal
ubiquity of life on habitable planets. The explosion of scientific knowledge sparked
by the return and analysis of lunar samples demonstrates that, even in the event of this
third, astrobiologically negative result, the scientific rewards for MSR would be
tremendous.
Regardless of the astrobiology results, successful return and analysis of samples scientifically selected and with geologic context exhaustively documented by Mars 2020 fairly
guarantees a revolution in human understanding of our planetary neighborhood. If conclusive martian biosignatures are detected, however, a new world opens before us, and
future generations can finally leap from the Earthly tree of life to begin exploring the
forest.
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CS
CSTM
Der
DM
DMF-DMA
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EDM
FOV
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MER
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DMF
PAHs
PanCam
Pyr
RLS
ROCC
RSM
SAM
SP
SPDS
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TV
TMAH
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UHF
VIS + IR
VS
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crushing station
core sample transport mechanism
derivatization, an agent added to sample material that reacts with indigenous organic molecules to reduce their polarity, rendering the resulting compounds more volatile
descent module, the capsule that enters the atmosphere for landing
N,N-dimethylformamide dimethyl acetal, one of the MOMA derivatization agents
experiment cycle
entry, descent, and landing demonstrator module, part of ExoMars 2016
field of view
gas chromatograph-mass spectrometer, one of the MOMA operation modes
ground-penetrating radar
high-resolution camera, part of PanCam
infrared
infrared spectrometer for ExoMars, on the rover mast
laser-desorption mass spectrometry, one of the MOMA operation modes
Landing Site Selection Working Group
Mars multispectral imager for subsurface studies, the IR spectrometer integrated in
the drill
Mars Exploration Rovers, Spirit and Opportunity
micro observatoire pour la mineralogie, l’eau, les glaces et l’activite
Mars orbiter laser altimeter, an instrument on NASA’s 1996 Mars Global Surveyor.
0-MOLA altitude is considered the reference elevation for Mars
Mars organic molecule analyzer, in the rover’s analytic laboratory
Mars Science Laboratory, NASA’s Curiosity rover
Mars sample return
N-tert-butyldimethylsilyl-N-methyltrifluoroacetamide/dimethylformamide as a 3:1 mixture, one of the MOMA derivatization agents
polycyclic aromatic hydrocarbons
panoramic camera, on the rover mast
pyrolysis, heating a sample to release volatile (fragments) organic molecules
Raman laser spectrometer, accommodated in the rover’s analytic laboratory
Rover Operations and Control Center
reference surface mission
sample analysis at Mars, the organic detection instrument on NASA’s Curiosity rover
surface platform, the element of the ExoMars 2018 DM reaching the surface. Following
rover egress, the SP becomes a science station
sample processing and distribution system
Trace Gas Orbiter, part of ExoMars 2016
thermal volatilization, sometimes also called pyrolysis, refers to the release of volatile
organic molecules (fragments) by heating a sample
25 wt% tetramethylammonium hydroxide in methanol, one of the MOMA derivatization
agents
ultra clean zone, the part of the ALD enclosing the sample path
ultrahigh frequency, the radiofrequency band used at present for rover-to-orbiter communications, sometimes called “proximity link”
visible (red, green, and blue) plus infrared
vertical survey
wide-angle cameras in PanCam
water, ice, and subsurface deposit observations on Mars, a GPR
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12.1 OVERVIEW
The second ExoMars mission will be launched in 2020 to target an ancient landing site
interpreted to possess a strong potential for preserving the physical and chemical biosignatures of fossil martian microorganisms, if they existed there. The mission will deliver a
lander with instruments designed for atmospheric and geophysical investigations and a
rover tasked with searching for signs of extinct life. The ExoMars rover will be equipped
with a drill to collect material from outcrops and at depth (between 0 and 2 m). This
subsurface sampling capability, coupled with novel analytic instruments, will provide
the best chance yet to gain access to and characterize molecular biomarkers.
Starting with a brief discussion of the ExoMars program, this chapter concentrates on
the ExoMars rover. We describe its scientific underpinnings, the rover configuration, its
Pasteur payload, its drill, and its sample processing systems and present the reference surface mission. We conclude by addressing desirable scientific attributes of the landing-site
region.
Large sections of this chapter were published previously in the work by Vago
et al. (2017).

12.2 WHAT IS ExoMars?
ExoMars is a partnership program between the European Space Agency (ESA) and the
Russian space agency, Roscosmos, for implementing two Mars missions.
The first mission was launched on 14 March 2016 from the Baikonur Cosmodrome,
in Kazakhstan, on a Roscosmos-provided Proton rocket and arrived at Mars on 19 October 2016. ExoMars 2016 consists of two elements, the Trace Gas Orbiter (TGO) and the
Schiaparelli entry, descent and landing demonstrator module (EDM), both contributed
by ESA. The TGO carries European and Russian scientific instruments to conduct a
detailed analysis of atmospheric gases, including methane (CH4) and other minor constituents (Allen et al., 2006; Sherwood Lollar et al., 2006; Yung et al., 2010; Yung and
Chen, 2015), and study the surface signatures of possible active processes (e.g., hydrothermal); TGO will also serve as a communication relay for future surface missions.
The EDM was a European capsule to test technologies for controlled landing and to
perform measurements during descent and while on the martian surface. Unfortunately,
the last phase of the landing sequence did not operate as planned, and the lander was lost,
but sufficient data were transmitted back to determine the cause of the accident.
The second mission will be launched on July 2020 and arrive on March 2021 to land
an ESA rover using a descent module (DM) developed by Roscosmos (with some ESAprovided subsystems). The DM will travel to Mars on an ESA carrier module (CM).
Roscosmos will launch the spacecraft composite on a Proton rocket. The rover will accommodate a European and Russian suite of instruments; it will also be equipped with a drill
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for subsurface sampling and a sample preparation and distribution system (SPDS), supporting the geology and life-seeking experiments in the rover’s analytic laboratory. The
Russian surface platform (SP) will contain an additional suite of Russian and European
instruments, mainly concentrating on environmental and geophysical investigations.
NASA also provides important contributions to ExoMars, such as the Electra ultrahigh frequency (UHF) radio package for TGO-to-Mars-surface proximity communications; engineering support for the DM; Deep Space Network services to complement
ESA and Russian station coverage; and a major part of Mars organic molecule analyzer
(MOMA), the organic molecule characterization instrument on the rover.

12.3 POSSIBLE LIFE ON MARS: WHEN AND WHERE?
As was the case on Earth (Genda, 2016), it is likely that early Mars (4.45 Ga ago) also
formed a primordial atmosphere through outgassing after accretion. This H2O-rich
atmosphere would have condensed, forming a global warm ocean (or at least large bodies
of water) enveloped in a dense carbon dioxide (CO2)-rich atmosphere (Elkins-Tanton,
2011). If we assume that the first stage of crustal-atmospheric evolution on Mars proceeded more or less as it did on Earth, most CO2 would have been rapidly fixed in
the planet’s interior through carbonation and subduction. In a relatively short time, much
of the greenhouse contribution from CO2 would have disappeared. However, as was
probably the case on Earth, we can expect that, driven by internal heat, active hydrothermal processes in the crust would have released CH4 and other gases, helping to raise the
planet’s surface temperature (Pavlov et al., 2000; Oze and Sharma, 2005; Schulte et al.,
2006). Mars’ distance from the faint young Sun would have required relatively high
greenhouse forcing to keep the surface above freezing conditions. Assuming an increase
of 70 K—a plausible upper limit for greenhouse warming on the early Earth due to CO2
and to the addition of gases liberated by widespread suboceanic serpentinization coupled
with Fischer-Tropsch-type synthesis (Vago et al., 2017) (this value is 33 K for present-day
Earth)—the average Mars temperature could have hovered around water’s freezing
point. Hence, we can conclude that for a good part of its early history, Mars could have
looked like a colder version of present-day Iceland. Nevertheless, the likelihood of a
mostly cold surface scenario does not constitute a serious impediment for the possible
appearance of life since abundant subglacial and submerged volcanic/hydrothermal activity would have resulted in numerous liquid-water-rich settings (Warner and Farmer,
2010; Cousins and Crawford, 2011). The right mixture of ingredients, temperature
and chemical gradients, organic molecule transport, concentration, and fixation processes
could have been found just as well in a plethora of terrestrial submarine vents as in a multitude of vents under possibly top-frozen martian bodies of water (Westall et al., 2013;
Russell et al., 2014).
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Life seems to have appeared on Earth as soon as the environment allowed it—
sometime between 4.4 and 3.8 Ga ago. Sustained by a young planet’s internal heat,
a similar process could have occurred early in the history of Mars. However, the
availability of transport paths between liquid-water-rich environments proceeded differently on the two planets. Sometime during the late Noachian martian, surface habitable regions gradually became more isolated; their lateral connectivity started to
dwindle and would eventually disappear (Westall et al., 2013, 2015). This process could
be described as “punctuated” habitability. As surface conditions deteriorated, potential
microbes could have found refuge in subterranean habitats (Michalski et al., 2013a).
Occasionally, impact-formed hydrothermal systems would have resulted in transient
liquid water becoming available close to the surface, even if the martian climate was
cold (Rathbun and Squyres, 2002). But it does not necessarily follow that these habitats
would have been colonized (Cockell et al., 2012). To maximize the chances of finding
signs of past life, we must target the “sweet spot” in Mars’ geologic history, the one with
highest lateral water connectivity—the early Noachian (Poulet et al., 2005)—and look
for large areas preserving evidence of prolonged, low-energy, water-rich environments, the type of environment that would have been able to receive, host, and propagate microorganisms.
The absence of a global plate tectonics on Mars (van Thienen et al., 2004)
increases the probability that rapidly buried, ancient sedimentary rocks (possibly hosting microorganisms) may have been spared thermal alteration and been shielded from
ionizing radiation damage until uncovered by eolian erosion relatively recently (Malin
and Edgett, 2000), thus granting us access to rocks of an age no longer existing
on Earth.

12.4 BIOSIGNATURES: WHICH AND HOW RELIABLE?
The main challenge for any life-seeking mission consists in determining whether a candidate observation (or better yet a collection of observations) can be uniquely attributed
to the action of biology (Cady and Noffke, 2009).

12.4.1 Morphological Biosignatures
The primordial types of microorganisms that could have existed on early Mars would
have been too small to distinguish. However, as on Earth, their permineralized or compressed microbial colonies and biofilms would be much larger. Traces of these features
may be preserved on martian rocks as mineral-replaced structures and/or as carbonaceous remains trapped in sediments encased in mineral cement. Rover cameras and,
especially, high-resolution close-up imagers would be able to investigate candidate
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microbialites similar to terrestrial thrombolites, stromatolites, layered biofilms, and abiotic/biotic organic particles and laminae (Westall, 2008; Westall et al., 2015; Ruff and
Farmer, 2016).

12.4.2 Chemical Biosignatures
Most of the Earth’s biological matter exists in the form of carbonaceous macromolecules
stored within layered sedimentary rocks. If life existed on ancient Mars, organic material
may have been preserved in extensive, organic-rich sedimentary deposits.
When considering molecular biosignatures, the first obvious set of targets is the
ensemble of primary biomolecules associated with active microorganisms, such as amino
acids, proteins, nucleic acids, carbohydrates, some pigments, and intermediary metabolites. Detecting the presence of these compounds in high abundance would be diagnostic
of extant life, but unfortunately, they degrade quickly once microbes die. Lipids and
other structural biopolymers, on the other hand, are biologically essential components
(e.g., of cell membranes) known to be stable for billions of years when buried
(Brocks, 1999; Georgiou and Deamer, 2014). The recalcitrant hydrocarbon backbone
is responsible for the high-preservation potential of lipid-derived biomarkers relative
to that of other biomolecules (Eigenbrode, 2008).
Along the path from primary compound to molecular fossil, all biological materials
undergo in situ chemical reactions dictated by the circumstances of the source organisms’
transport, deposition, entombment, and postdepositional conditions. The end product of
diagenesis is macromolecular organic matter, which, through the loss of superficial
hydrophilic functional groups, slowly degrades into the solvent-insoluble form of fossil
carbonaceous matter called kerogen, but not all information is lost. The heterogeneous
chemical structure of the kerogen matrix can preserve patterns and distribution diagnostic
of biosynthetic pathways. Kerogen also possesses molecular sieve properties allowing it to
retain diagenetically altered biomolecules (Tissot and Welte, 1984).
In addition to the direct recognition of biomolecules and/or their degradation products, other characteristics of bioorganic compounds include the following (Summons
et al., 2008, 2011):
Isomerism selectivity: Some important biologically produced molecules occur preferentially as one stereoisomer (e.g., left-handed amino acids).
Molecular-weight fingerprints: This category includes the uneven distribution of clusters
of structurally related organic compounds, the repetition of constitutional subunits,
and the systematic isotopic ordering. These signals can be detected by analyzing chromatograms and mass spectra.
Bulk isotopic fractionation: The isotopic fractionation of stable elements like C, H, O, N,
S, and Fe can be used as signature to recognize the action of biological pathways.
However, bulk isotopic fractionation is not considered a robust biosignature when
applied to locations or epochs for which we have scant knowledge of sources and
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sinks. In the specific case of carbon, 13C/12C ratios may serve as reliable biosignatures
for past or present life only if the key components of the C-cycling system (applicable
at the time of deposition and since then) are well constrained (Summons et al., 2011).
This is certainly not the case for Mars, and one can also wonder to what extent we are
sure about our own past carbon dynamics when analyzing ancient samples. We are
willing to include bulk isotopic fractionation in this list but only with the caveat that
it should be used in association with other, less indirect, biosignatures.

12.4.3 Importance of Geological Context for Boosting Biosignature
Confidence
Demonstrating that a sample has been obtained from a geologic setting possessing longstanding aqueous attributes that could have allowed hosting and propagation of microorganisms would help to increase the confidence of any potential biosignature claim.

12.4.4 ExoMars Biosignature Targeting
The ExoMars rover can search for two broad classes of biosignatures: (1) morphological,
textural information preserved on outcrops, rocks, and collected samples, and (2) biochemical, in the form of bioorganic compounds and their degradation products. The
rover is also capable of exploring the landing site and establishing the geologic environment at the time of deposition and its subsequent evolution.
The biosignatures that cannot be addressed by the Pasteur payload are (1) visual recognition of individual organism microfossils, which is only achievable on Earth with
high-magnification instruments, for example, electron microscopy conducted on thinsection, acid-etched samples, and (2) bulk isotope excursions, which we claim are not
as robust a diagnostic as others.
Within the available resource envelope, the science team tried to implement the techniques that we believed could, when used in a combined fashion, give us the best chance
to achieve a (potential) positive detection.
Please note that in the previous discussion, we have not considered morphological
changes with time, movement, or experiments designed to elicit active metabolic
responses. As demonstrated by the Viking lander biologic experiments, these “more
dynamic” expressions of possible extant life would not be easy to verify (NavarroGonzalez et al., 2006; Biemann, 2007; Biemann and Bada, 2011; Navarro-González
and McKay, 2011).

12.5 THE NEED FOR SUBSURFACE EXPLORATION
12.5.1 Results From Previous Missions
In the late 1970s, twin Viking landers conducted the first in situ measurements on the
martian surface. Their biology package contained three experiments, all designed to
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test for signs of metabolism in soil samples (Klein et al., 1976). One of them, the
Labeled Release Experiment, produced provocative results (Levin and Straat,
2016). If other information had not been also obtained, these data would have been
interpreted as proof of biological activity. However, theoretical modeling of the
martian atmosphere and regolith chemistry hinted at the existence of powerful oxidants that could, more or less, account for the results of the three biology package
experiments (Klein, 1999). The biggest blow was the failure of the gas
chromatograph-mass spectrometer (GCMS) to find evidence of organic molecules
at the parts-per-billion level. With few exceptions, the majority of the scientific
community concluded that the Viking findings did not demonstrate the presence
of extant life (Klein, 1998, 1999).
The successful 1996 Mars Global Surveyor and 2003 Mars Exploration Rovers
(MER), which were conceived as robotic geologists, have demonstrated the past existence of wet environments (Malin and Edgett, 2000; Squyres et al., 2004a,b, 2012).
But perhaps, it has been Mars Express 2003 and Mars Reconnaissance Orbiter 2005 that
have most drawn our attention to ancient Mars, revealing many instances of finely layered
deposits containing phyllosilicate minerals that could only have formed in the presence of
liquid water, which reinforced the hypothesis that early Mars was wetter than today
(Poulet et al., 2005; Bibring et al., 2006; Loizeau et al., 2010, 2012; Ehlmann et al.,
2011; Bishop et al., 2013; Michalski et al., 2013b).
The next incremental step in our chemical understanding of the martian surface was
entirely unexpected. It came as a result of measurements conducted by the 2007 Phoenix
lander in the northern subpolar plains. Phoenix included, for the first time, a wet chemistry analysis instrument that detected the presence of the perchlorate (ClO
4 ) anion in soil
samples collected by the robotic arm (Hecht et al., 2009; Kounaves et al., 2010, 2014).
Perchlorate salts are chemically inert at room temperature, but when heated beyond a few
hundred degrees, the four oxygen atoms are released and become reactive oxidation vectors. Soon thereafter, investigators recalled that Viking had relied on thermal volatilization (TV; in other words, heat) to release organics from soil samples (Navarro-González
et al., 2010, 2011; Biemann and Bada, 2011; Navarro-González and McKay, 2011). If
perchlorate had been present in the soil at the two Viking lander locations, perhaps heating could explain the negative organic carbon results obtained? In fact, some simple chlorinated organic molecules (chloromethane and dichloromethane) had been detected by
the Viking experiments (Biemann et al., 1977), but these compounds were interpreted to
have resulted from a reaction between adsorbed residual methanol (a cleaning agent used
to prepare the spacecraft) and HCl. Today, there is a general suspicion that the results
from the Viking biological experiments were influenced by heat-activated perchlorate
dissociation and reaction with indigenous organic compounds (Steininger et al., 2012;
Glavin et al., 2013; Quinn et al., 2013; Sephton et al., 2014; Goetz et al., 2016; Lasne
et al., 2016).
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More recently, Curiosity’s SAM experiment team detected oxygen (O2) released by
the thermal decomposition of oxychlorine species [i.e., perchlorates and/or chlorates
(Archer et al., 2016)] and chlorine-bearing hydrocarbons attributable to the reaction
of oxychlorine species with organic compounds, when they analyzed modern sand
deposits and when they drilled into much older rocks (Glavin et al., 2013; Freissinet
et al., 2015). The inferred presence of perchlorate in the two different types of material
(granular, recently transported, and consolidated, ancient) cannot be explained by cross
contamination between samples. The ExoMars biosignature identification strategy needs
to work also when the material to be analyzed contains perchlorate. We will see that this
is indeed the case.

12.5.2 Degradation of Organic Matter
Effective chemical identification of biosignatures requires access to well-preserved
organic molecules. Because the martian atmosphere is more tenuous than Earth’s,
three important physical agents reach the surface of Mars with adverse effects for
the long-term preservation of biomarkers: (1) The UV radiation dose is higher
than on our planet and will quickly damage exposed organisms or biomolecules.
(2) UV-induced photochemistry is responsible for the production of reactive oxidant
species that, when activated, can also destroy chemical biosignatures. The diffusion of
oxidants into the subsurface is not well characterized and constitutes an important
measurement that the mission must perform. Finally, (3) ionizing radiation penetrates
into the uppermost meters of the planet’s subsurface. This causes a slow degradation
process that, operating over many millions of years, can alter organic molecules
beyond the detection sensitivity of analytic instruments. Radiation effects are
depth-dependent: the material closer to the surface is exposed to higher doses than
that buried deeper (Hassler et al., 2014).

12.5.3 Access to Molecular Biosignatures
The molecular record of ancient martian life, if it ever existed, is likely to have escaped
radiation and chemical damage only if trapped in the subsurface for long periods. Studies
suggest that a subsurface penetration in the range of 2 m is necessary to recover wellpreserved organics from the early history of Mars (Kminek and Bada, 2006)—assuming
there has been some help from additional, recently eroded overburden (Dartnell et al.,
2007, 2012; Parnell et al., 2007; Pavlov et al., 2012; Hassler et al., 2014). It is also essential
to avoid loose dust deposits distributed by eolian transport. In the course of being driven
by the wind, this material has been processed by UV radiation, ionizing radiation, and
potential oxidants in the atmosphere and on the surface of Mars. Any organic biosignatures would be highly degraded in these samples. For all the above reasons, it was decided
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early on that the ExoMars rover must be able to penetrate and obtain samples from wellconsolidated (i.e., hard) formations, such as sedimentary rocks and evaporitic deposits, at
various depths from 0 down to 2 m.
The major difficulty with the investigation of biogenic material lies not in the recognition of fossil biosignatures, but in the ability to obtain the correct sample to study. As
justified previously, it is water-lain sedimentary deposits from Mars’ early history that we
are interested in. But not any old, wet location is suitable. We require ancient sites that
have been uncovered by the action of wind only recently for molecular biosignature
preservation against the ravages of long-term ionizing radiation. In the absence of a deep
drill, the rover would need to drive close to a receding scarp to gain access to shallow
material having experienced a lower radiation dose (Farley et al., 2014). The samples
would need to be not only of the right age, of the right aqueous environment, of the
right type of deposit, and with the right exhumation history, but also have been collected
at the foot of a scarp? How likely would that be? The ExoMars science team realized early
on that having a subsurface drill greatly increases the probability to collect well-preserved
material for analysis. It also provides the added benefit of being able to study how the
geochemical environment changes with depth.

12.6 THE ExoMars ROVER AND ITS PASTEUR PAYLOAD
12.6.1 From Panoramic to Molecular Scale Through Nested Investigations
The mission strategy to achieve the ExoMars rover’s scientific objectives is as follows:
• To land on an ancient location possessing high exobiological interest for past life signatures, that is, access the appropriate geologic environment.
• To collect well-preserved samples (free from radiation and oxidation damage) at different sites using a rover equipped with a drill capable of reaching well into the ground
and surface rocks.
• To conduct an integral set of measurements at multiple scales to achieve a coherent
understanding of the geologic context and, thus, inform the search for biosignatures.
Beginning with a panoramic assessment of the geologic environment, the rover must
progress to smaller-scale investigations of surface rock textures and culminate with the
collection of well-selected samples to be studied in its analytic laboratory.
The ExoMars rover will have a nominal lifetime of 218 sols (7 Earth months). During
this period, it will ensure a regional mobility of several kilometers relying on solar array
electric power. Figs. 12.1 and 12.2, respectively, present front and rear views of the rover
with some general size information. Its mass is 310 kg, with an instrument payload of
26 kg (excluding payload servicing equipment such as the drill and sample processing
mechanisms).
The rover’s kinematic configuration is based on a six-wheel, triple-bogie concept
(Fig. 12.2 bottom left) with locomotion formula 6  6  6 + 6, denoting six supporting
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Fig. 12.1 Front view of the ExoMars rover with general dimensions. The drill can acquire samples at
depths ranging between 0 and 2 m. The drill box lies horizontally across the rover’s front face when
traveling (A). It is raised (B), rotated counterclockwise (C), and lowered vertically to commence drilling
operations (D). Once a sample has been acquired, the drill is elevated (E), turned clockwise (F), and
further inclined to deliver the sample (G). The inlet port to the analytic laboratory can be seen on
the rover’s front, above the drill box, to the left.

wheels, six driven wheels, and six steered wheels, plus six articulated (deployment) knee
drives. This system enables the rover to passively adapt to rough terrains, providing inherent platform stability without the need for a central differential. The rover can perform
drive and turn-on-spot maneuvers, double-Ackermann steering, and diagonal crabbing
motions; the latter can be useful for moving sideways across an outcrop for imaging.
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Fig. 12.2 Rear perspective of the ExoMars rover with general dimensions. The rover’s locomotion
configuration is based on a triple-bogie concept and has flexible wheels to improve tractive
performance.

Lander accommodation constraints have imposed the use of relatively small wheels
(28.5 cm diameter without grousers and 12.0 cm width). To reduce the traction performance disadvantages of small wheels, flexible wheels have been adopted (Fig. 12.2 bottom right) (Favaedi et al., 2011); their high deformation enlarges the size of the wheel/
soil contact patch, reduces ground pressure (to 10 kPa average), and offers a substantial
impact load-absorption capability (Poulakis et al., 2016). For comparison, the average
wheel ground pressure of the MER (25 cm wheel diameter without grousers and
16 cm width) and MSL (48 cm wheel diameter without grousers and 40 cm width) rovers
is 5.75 kPa (Heverly et al., 2013). So the ExoMars rover exceeds the wheel ground pressure prescription of NASA rovers. This is a concern since, even with less wheel ground
pressure, Opportunity experienced serious difficulties with unconsolidated terrain at
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Purgatory Ripple (Maimone et al., 2007) and the same happened to MSL when attempting to traverse wind-blown, megaripple deposits (Arvidson et al., 2016). To mitigate this
risk, the ExoMars team is investigating the possibility to (re)enable wheel walking (Patel
et al., 2010); a coordinated rototranslational wheel gait that our tests have demonstrated
can greatly improve dynamic stability during rover egress, provide better traction for
negotiating loose soils (in case the rover gets stuck during normal driving), and increase
slope gradeability (Azkarate et al., 2015).

12.6.2 Pasteur Payload Instruments
The rover’s Pasteur payload will produce comprehensive sets of measurements capable of
providing reliable evidence for or against the existence of a range of biosignatures at each
search location. The Pasteur payload contains panoramic instruments (cameras, an infrared (IR) spectrometer, a ground-penetrating radar, and a neutron detector); contact
instruments for studying rocks and collected samples (a close-up imager and an IR spectrometer in the drill head); a subsurface drill capable of reaching a depth of 2 m and
obtaining specimens from bedrock; a sample preparation and distribution system (SPDS);
and the analytic laboratory, the latter including a visual + IR imaging spectrometer,
a Raman spectrometer, and a laser desorption, TV GCMS (with the possibility to use
three different derivatization agents)—see Fig. 12.3 and Table 12.1.
If any bioorganic compounds are detected on Mars, it will be important to show that
they were not brought from Earth. Great care is being devoted during the assembly, testing, and integration of instruments and rover components. Strict organic cleanliness
requirements apply to all parts that come into contact with the sample and to the rover
assembly process. Once completed, the analytic laboratory drawer (ALD) will be sealed
and kept at positive pressure throughout transport, final integration, launch, cruise, and
landing on Mars. The ExoMars rover will carry a blank in each drill tip (nominal and
backup) to reliably demonstrate that the entire sample chain from acquisition through
handling, processing, and analysis is free from contaminants. An additional six, individually encapsulated blanks will be stored in a dedicated dispenser. When deemed necessary, they can be used to evaluate the organic cleanliness of the sample handling and
analysis chain. Upon landing, one of the first science actions will be for the drill to pass
a blank sample to the analytic laboratory. After performing a full investigation, the results
should indicate “no life” and “no organics.”
Below is a brief summary of the Pasteur payload capabilities.
12.6.2.1 Panoramic Camera System
Panoramic camera (PanCam) (Coates et al., 2012, 2017; Cousins et al., 2012; Yuen et al.,
2013) is designed to perform digital terrain mapping for the ExoMars rover mission.
A suite that consists of a fixed-focus, wide-angle, stereoscopic, color camera pair
(WAC) complemented by a focusable, high-resolution, color camera (HRC), PanCam,
will enable the science team to characterize the geologic environment at the sites the
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PanCam WAC
PanCam HRC
ISEM
In rear:
WISDOM, ADRON

In analytical laboratory:
MicrOmega, RLS, MOMA

CLUPI

Ma_ MISS

Fig. 12.3 Sketch of ExoMars rover showing the location of the drill and the nine Pasteur payload
instruments.

rover will visit—from panoramic (tens of meters) to millimeter scale. It will be used to
examine outcrops, rocks, and soils in detail and to image samples collected by the drill
before they are delivered to the analytic laboratory for analysis. PanCam will also be a
valuable asset for conducting atmospheric studies:
PanCam WAC: 1024  1024-pixel, multispectral, stereoscopic images with 32.28°
(horizontal/vertical) field of view (FOV).
PanCam HRC: 1024  1024-pixel, color, monoscopic images with “telephoto”
4.88° (horizontal/vertical) FOV.
12.6.2.2 IR Spectrometer
Infrared spectrometer for ExoMars (ISEM) (Korablev et al., 2015, 2017) is a pencil-beam
infrared spectrometer mounted on the rover mast that is coaligned with the PanCam
HRC. ISEM will record IR spectra of solar light reflected off surface targets, such as rocks
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Table 12.1 The ExoMars rover’s Pasteur payload can perform a detailed mineralogical and chemical
characterization of surface and subsurface material collected with the drill
Instrument
Scientific rationale

Panoramic instruments

Panoramic camera system

IR spectrometer

GPR
Neutron detector
Contact instruments

Close-up imager

IR spectrometer in drill
Support subsystems

Subsurface drill

Sample preparation and
distribution system

To characterize the rover’s geologic context, both at the
surface and the subsurface. Typical scales span from
panoramic (100 m) to 1 m, with a spatial resolution in the
order of 1 cm for close targets
PanCam: two wide-angle stereo cameras and one highresolution camera to investigate the rover’s environment
and landing-site geology. Also important for target selection
and for rock textural studies
ISEM: for bulk mineralogy characterization, for remote
identification of water-related minerals, and for aiding
PanCam with target selection
WISDOM: to establish subsurface stratigraphy down to 3 m
depth and help plan the drilling strategy
ADRON: to determine the level of subsurface hydration and
the possible presence of an ice fraction to 1 m depth
To investigate outcrops, rocks, and soils. Among the scientific
interests at this scale are macroscopic textures, structure, and
layering. This information will be fundamental to
understand the local depositional environment and to search
for morphological biosignatures on rocks
CLUPI: to study rock targets at close range (50 cm) with
submillimeter resolution. This instrument will also
investigate the fines produced during drilling operations and
image samples collected by the drill. The close-up imager
has variable focusing and can obtain high-resolution images
also at longer distances. Certain morphological
biosignatures, such as biolamination, if present, can be
identified by CLUPI
Ma_MISS: for conducting mineralogical studies in the drill
borehole’s walls
These essential devices are devoted to the acquisition and
preparation of samples for detailed studies in the analytic
laboratory. The mission’s ability to break new scientific
ground, particularly for “signs of life” investigations,
depends on these two subsystems
Capable of obtaining samples from 0 to 2 m depth, where
organic molecules can be well preserved from radiation
damage. Includes a blank sample, temperature sensors, and
an IR spectrometer (Ma_MISS)
Receives a sample from the drill system, produces particulate
material preserving the organic and water fractions, and
presents it to all analytic laboratory instruments. Includes a
dispenser with additional blank samples
Continued
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Table 12.1 The ExoMars rover’s Pasteur payload can perform a detailed mineralogical and chemical
characterization of surface and subsurface material collected with the drill—cont’d
Instrument
Scientific rationale

Analytic laboratory

VIS + IR imaging
spectrometer

Raman laser spectrometer

Mars organic molecule
analyzer

To perform a detailed, coordinated analysis of each collected
sample. After sample crushing, the initial step is a visual and
spectroscopic investigation. Thereafter follows a first search
for organic molecules. In case interesting results are found,
the instruments are able to perform more in-depth analyses
MicrOmega: will examine the crushed sample material to
characterize structure and composition at grain-size level.
These measurements will be used to help point the laserbased instruments (RLS and MOMA)
RLS: to identify mineral phases at grain scale in the crushed
sample material, determine their composition, and establish
the presence of carbon (inorganic/organic)
MOMA (LD + Der-TV GCMS): MOMA is the rover’s largest
instrument. Its goal is to conduct a broad-range, highsensitivity search for organic molecules in the collected
sample. It includes two different ways of extracting organics:
(1) LD and (2) TV, with or without derivatization (Der)
agents, followed by separation using four GC columns. The
identification of the evolved organic molecules is achieved
with an ion-trap MS

ADRON, active detector for gamma rays and neutrons; CLUPI, close-up imager; GC, gas chromatograph; GPR, groundpenetrating radar; IR, infrared; ISEM, infrared spectrometer for ExoMars; LD, laser desorption; Ma_MISS, Mars
multispectral imager for subsurface studies; MOMA, Mars organic molecule analyzer; MS, mass spectrometer; RLS,
Raman laser spectrometer; SPDS, sample processing and distribution system; TV, thermal volatilization; WISDOM,
water, ice, and subsurface deposit observations on Mars.

and soils, to determine their bulk mineralogical composition. ISEM will be a useful tool
to discriminate between various classes of minerals at a distance. This information can be
employed to decide which target to approach for further studies. ISEM can also be used
for atmospheric studies:
ISEM: 1.1–3.3 μm spectral range and 20 cm1 spectral sampling, with 1° FOV.

12.6.2.3 Shallow Ground-Penetrating Radar
The water, ice, and subsurface deposit observations on Mars (WISDOM) radar (Ciarletti
et al., 2011, 2017) will characterize stratigraphy to a depth of 3–5 m with vertical resolution of the order of a few centimeters (depending on subsurface electromagnetic properties). WISDOM will allow the team to construct two- and three-dimensional
subsurface maps to improve our understanding of the deposition environment. Most
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importantly, WISDOM will identify layering and help select interesting buried formations from which to collect samples for analysis. Targets of particular interest for the
ExoMars mission are well-compacted, sedimentary deposits that could have been associated with past water-rich environments. This ability is fundamental to achieve the
rover’s scientific objectives, as deep subsurface drilling is a resource-demanding operation
that can require several sols:
WISDOM: Broadband UHF GPR (0.5–3.0 GHz), step frequency, bistatic and polarimetric (XX-XY-YX-YY) measurements, penetration depth 3 m, and vertical
resolution of a few centimeters.
12.6.2.4 Subsurface Neutron Detector
Active detector for gamma rays and neutrons (ADRON) (Mitrofanov et al., 2017) will
count the number of thermal and epithermal neutrons scattered in the martian subsurface
to determine hydrogen content (present as grain adsorbed water, water ice, or hydrated
minerals) in the top 1 m. This information will complement the subsurface characterization performed by WISDOM:
ADRON: Detects neutrons in the broad range from 0.01 eV to 100 keV.
12.6.2.5 Close-Up Imager
Close-up imager (CLUPI) will obtain high-resolution, color images to study the depositional environment ( Josset et al., 2017). By observing textures in detail, CLUPI can
recognize potential morphological biosignatures, such as biolamination, preserved on
surface rocks. This is a key function that complements the possibilities of PanCam when
observing close targets at high magnification. CLUPI will be accommodated on the drill
box and has several viewing modes, allowing the study of outcrops, rocks, soils, the fines
produced during drilling, and also imaging collected samples in high resolution before
delivering them to the analytic laboratory:
CLUPI: 2652  1768-pixel, color, z-stacked images and 11.9°  8.0° FOV, imaging
resolution varies with distance to target; for example, it is 8 μm/pixel at 11.5 cm distance with view area 2.0  1.4 cm, 39 μm/pixel at 50 cm distance with view area
10  7 cm, and 79 μm/pixel at 100 cm distance with view area 21  14 cm.
12.6.2.6 Drill IR Spectrometer
Mars multispectral imager for subsurface studies (Ma_MISS) (De Angelis et al., 2013;
De Sanctis et al., 2017) is a miniaturized IR spectrometer integrated in the drill tool for
imaging the borehole wall as the drill is operated. Ma_MISS provides the capability to
study stratigraphy and geochemistry in situ. This is important since deep samples may
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be altered following their extraction from their cold, subsurface conditions, typically of
the order of 50°C at midlatitudes (Grott et al., 2007). The analysis of unexposed
material by Ma_MISS, coupled with other data obtained with spectrometers located
inside the rover, will be crucial for the unambiguous interpretation of rock formation
conditions:
Ma_MISS: 0.4–2.2 μm spectral range and 20 nm spectral sampling, with spatial resolution of 120 μm (corresponding to one rotational step of the drill tool).
12.6.2.7 Subsurface Drill
ExoMars employs a rotary drill (with no percussion capability) to acquire (3 cm long by
1 cm diameter) samples (solid, fragments, or powder) at depths ranging between 0 and
2 m. The drill box lies horizontally across the rover’s front face when traveling
(Fig. 12.1A); it assumes a vertical stance for drilling (Fig. 12.1D) and is raised and rotated
for delivering a sample to the analytic laboratory’s inlet port (Fig. 12.1G). The drill box’s
dexterity is also used for orienting CLUPI observations (CLUPI is not shown in sketches
A–G).
The drill is composed of the following elements: (1) a drill tool 70 cm long,
equipped with the sample acquisition device (including a shutter, movable piston, and
position and temperature sensors) and the Ma_MISS front elements (sapphire window,
IR lamp, reflector, and optical fiber); (2) a set of three extension rods, 50 cm each, to
achieve the required penetration depth; they contain optical and electric contacts for
the transmission of Ma_MISS signals to the spectrometer in the upper part of the drill
unit; (3) a backup drill tool without spectrometer; and (4) the rotation-translation group,
comprising sliding carriage motors, guides, and sensors.
Preserving the sample’s organic and volatile content is of paramount scientific importance. The drill has thermocouples close to the tip to monitor temperature variations in
the sample collection region. We have conducted numerous tests in Mars chambers using
different geologically representative, simulated stratigraphic columns, including ice lenses
varying from 0% to 35% water content.
Temperature increases because of drilling are ephemeral and modest, in the order of
20°C, when we proceed in a continuous manner, and can be reduced to 5°C if we
implement a variable cutting law (“cut a little, wait a little” to allow dissipating thermal
energy) just before collecting the sample; however, this means more time. The low atmospheric pressure on Mars leads to the rapid sublimation of any ice particles directly in
contact with the drill tip, resulting in an upward traveling gas jet that can be helpful
for evacuating drill fines from the borehole. Considering the typical temperature of subsurface materials on Mars (which at midlatitudes can experience oscillations between
30°C and 80°C at 0.5 m depth and have an average value of about 50°C deeper),
we can adapt our strategy to ensure that samples remain sufficiently cold throughout the
drilling process.
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Fig. 12.4 (Top) Front and rear depictions of the ExoMars rover ALD housing MicrOmega, RLS, MOMA,
and SPDS. (Middle) The UCZ envelops the entire sample-handling path and is sealed at positive
pressure until open on Mars. (Bottom) SPDS mechanisms: the sample is deposited in the CSTM
and, after being imaged with CLUPI and PanCam, is retracted into the ALD. The rock CS crushes
the sample and discharges the resulting particulate matter into a DS. The DS pays out the
necessary amount of sample material onto the refillable container or into a MOMA oven, as
necessary. ALD, analytic laboratory drawer; CLUPI, close-up imager; CS, crushing station; CSTM, core
sample transport mechanism; DS, dosing station; MOMA, Mars organic molecule analyzer; SPDS,
sample preparation and distribution system; UCZ, ultra clean zone.

12.6.2.8 Sample Preparation and Distribution System
The entire ALD sample path is enclosed in a so-called ultra clean zone (UCZ), which is
shown as a transparent volume in Fig. 12.4 (middle). The SPDS groups the ensemble of
ALD mechanisms used for manipulating sample material (Fig. 12.4 bottom). The SPDS
receives a sample from the drill by extending its core sample transport mechanism
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(CSTM), a sort of hand that comes out through a door in the rover’s front panel (shown in
Fig. 12.3). Once deposited in the CSTM, typically at the end of a sol’s work, PanCam
HRC and CLUPI can image the sample during a narrow time window of a few minutes;
this duration is based on the results of a sample contamination analysis from possible
external rover system sources.
After the imaging exercise has been completed, the CSTM retracts, moving the sample into the analytic laboratory. A rock crusher is used to produce particulate matter having a more or less Gaussian size distribution ranging from a few to 500 μm, with 250 μm
as the median value. This is done early in the morning, when the temperature in the ALD
is at its lowest, to preserve as much as possible the organic and volatile fractions in the
sample. The temperature of the crushing station (CS) is monitored prior to and throughout the crushing process. The SPDS includes a blank dispenser with the capability to provide individual blank samples to the rock crusher. The pulverized sample material drops
into one of two, redundant dosing stations (DSs). Their function is to distribute the right
amount of sample either to a refillable container—a flat tray where mineral grains can be
observed by ALD instruments—or into individual, single-use ovens. A rotating carrousel
accommodates the refillable container and ovens under the DS. Both DSs are piezovibrated to improve the flow of granular material. The refillable container is further served
by two other mechanisms: The first flattens the crushed sample material at the correct
height to present it to the ALD instruments, and the second is utilized to empty the refillable container so that it can be used again.
A number of emergency devices have been implemented to deal with potential offnominal situations. To prevent the CS from becoming blocked, a spring-actuated hammer can impart a strong shock to the fixed jaw, where material may stick. In case of
jamming, a special actuator can open the CS jaws to evacuate the entire sample. If both
DSs were to fail, they can be bypassed. An alternative transport container allows dropping
the entire crushed sample material at once, without control for the quantity provided,
either onto the refillable container or into an oven.
12.6.2.9 MicrOmega
Micro observatoire pour la mineralogie, l’eau, les glaces et l’activite (MicrOmega)
(Pilorget and Bibring, 2013; Bibring et al., 2017) will be the first instrument to image
the crushed sample material. MicrOmega is a near-IR hyperspectral camera that will
study mineral grain assemblages in detail to try to unravel their geologic origin, structure,
and composition. Its FOV covers a sample area of 5  5 mm2. These data will be vital for
interpreting past and present geologic processes and environments on Mars. The rover
computer can analyze a MicrOmega hyperspectral cube’s absorption bands at each pixel
to identify particularly interesting minerals and assign them as objectives for Raman and
MOMA laser-desorption mass spectrometry (LDMS) observations:
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MicrOmega: 250  256-pixel  320-spectral-step VIS + IR image cubes, 0.95–
3.65 μm spectral range, and 20 cm1 spectral sampling, with imaging resolution of
20 μm/pixel.
12.6.2.10 Raman Laser Spectrometer
Raman laser spectrometer (RLS) (Edwards et al., 2013; Foucher et al., 2013; LopezReyes, 2015; Rull et al., 2017) provides geologic and mineralogical information on
igneous, metamorphic, and sedimentary processes, especially regarding water-related
interactions (chemical weathering, chemical precipitation from brines, etc.). In addition,
it also permits the detection of a wide variety of organic functional groups. Raman can
contribute to the tactical aspects of exploration by providing a quick assessment of
organic content prior to the analysis with MOMA:
RLS: Continuous excitation, 532 nm (green laser) with a 50 μm-size spot on the target, covering an 150–3800 cm1 spectral shift with Raman resolution 6 cm1 in
the fingerprint spectral region below 2000 cm1 and with slightly degraded spectral
resolution beyond this value.
12.6.2.11 Mars Organic Molecule Analyzer
MOMA is the largest instrument in the rover and the one that directly targets chemical
biosignatures. MOMA is able to identify a broad range of organic molecules with high
analytic specificity, even if present at low concentrations (Arevalo et al., 2015; Goetz
et al., 2016; Goesmann et al., 2017).
MOMA has two basic operational modes: LDMS, to study large macromolecules and
inorganic minerals (Busch, 1995; Bounichou, 2010), and GCMS, for the analysis of volatile organic molecules. In MOMA-LDMS, crushed drill sample material is deposited in a
refillable container. A high-power, pulsed UV laser fires on the sample, and the resulting
molecular ions are guided into the mass spectrometer for analysis. In MOMA-GCMS,
sample powder is deposited into 1 of 32 single-use ovens. The oven is sealed and heated
up stepwise to a high temperature (for some ovens, in the presence of a derivatization
agent). The ensuing gases are separated by gas chromatography and delivered to the
shared mass spectrometer for analysis. This combined process of derivatization, chromatographic separation, and mass spectrometric identification is useful for small organic
molecules, such as amino acids.
The MOMA instrument implements innovative techniques for the extraction and
robotic characterization of organic molecules, including the derivatization of refractory
molecules such as carboxylic acids and amino acids. For the elucidation of the chirality of
martian analytes, the MOMA gas chromatograph employs one chiral stationary phase
that is able to resolve and quantify enantiomers of many different families of organic molecules. Furthermore, the MOMA-LDMS mode of operation does not seem to be
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affected by the presence of perchlorate in the sample (Li et al., 2015); the laser energy
deposition pulse is too fast for perchlorates to dissociate and trigger oxidative reactions
but effective enough to desorb organic molecules.
An early MOMA-GCMS prototype was tested in the field during the AMASE11 field
Campaign in Svalbard, Norway (Siljestr€
om et al., 2014):
MOMA Pyr GCMS: 20 pyrolysis ovens, each 150 mm3 sample volume heated to
any desired temperature <800°C, and four different GC columns (including one
enantioselective). For volatile organics (e.g., alkanes, amines, alcohols, and carboxylic
acids), detection mass range of 50–500 Da, and detection limit  nmol analyte (signalto-noise ratio (SNR) 10).
MOMA derivatization (Der) GCMS and thermochemolysis (Pyr  Der) GCMS: four
ovens for each of three derivatization agents: (1) MTBSTFA/DMF (for carboxylic
and amino acids, nucleobases, amines, and alcohols), (2) DMF-DMA (for amino
acids, fatty acids, and primary amines with chiral centers; this agent preserves the
asymmetrical center C* so will be used together with the enantioselective GC column for chiral separation), and (3) TMAH (for lipids, for fatty acids, and—when
driven to higher temperatures, e.g., 700°C—for more refractory compounds such
as PAHs and kerogen); each 150 mm3 sample volume heated to some moderately
high temperature from 100°C to 300°C, detection mass range of 50–500 Da, and
detection limit  nmol analyte (SNR 10).
MOMA-LDMS: λ ¼ 266 nm UV laser, 1.3 ns,  135 μJ pulses in bursts 100 Hz
(average 2 Hz), with a spot size of 400  600 μm and a depth of 10 nm/shot. For nonvolatile organics (e.g., macromolecular carbonaceous compounds, proteins, and inorganic species), detection mass range of 100–1000 Da, and detection limit  pmol/
mm2 analyte (SNR 3).

12.7 THE REFERENCE SURFACE MISSION
The reference surface mission (RSM) defines a rover exploration scenario that has two
raisons d’^etre. The first is scientific. The RSM specifies a logical sequence of science
steps, proceeding from large- to small-scale studies, concluding with the collection
and analysis of samples from both surface and subsurface targets. The RSM is ambitious
and thus affords sufficient rover resources and operational scope to carry out something
completely different in case the landing site would not match our expectations.
For instance, the rover could travel a distance far longer than originally planned to
reach a suitable prime science location, at the expense, of course, of time for investigations. The second purpose of the RSM is formal. When ESA placed a contract with
European industry to procure the ExoMars rover, it specified that it must be capable of
executing the RSM within the nominal mission duration. The demonstration—
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through simulation and tests—that the rover can complete the RSM is an agreed
requirement.
The RSM begins with the rover deployment and egress sequence in either of two
possible directions. Thereafter, a short functional commissioning phase is performed
in the vicinity of the surface platform (duration 10 sols). The rover then moves
(60 m) away from the descent engine blast contamination zone. Once sufficiently
far, the drill and the ALD may be opened. The first ALD science operation is the drill
blank analysis run to perform a full calibration and assess organic cleanliness. Only after
this has been completed can the search for biosignatures begin (duration 5 sols).
The exploration part of the RSM includes six experiment cycles (ECs) and two vertical surveys (VSs). During the course of an EC, the rover exercises all Pasteur instruments
and analyzes two samples, one surface and one subsurface—the latter specified to be
obtained at 1.5 m depth. The distance between EC locations is arbitrarily assumed to
increase in 100 m steps (100 m to the first spot, an additional 200 m to the second, and
so on) for a total surface travel of approximately 1.5 km. Twice during the nominal mission, most likely in case something particularly interesting is found, a VS can be executed.
During a VS, samples are collected (and analyzed) at 0, 50, 100, 150, and 200 cm depth
from the same place. The objective of a VS is to understand how organic compound
preservation and overall geochemistry vary with depth.
At least for the first few months, rover operations will be conducted on “Mars time.”
We assume two communication sessions per sol with Earth through TGO; this is the
nominal condition. Typically, ground control instructs the rover what to do during a
morning pass, and the rover reports back the results of its travails in the evening pass. This
means that all critical data required to define the next sol’s activities must reach the Rover
Operations and Control Center (ROCC) with the evening pass. However, since TGO’s
orbit is not Sun-synchronous, the local time of communication sessions drifts in a complex but (fortunately) predictable manner—they take place 30 min earlier each sol for
three consecutive sols and then jump forward 2 h to start the cycle again. Moreover,
the duration and data volume capacity of TGO overflights are not constant because
of the varying geometry between TGO and the landed asset. These two conditions
introduce an additional constraint on strategic operation planning: it may not always
be possible to complete the required tasks and provide the data “just in time” for
the next TGO pass. Under such circumstances, we would need to tailor rover activities
to the available time (as part of the daily tactical planning exercise) or accept to skip a
communication session.
The secret to successful deep drilling is to proceed slowly. The RSM assumes a conservative vertical progress of 50 cm per sol, mostly through loose regolith, to reach the
target sedimentary deposit at a prescribed depth. What can actually be achieved on any
given sol will depend on the rover resources, the nature of the terrain being drilled, and
the time available. Progress will be less when the terrain is harder and/or the drill goes
deeper. We have demonstrated that the tool can sample formations of up to 150 MPa
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unconfined compressive strength (this covers most sedimentary rocks and weathered
basalt, but not hard basalt or chert) and collect cores, fragments, or unconsolidated material (Magnani et al., 2011).
The desired baseline approach for drill operations is to be able to “park” (a part of)
the drill string in the subsurface overnight, minimizing “dead” string assembly/disassembly periods to afford Ma_MISS sufficient science time. Operationally, however,
this will be achieved in a stepwise manner. In the beginning, the rover will disassemble
and store all segments at the end of each sol. Thereafter, part of the tip will be left in the
borehole to evaluate the torque necessary to get it to move again in the morning. As
confidence builds up, progressively longer drill sections will be allowed in the borehole
overnight.
Tests performed in a Mars atmospheric chamber during which the drill was exercised
to its full penetration length through different Mars-representative stratigraphic
sequences permeated with 10%–35% water-content ice lenses, stopped, and left in the
(simulated) subsurface overnight at 110°C showed that it was possible to restart the drill
in the morning and extract it safely out of the borehole. Nonetheless, if the drill were to
get stuck, it is feasible to command its counter rotation to disengage the string at the last
blocked element, recovering the top portion. Further drilling would need to be performed with the backup drill tool and any remaining extension rods. The positioning
system is equipped with an emergency ejection unit to be used as a last resort in case
the drill becomes permanently immobilized in the terrain. However, without the drill,
it would no longer be possible to provide samples to the ALD.
Summarizing, the RSM provides a step-by-step model exploration scenario that indicates how the mission objectives could be fulfilled. Its scope secures a level of resources
affording a good degree of operational flexibility. Nevertheless, the real mission is likely
to be different. The rover and instrument teams will adapt science operations as necessary
to perform the best possible mission with the available resources.

12.8 A SUITABLE LANDING SITE
Barring the minor issues of landing and egressing safely, it is the scientific characteristics of
the landing-site region that will have the greatest effect on what the ExoMars rover will
be able to discover. Attributes like (1) age; (2) nature, duration, and connectivity of aqueous environments; (3) sediment deposition, burial, and diagenesis; and (4) exhumation
history are decisive for the successful (or otherwise) trapping and preservation of possible
chemical biosignatures. Other aspects related to how we may gain access to good samples
are also important. For example, how many prime targets can we identify from orbit?
What is their relative spacing and distribution in the landing ellipse? Do obstacles exist
for rover locomotion? How extensive?
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During 2013, ESA and Roscosmos appointed a Landing Site Selection Working
Group (LSSWG) for the second ExoMars mission. The LSSWG includes the necessary
scientific and engineering expertise to evaluate the suitability of candidate landing sites to
meet science, engineering, and planetary protection constraints (Vago et al., 2015).
Combining scientific and engineering competence in one body was considered paramount to the success of the landing-site selection process. Two separate bodies, one scientific and another engineering, would have likely resulted in incompatible
recommendations. In this manner, the successful combination of science interest and
landing safety must be achieved within the LSSWG.

12.8.1 Scientific Constraints
The ExoMars rover mission must target a geologically diverse, ancient site interpreted to
possess strong potential for past habitability and for preserving physical and chemical biosignatures (as well as abiotic/prebiotic organics):
1. Age: The site must be older than 3.6 Ga, from Mars’ early habitable period: preNoachian to late Noachian (Phyllosian).
2. Preservation: Regarding the search for molecular biosignatures, the site must provide
easy access to locations with reduced radiation accumulation in the subsurface. The
presence of fine-grained sediments in units of recent exposure age would be desirable
(on Earth, organic molecules are better preserved in fine-grained sediments—which
are more resistant to the penetration of biologically damaging agents, such as oxidants—than they are in porous, coarse materials). Young craters can provide the
means to access deeper sediments, and studies on Earth suggest that fossil biomarkers
can survive moderate impact heating (Parnell and Lindgren, 2006). Additionally,
impact-related hydrothermal fractures might have contributed to creating habitats
for microbial life in the past. However, for landing safety reasons, it is better not
to have many craters in the ellipse, so sites recently exposed by high erosion rates
would be preferable.
3. Aqueous history: The site must show abundant morphological and mineralogical
evidence for long-duration (preferred) or frequently reoccurring (acceptable), lowenergy transport, aqueous activity. We seek a geologic setting with a water-rich/
hydrothermal history consistent with conditions favorable to life (e.g., evidence of
slow-circulating or ponded water).
4. Outcrop distribution: The site must include numerous sedimentary rock outcrops. The
outcrops must be well distributed over the landing ellipse to ensure that the rover can
get to some of them.
5. Little dust and drift sand: It is essential to avoid loose dust deposits and drift sand distributed by eolian transport. Scientifically, there are two reasons for this: (1) Dust and
mobile sand are not an interesting target for the rover. (2) The usefulness of the drill
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will be nullified if the landing site has a dust/sand layer thicker than the drill’s maximum penetration depth. Additionally, dunes constitute a serious risk for the rover’s
locomotion system.

12.8.2 Engineering Constraints
Engineering constraints are criteria that, in case they are not satisfied, can result in a landing site being judged unfeasible for the mission and therefore rejected:
1. Altitude: The terrain elevation in the landing ellipse must be less than or equal to
2 km MOLA.
2. Landing ellipse size: Including margin to account for offtrack radar operations (i.e.,
while oscillating under the parachute), the initial landing ellipse for site selection
has been assumed to be 104  19 km, although it may vary according to the selected
site’s location and other dynamic constraints on trajectory imposed by the
launch period.
3. Terrain relief: Surface features and slopes are entry, descent, and landing performance
drivers since they can impact radar measurements and affect the stability of the landing
platform. They can also constitute trafficability obstacles for the rover.
4. Rock distribution: The landing platform is designed with a clearance between nozzles
and terrain of 0.50 m as the legs touch down and 0.35 m following deformation of the
legs’ shock absorbers. The site must have an areal fraction occupied by surface rocks
(commonly referred to as rock abundance)  7%.
5. Latitude: The ExoMars rover can operate in the latitude range between 5 and 25°N.
These engineering constraints and others, including thermal inertia, eolian deposit
cover, radar reflectivity, and wind speed limits, are more precisely described in the work
of Vago et al. (2015).

12.8.3 Planetary Protection Constraints
The ExoMars mission is not compatible with landing or operating in a Mars special
region (Kminek and Rummel, 2015; Kminek et al., 2016). For the mission to be able
to access a location where Earth microorganisms could multiply, the complete lander plus
rover combination would need to be sterilized to satisfy Category 4c bioburden levels (as
was done for the Viking landers). This will not be the case. Instead, the ExoMars mission
has been classified as Category 4b. It is a mission including analytic instruments that can
detect signatures of extinct and extant life; hence, all parts of the spacecraft that can come
into contact with samples (i.e., the drill, the SPDS, and all mechanisms and volumes) have
to be isolated, organically clean, and sterile throughout the mission to avoid potential
false-positive detections (as per Category 4b rules). The rest of the rover (and indeed
the lander) will comply with Category 4a prescriptions, those used for the MSL and
MER rovers. A Category 4b classification allows exploring for signs of (extinct) life
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outside Mars special regions. Since ExoMars focuses on the search for ancient life biosignatures and landing-site selection is tailored accordingly, this is the right approach.
The work to ensure that a candidate landing site does not include surface features that
must be treated as special region (evaluated on a case-by-case basis) or experience environmental conditions that would meet the threshold levels of the parameters defined for
special regions is based on a detailed analysis of orbital data, laboratory-based experiments, and modeling. A team appointed by the European Science Foundation will perform an independent review of the mission team’s results.

12.8.4 Possible Locations for Landing
Two candidate landing sites have been identified: Oxia Planum and Mawrth Vallis
(Bridges et al., 2016). Both will need to be verified in detail before the final landing location can be selected.
12.8.4.1 Oxia Planum (18.159°N, 335.666°E; 23 km MOLA)
The Oxia Planum area is situated at the eastern margin of the Chryse Basin, along the
martian dichotomy border, and at the outlet of the Coogoon Valles system. The ellipse
lies in the lower part of a wide basin where extensive exposures of Fe/Mg-rich
phyllosilicates (>80% of the ellipse surface area) have been detected with both OMEGA
and CRISM hyperspectral and multispectral data (Quantin et al., 2016). Smectite clays
(Fe-Mg-rich saponite) and smectite/mica (e.g., vermiculite) are the dominant minerals
within the ellipse. Hydrated silica, possibly opal, and Al-rich phyllosilicates may be present to the east of the ellipse (Carter et al., 2016). The Fe-/Mg-rich clay detections are
associated with early/middle- to late-Noachian layered rocks (with layering thickness
ranging from a few meters to <1 m for several tens of meters). They may represent
the southwestern expansion (lowest member) of the Mawrth Vallis clay-rich deposits,
pointing to a geographically extended aqueous alteration process.
The large Fe/Mg phyllosilicate-bearing unit overlaps the preexisting topography; is cut
by valleys and inverted channels; and is overlain by younger, presumably Hesperian,
alluvial and deltaic sediments to the east of the ellipse. A 10 km-wide, 80 km-long, lowthermal-inertia feature interpreted as a potential delta and bearing hydrated silica signatures
in its stratum is observed at the outlet of Coogoon Valles. The putative delta waterline suggests the presence of a standing body of water after the formation of the clay-rich unit over
the entire landing ellipse area (Quantin et al., 2016). A 20 m-thick, dark, capping unit
covers both the layered formation and the fluvial morphologies and is interpreted to be
Amazonian lava material. Crater counts yield ages of 4.0 Ga for the clay-rich unit and
2.6 Ga for the capping unit. The region has undergone extensive eolian erosion, as attested
by anomalies in crater density, forming geologic windows to fresh exposures (<100 Ma)
where material has been recently removed (Quantin et al., 2016).
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12.8.4.2 Mawrth Vallis (22.160°N, 342.050°E; 22 km MOLA)
The Mawrth Vallis area is located at the boundary between the cratered Noachian terrains and the northern lowlands and represents one of the largest exposures of phyllosilicates detected on Mars (Poulet et al., 2005; Bibring et al., 2006; Loizeau et al., 2007).
The proposed ellipse lies in early/middle- to late-Noachian clay-rich terrains southwest
of the Mawrth Vallis channel (Gross et al., 2016).
The phyllosilicates are arranged in light-toned, finely layered deposits (1 m thickness) of unknown origin, but their extent—covering thousands of square kilometers—is
suggestive of a large, stable aqueous system. Outcrops in Mawrth Vallis are compositionally diverse, with a >300 m-thick sequence of various Al-rich phyllosilicates overlying
Fe-/Mg-rich smectites, including local outcrops of sulfates (alunite, jarosite, and bassanite) and hydrated silica (Poulet et al., 2014).
These rocks show the highest degree of mineralogical diversity identified so far on
Mars, which suggests a rich geologic history that may have included multiple aqueous
environments. The deposition and aqueous alteration of the smectites are ancient (dated
at 4.0 Ga) and have most likely been followed by episodes of acid leaching (as evidenced
by the detection of kaolinite, alunite, and ferrous clays) and the deposition of an anhydrous dark capping unit of volcanic/pyroclastic origin during the early Hesperian
(3.7 Ga).
Possible formation mechanisms for the phyllosilicate-rich deposits are the alteration of
volcanic ash layers, eolian, or fluvial sediments in a wet environment, either due to topdown leaching in a pedogenesis context or through concurrent weathering and sedimentation (Gross et al., 2016). Given that the dark capping layer is relatively resistant to
erosion, it is expected that the main target outcrops will be well preserved.

12.9 CONCLUSIONS
In this work, we have tried to show that microorganisms could have appeared and flourished on early Mars, as they did on our planet. Finding signs of their possible existence
would be an important discovery, although ultimately we would want to understand to
what extent their biochemical nature was similar to ours: Did Mars life have an independent genesis, or do we share a common ancestor (McKay, 2010)?
1. The ExoMars rover’s design, payload, and exploration strategy focus on the search
for extinct life; however, the mission also has the potential to recognize chemical
indicators of extant life. Only if we were to detect abundant, nondegraded, primary biomolecules—as one would expect to find in association with living (or
recently deceased) microorganisms—could we postulate the possible presence of
extant life in the samples we have analyzed. Considering the harsh near-surface
conditions on Mars and the fact that we are targeting low-latitude, relatively
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water-poor landing sites, we do not believe we have high chances of encountering
active life. We mention this payload capability because the possibility, albeit small,
exists.
The rover will be equipped with a drill to collect material from outcrops and at depth,
down to 2 m. This subsurface sampling capability is quite unique and provides the best
chance yet to gain access to well-preserved chemical biosignatures.
2. Using the Pasteur instruments, the ExoMars science team will conduct a holistic
search for biosignatures (morphological and chemical) and seek corroborating geologic context information.
Although SAM’s means to characterize indigenous organics have been hindered by
their reaction with oxychlorine species in the martian soil, we have learned much
from Curiosity to help us prepare future investigations. In fact, the ExoMars organic
detection instrument, MOMA, is a joint undertaking of the SAM and COSAC
(Rosetta lander) teams. Our work shows that the laser-desorption extraction method
implemented in MOMA is not affected by perchlorates. In other words, we are able to
detect (relatively large) organic molecules quite effectively even when oxychlorine
species are present in the sample.
Another powerful capability of ExoMars is that it can investigate the same mineral
grains with LDMS, VIS-IR, and Raman, allowing us the opportunity to observe a
target with all three techniques, although the MOMA-LDMS footprint is larger than
that of the RLS and MicrOmega spectrometers.
3. Targeting an early Noachian location will grant us access to deposits of an age no longer available for study on our own planet. The absence of plate tectonics on Mars
increases the probability that rapidly buried ancient sedimentary rocks (possibly hosting microorganisms) may have been spared thermal alteration and been shielded from
ionizing radiation damage until denuded relatively recently. The scientific quality of
the landing site in terms of suitable age; nature, duration, and connectivity of aqueous
environments; sediment deposition, burial, and diagenesis; and exhumation history
will play a determinant role in shaping the mission’s outcome.
The ExoMars rover is well suited to search for signs of life. Nevertheless, the ultimate
confirmation of a collection of potential biosignature detections may require more thorough analyses than can be performed with our present robotic means. Even a tentative
finding would constitute a powerful catalyst for a Mars sample return (MSR) mission.
Because of the ExoMars rover’s special ability to explore the third dimension—
depth—its discoveries will contribute immensely to determining what types of samples
we should return to Earth.
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13.1 OVERVIEW: THE CURRENT CHALLENGE
Searching for biosignatures on Mars is changing the focus of exploration from the characterization of habitability to the investigation of a potential coevolution, that is, the spatiotemporal interactions of life with its environment. Yet, the intellectual framework
underpinning the preparation of Mars 2020 and ExoMars along with future life-seeking
missions is essentially the same as the one that has guided the exploration of Mars for the
past 15 years (e.g., Mustard et al., 2013; Hays et al., 2017; Cabrol, 2018); see also Chapters
11 and 12. This framework is articulated around the terrestrial analogy principle of
habitability. While this principle is helpful in characterizing Mars habitability potential
over time, it is limiting and potentially misleading for the exploration of biosignatures
as its focus is primarily on the spatiotemporal dynamics of environmental factors.
☆
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On the other hand, coevolution synergistically considers both life and environment,
and how they modify each other. In that, it is a more effective, systemic, and dynamic
approach than habitability alone for understanding how to detect, identify, and characterize past and present microbial habitats and biosignatures. As a result, new paths of
investigations are necessary to advance our understanding of plausible coevolution
models on early Mars and to support biosignature exploration. They include (1) revisiting
intellectual frameworks, theories, hypotheses, and science questions from a coevolutionary perspective; (2) injecting an ecosystem view at all levels of biosignature exploration
(Cabrol, 2018), that is, spatiotemporal scales, spectral resolution, orbit-to-ground
detection and identification thresholds (Phillips et al., 2017), landing site selection,
and exploration strategies; and (3) designing and deploying new mission concepts to gain
a high-resolution view of environmental variability at scales that are relevant to past and
present martian microbial habitats.

13.2 HISTORIC PERSPECTIVE ON COEVOLUTION
The idea that life and environment are interdependent is a modern approach to evolution. Before Darwin, uniformitarianism (e.g., Hutton, 1788, 1795; Lyell, 1830–1833)
and catastrophism (e.g., Cuvier, 1818) offered different and opposite evolutionary views.
For historic perspectives, see Hooykaas (1970) and Baker (1998). The former proposed
that species were adapted to slow environmental changes over time, while the latter supported the idea that the environment was transformed through sudden and violent events
and species killed off and replaced. Darwin (1859) understood that change was permanent
and life is either adapted or disappeared. The concept whereby biology, geology, and
chemistry constantly and mutually transformed each other, which is foundational to
astrobiology, to biogeology, and to the notion of biosphere, can be traced to
Vernadsky (1998). At its extreme with the Gaia hypothesis, coevolution is viewed as a
self-regulating system involving biosphere, atmosphere, hydrosphere, and pedosphere
tightly coupled as an evolving system (Lovelock and Margulis, 1974), where homeostatic
balance is actively pursued to maintain optimal conditions for life. Regarded by some as a
scientific theory that passed predictive tests (e.g., Lovelock, 2007), the Gaia hypothesis
remains controversial (e.g., Kirchner, 2002).
Today, coevolution is a pivotal theme in astrobiology’s three primary questions (e.g.,
Des Marais et al., 2008; Achenbach et al., 2015):
With how does life begin and evolve? It introduces the notions of habitable zone, habitable environments, and habitats and how primary physicochemical conditions on a
planet drive the range of plausible biochemistries and may allow prebiotic chemistry
to transition to biology (e.g., Pross, 2012). Earth is the only planet where coevolution
has been demonstrated so far, and it shows that from the time life first developed,
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environmental changes have accompanied its evolution as either causes or effects
(Knoll, 2009).
With is there life beyond Earth, and if so, how can we detect it? Our planet serves as a guide
to inform the potential for other models of coevolution within and outside the solar
system through the study of planetary analogs and modeling.
With what is the future of life on Earth and in the universe? It compels us to fully grasp its
systemic implications at a time when human activity has upset the delicate balance of
environmental conditions that led to its emergence, which globally threatens environment and biodiversity. It also drives us to reflect upon the possible generational
aspect of life in the universe, one that could be linked to elements produced by
the successive generations of stars since the Big Bang. Ultimately, it questions what
type of planetary environments and biochemistries could emerge in the distant future
(and where), as well as the role and possible duration of the biological process in the
evolution of the universe.
Envisioned broadly, this synergy may range from sterile worlds where no life ever developed and environmental processes exclusively dominate, to others that are “bio-obvious”
like the Earth, where environment and life have shaped each other almost in equal terms
over time. On Earth, the signatures of this coevolution are visible everywhere, including
from space in the modification of the landscape, the spectral signatures of biomediated
minerals, or the technological footprint of the human species. As life evolves and biomass
increases, this biofootprint becomes more visible and diversified. These are endmembers.
The exploration of the solar system suggests that many worlds may have experienced
extreme environmental conditions, potentially constraining life as we know it for most of
their history. Such conditions may control life’s ability to develop and limit its expansion
and complexity and its environmental impact to specific sheltered niches that may only
have very subtle to no surface expression. Finding those niches requires an in-depth
knowledge of the evolution of each world to understand where to start searching and
at what scale and resolution exploration should be taking place.
In the past decades, synergies between Earth, space and life sciences, and planetary
exploration have given us a deeper understanding of the spatiotemporal scales associated
with this coevolution and the various types of changes that may be driven, for instance, by
fluctuations in solar activity (e.g., Beer et al., 2006; Fr€
ohlich, 2009); the astronomical
characteristics of planets (obliquity, eccentricity, and precession), which determine climate cycles over tens of thousands to millions of years (e.g., Laskar et al., 2002); the presence, size, and stability of moons; geologic and atmospheric changes; catastrophic events
(e.g., cosmic, solar, and environmental); and other stochastic events of biological or environmental nature (e.g., gene mutations, asteroid impacts, volcanic eruptions, and solar
and cosmic events). Regardless of scale, changes reverberate throughout the entire system
with transient or lasting impact and with subtle or deeply transformative effects.
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Fig. 13.1 While the Earth is “bio-obvious” even from space, Mars does not show any signs that biology
ever had a significant impact on surface processes. If it did, it is at a resolution yet to be reached or in
ways we do not understand yet, and this alone is a critical piece of information for biosignature
exploration.

In that context, Mars is important for comparing the effects of these various spatiotemporal changes on an earthlike, albeit different, planet of the solar system. In the case of Mars,
the early climate change would have led to a strong, complex, and broadscale physical control
of habitats, which may have critically impacted all aspects of the ecosystem and biological
evolution (Cabrol, 2018), biodiversity, biosignature formation, and the preservation of
a biological record (Fig. 13.1). Here, the study of terrestrial analogs in extreme environments
is essential to envision the types of signatures that may be present on Mars—and identify
where to search for them, guide the development of adapted exploration strategies, and
mitigate current data gaps to better support upcoming missions. They also suggest a necessary
change in intellectual framework adapted to the search for biosignatures.

13.3 REVISITING THE INTELLECTUAL FRAMEWORK: COEVOLUTION
AS A GUIDING EXPLORATION PRINCIPLE
Biological processes on Mars, if any, would have taken place within the distinct context
of an irreversible early collapse of the magnetosphere and atmosphere (Ehlmann et al.,
2016; Wordsworth, 2016; Jakosky et al., 2017); greater climate variability and gradients;
and specific geographic, planetary, and astronomical characteristics. These comprised the
unique factors of a coevolution that would have separated a martian biosphere from that
of Earth very early. To evaluate their full effect on biosignatures, these factors should be
envisioned within an intellectual framework that includes life as an interactive agent of
transformation of its environment and a piece of a dynamic system of polyextreme environmental conditions with complex loops and feedback mechanisms (i.e., an ecosystem).
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The concept of habitability currently driving exploration defines the environmental
range (e.g., astronomical and planetary) within which life as we know it could survive. In
this definition, life is regarded as a passive actor in an environment that provides (or not)
water, energy, nutrients, carbon sources, and shelter for prebiotic and biological processes. In itself, the definition of habitability does not imply life; it simply considers environmental conditions for its emergence and sustainability.
The habitability of early Mars has now been demonstrated by 20 years of orbital and
landed missions (e.g., Knoll et al., 2005; Des Marais, 2010; Summons et al., 2011;
Grotzinger et al., 2015). Organic molecules have been detected (e.g., Chastain and
Chevrier, 2007; Mumma et al., 2009; Blamey et al., 2015; Freissinet et al., 2015;
Webster et al., 2015). The upcoming missions will test the hypothesis that life has developed on Mars and left evidence of its presence. Testing this hypothesis requires to search
for traces left by two dynamic agents (life and environment) that possibly modified each
other for over 4 billion years (e.g., Knoll, 2009). As Earth shows, coevolution affects
physicochemical, geochemical, and biological processes at all scales, including the biological architecture, metabolic activity, morphology, the mineralogy and texture of soils
and sediments, topography, the atmosphere, microbial habitats, biological dispersal, biomass production and repositories, and biosignature preservation. Coevolution is, therefore, a concept essential to biosignature exploration, one that allows core hypotheses and
science questions to be reframed on the basis of plausible spatiotemporal synergies
between life and environment and importantly to refine our understanding of the instruments, methods, and spatial scales and spectral resolution necessary to identify biosignatures. Examples include the following:
Hypothesis A Prebiotic Chemistry and Life as We Know It
Example questions: (1) What role did environmental differences between Earth and Mars
play in an early evolution of life on Mars? (2) What was the impact of unique physical
features (e.g., global dichotomy, high obliquity, lost magnetosphere and atmosphere, and
volcanic and tectonic characteristics) on the formation and spatiotemporal evolution of
environmental pathways for biological dispersal and biomass/biosignature repositories?
(3) What does the comparison between the timing of early-life evolution on Earth
and the current environmental models for early Mars suggest about ancient habitable
environments, habitat development potential, biological dispersal, biosignature preservation, and detection thresholds? (4) What does the lack of obvious biosignatures at current
resolution suggest about (a) the extent and duration of subaerial habitats, biomass accumulation, and preservation potential and (b) the detection and identification thresholds of
integrated instrument payloads required from orbit to the ground?
Hypothesis B Second Genesis
Example questions: (1) What distinct biological traits (e.g., metabolism, structure, size, and
biogeochemical cycles) could have evolved from the unique terms of a martian coevolution (astronomical, planetary, environmental, geographic, climatic, and others), and (2)
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what distinct traces of coevolution could they have left in the geologic or spectral records?
For instance, how can existing datasets be searched for unique geochemical, mineralogical, textural, and biochemical markers that could have stemmed from life’s adaptation to
the martian polyextreme environment?
Hypothesis C Coevolution Both From Planetary Transfer (Earth) and In Situ
Abiogenesis
Example questions are comparable with those of hypotheses A and B.
Hypothesis D No Coevolution
Example questions: What are the critical exploratory steps to complete at the surface, subsurface, and deep underground (and where), before such a conclusion can be reached?

13.4 UNDERSTANDING COEVOLUTION IN A POLYEXTREME
ENVIRONMENT
A martian coevolution would have been imprinted early by the development of a polyextreme environment (Cabrol, 2018; Cabrol et al., 2007a,b). While the current approach
to biosignature exploration considers multiple extreme factors, it often analyzes their
impact individually, with limited attempts at a systemic approach, that is, the characterization of these interactions and their effects (e.g., Jakosky and Phillips, 2001; Kreslavsky
and Head, 2005; Atri et al., 2013), which leads to two major knowledge gaps: unknown
interaction of multiple environmental extremes and unknown metabolic pathways and
their adaptation.
We currently lack an understanding of the spatiotemporal interplay of environmental
polyextremes, their resulting interactions with biological processes, and the resulting biogeosignatures. Terrestrial analogs of such environments demonstrate that interactions
between multiple extreme environmental factors (e.g., UV radiation, thin atmosphere,
and aridity) generate complex loops and feedback mechanisms at various scales through
combinations that may alternatively either magnify, decrease, and/or cancel their individual effects and often override global (planetary) trends at the scale of microbial habitats
(e.g., Cabrol et al., 2007a,b; Cabrol, 2018).
At global to regional scale, the unique complexity of Mars—including in its early geologic history—resided in the relative dominance of these polyextreme factors over space
and time. Some parameters declined with time (magnetosphere, atmosphere, and
energy), while others had distinct spatiotemporal effects depending on obliquity (e.g.,
water and ice distribution). For example, while the loss of the atmosphere was ultimately
linked to the loss of the magnetic field, weak fields play a lesser role in surface radiation
doses than the loss of the atmospheric depth (e.g., Atri et al., 2013). Changes in atmospheric shielding were therefore not only a factor of time but also a factor of obliquity

Concluding Remarks: Bridging Strategic Knowledge Gaps

(e.g., Jakosky and Phillips, 2001; Kreslavsky and Head, 2005), and this unpredictability in
the radiation environment was only one of many variables (e.g., changes in temperature,
desiccation, geochemistry and sediment texture, and acidity) living organisms would
have had to contend with. Understanding how this variability affected prebiotic and biological processes, as well as the development and footprint of microbial habitats, is critical
for evaluating plausible biomass production, potential biosignature formation and preservation, and appropriate detection levels for instruments.
At local (habitat) scale, the footprint and sustainability of microbial habitats in terrestrial analogs in extreme environments depend on microclimates generated by synergies
between microbial (metabolic) activity and local environmental factors, which trigger
unique loops and feedback mechanisms. Changing environmental conditions would
have thus affected habitats in a systemic way, with the modifications and/or loss in connectivity networks, formation and isolation of microniches, and production of very localized and specific sets of ecosystem conditions.
We also do not have a clear understanding of the plausible metabolic pathways and
responses to variable polyextreme environmental factors that would have been necessary
to martian microbial organisms to adapt in changing subaerial habitats over time, their
spatiotemporal distribution, and biosignature production and preservation potential.

13.5 EXPLORING COEVOLUTION
Assuming that a coevolution was initiated on Mars, the upcoming missions will have only
limited (contextual) support at this point to search for biosignatures (Fig. 13.2).
Data at relevant spatial scales and spectral resolution are only available at the three
rover landing sites, and unless a mission returns to one of them (Ruff and Farmer,
2016), knowledge acquired at these sites will be only partially transferable to exploration
of a new site, that is, only if sets of environmental conditions are repeated at a habitatrelevant scale, for example, sediment mineralogy, geochemistry, texture, structure, insolation, slope, and moisture (Cabrol, 2018).
Current knowledge gaps will not be filled by the time the Mars 2020 and ExoMars
missions launch. However, significant advances can be made in the coming decade and
support provided to upcoming and future missions through data analysis, theoretical
modeling, machine learning, lab experiments, and fieldwork. Examples of what could
be accomplished include the following:

13.5.1 Investigating Loops and Feedback Mechanisms in Polyextreme
Environments
Mars’ ability to preserve subaerial habitats, ecotones, connectivity networks, and microbial dispersal pathways over time would have depended on fluctuating interactions
between multiple environmental extremes and their relative dominance at any given
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Fig. 13.2 Current orbital spatial scales and spectral resolution are adapted to the characterization of
broad planetary environmental habitability, not that of a coevolution and the detection of habitats.
Critical intermediate detection and identification thresholds are needed to access geosignature
suites associated with potential habitats (and possibly ancient biomediated mineral deposits) and
understand environmental parameters that matter at the habitat level, which can change sediment
origin, texture, mineralogy, and biosignature preservation potential (see also Phillips et al., 2017;
Cabrol, 2018). Acronyms: BFP, biosignature formation potential; BPP, biosignature preservation
potential.

time (Cabrol, 2018). This relative dominance would have impacted the interactions
between life and environment and the spatiotemporal nature (e.g., distribution, type,
biochemistry, geochemistry, and mineralogy) of biosignatures.
Relative dominance must be thus characterized over geologic timescales and with
changing obliquities, including along a depth gradient. This can be accomplished by
(a) conducting lab experiments and fieldwork in extreme environments that combine
multiple extreme factors relevant to Mars. Emphasizing the characterization of their
interactions and their effects on prebiotic, biological processes, and microbial habitats
should be prioritized; (b) developing libraries of biogeosignatures resulting from these
interactions (e.g., spectral, morphological, metabolic, and genomic). These libraries
should be generated at integrated scales from orbit to ground to lab; (c) characterizing
biosignature formation through the lens of polyextreme environmental factors and their
role on local scale microclimates, including the characterization of microbial habitats
(e.g., geology, morphology, mineralogy, sediment texture, structure, and composition)
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and their preservation potential; and (d) developing theoretical modeling using datasets
from past and present missions to support the quantitative and qualitative characterization
of the spatiotemporal evolution of polyextreme interactions on Mars, including through
episodic changes in obliquity. This characterization should include present-day Mars,
which reflects 3.5 billion years of environmental history.

13.5.2 Crossing the Uncertainty Threshold
Crossing the uncertainty threshold, that is, how do we go from suspected biosignature to
confirmed biosignature, requires (a) the development of knowledge on how coevolution
could have shaped a martian biological architecture (e.g., chemical structure, morphology, size, genetic makeup, and metabolism) and its interactions with and response to a
polyextreme environment, (b) the prioritization of observations, and (c) the understanding of when a suite of observations constitutes an unambiguous and definitive confirmation of the presence of life.
Filling the current knowledge gaps in the origin and nature of life, biological architecture, and biosignatures demands the analysis of vast amounts of data from many scientific domains and envisions countless probabilistic occurrences. This is an area where
artificial intelligence (AI), specifically machine learning, can provide a critical support for
standard lab, field, and theoretical approaches and significantly speed up breakthrough
discoveries. For instance, computational modeling could determine the systemic environmental envelop in which to test scenarios for an origin of life (Section 13.5.3) and
the spatiotemporal evolution of habitats. Coevolution models for life as we know it
can be generated by exploring datasets relative to prebiotic and biotic processes known
from early Earth, which can be run through the environmental models. AI and machine
learning could accelerate the identification of unique (biogeo)signatures across past and
present mission data (orbital, landed, ground-based, and space observations) and foster
the discovery of patterns of interactions from biological processes unique to Mars (life
as may not know it) with the environment.

13.5.3 Moving Biosignature Exploration Forward: An Ecosystem
Approach to Landing Site Selection and Surface Operations
A coevolution approach calls for novel integrated investigation methods and techniques at
specific spatial scales, spectral resolution, and detection/identification thresholds relevant
to past and present microbial ecosystems. Support may involve to (a) engage microbiologists, geneticists, environmental, extreme environments, and AI specialists early and at all
stages including programmatic level, missions (concept and instrument payload design
and science teams), and surface operations (exploration templates); (b) develop an integrated suite of missions and instruments that allow the identification of biogeosignatures
from the orbit to the ground. This requires a quantum leap in instrument capabilities and
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the development of novel analytic tools (e.g., Thompson et al., 2011; Tao and Muller,
2016; Candela et al., 2017). This is critical because mission simulations in extreme environments show that current orbital resolution is of limited support for Mars-relevant biosignature detection and because finding evidence of potentially limited and scattered
biomass may prove difficult from the ground alone (Cabrol, 2018); and (c) integrate survey techniques developed in microbial ecology into surface operation templates (e.g.,
Cabrol et al., 2007b; Hock et al., 2007; Warren-Rhodes et al., 2007).

13.6 BEYOND MARS
The study of coevolution and that of the existing strategic knowledge gaps identify promising key research areas, science questions, and technology challenges in the field of astrobiology. While they are presented here in the context of the exploration of Mars,
coevolution—along with the questions, hypotheses, and approaches suggested here—
may be considered primary guiding principles for the search for life in the solar system
and beyond.
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