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Abstract

A committee of the Mars Exploration Planning andaysis Group (MEPAG)
has reviewed and updated the description of SpBe&gions on Mars as places
where Earth organisms might replicate (per the CARSPlanetary Protection
Policy. This review and update was conducted byemnational team (SR-
SAG2) drawn from both the biological science anddviexploration
communities, focused on understanding when andev@pecial Regions could
occur. The study applied recently available dauaMars environments and

about Earth organisms, building on a previous aglgf Mars Special Regions



(2006) undertaken by a similar team. Since thereva body of highly relevant
information has been generated from the Mars Resiesance Orbiter (launched
2005), Phoenix (2007), and data from Mars Expresstlae twin MER landers

(all 2003). Results have also been gleaned fraars Science Laboratory
(launched 2011). In addition to Mars data, thera considerable body of new
data regarding the known environmental limits te in Earth—including the
potential for terrestrial microbial life to surviand replicate under martian
environmental conditions. The SR-SAG2 analysisaiss included an
examination of new models of Mars relevant to radtanvironmental variation

in water activity and temperature, a review anensaeration of the current
parameters used to define Special Regions; andeghdzaps and descriptions of
the Mars environments that are recommended foimtiat as “Uncertain,” or
“Special,” as natural features or those that cwéldormed by the influence of
future landed spacecraft. Several significant gearin our knowledge of the
capabilities of Earth organisms and the existerfiggssibly habitable Mars
environments have led to a new appreciation ofshere Mars Special Regions
may be identified and protected. The SR-SAG has@ssidered the impact of
Special Regions on potential future human missiorMdars, both as the locations
of future resources and as places that shouldenotaalvertently contaminated by

human activity.
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1. Introduction

Since the beginning of human activity in spacersmeand exploration, there
has been an appreciation of the potential negatiteomes of transferring life
from one planet to another. Given the unknown equences of contact between
two biospheres and the fundamental value of stuggipossible new life-form in
isolation from Earth life, thoughtfulness and cantare warranted. Those ideas
are reflected in both the United Nations (UN) Spaaty of 1967 (United
Nations, 1967) and in the International Council$aience’s Committee on Space
Research (COSPAR) Planetary Protection Policy (C&R§R011), which serves
under the UN treaty as a consensus standard fadiagdarmful biological
contamination. The “Special Regions” concept é®@mponent of the COSPAR
Planetary Protection Policy for Mars that was dedtiitn 2002 (Rummaedt al,
2002). Special Regions are regions “within whietrdstrial organisms are likely
to replicate” as well as “any region which is imtested to have a high potential
for the existence of extant martian life.” Robatiessions planning to have direct
contact with such Special Regions are given plapgtection categorization

IVc, with stringent cleanliness constraints on pleetions of the mission that



could contact such regions. The avoidance of tmeaenination of Special
Regions is also the focus of the “Principles andl&lines for Human Missions to
Mars” (COSPAR, 2011) that are also part of COSPAfRIisent policy.

While the original COSPAR definition of “Special §tens” (Rummekt al,
2002) conveyed the concept in qualitative terngspibposed translation into
(mostly) quantitative terms was accomplished by@s$tep process that occurred
over the course of 2005-2008. The first step wapgration of a technical
analysis by a MEPAG (Mars Exploration Program AsayGroup) Special
Region Science Analysis Group (SR-SAG; Beattgl, 2006); this analysis was
carried out in 2005-06, with most of the techniodrmation being of early-2006
vintage. The second step involved COSPAR’s deveéoy of policy in response
to that report. This two-step process resultetthénacceptance (by COSPAR'’s
Bureau and Council) of the current Special Regieindion by COSPAR at the
Montreal Assembly in July 2008. COSPAR additiopadicommended (Kminek
et al, 2010) that the quantitative definitions of SpeBagions be reviewed on a
2-year cycle. This study is the first such revence the 2008 definitions were
adopted.

There were two major reasons for undertaking tkieeveat this time: 1) It is
timely in that both European Space Agency (ESA) dational Aeronautics and
Space Administration (NASA) are planning on landggbtic missions to Mars in

2016, as well as follow-on landers in 2018 and 2@206posed), and 2) Important



new data sets are now available that have a beanittige potential locations and
nature of Mars Special Regions, which can be irediud our considerations.
MEPAG'’s 2006 analysis was based on results froningikMars Global
Surveyor (MGS), and initial results from Odyssey() launched in 2001),
Mars Express (MEX, launched in 2003), and Mars &pgilon Rovers (MER,
launched in 2003). Now, however, a new body ohlyigelevant data about
Mars exists from both the on-going surveys of OMEX, and MER—
spacecraft which are still active as of mid-2014-wafl as extensive data from
the Mars Reconnaissance Orbiter (MRO, launche®@%p the Phoenix mission
(PHX, launched in 2007), and initial results frame Mars Science Laboratory
(MSL, launched in 2011). In addition, valuablee@sh has been conducted
since 2006 from ground-based, laboratory, analogie International Space
Station (ISS) studies.
1.1. Terminology and Definitions

The terminology adopted for this study was intentdelde consistent with the
original MEPAG SR-SAG study (Beaty et al., 2008)ccordingly, the following
words are intended to have the same meaning asebefo

1.1.1.Propagatemeans to reproduce via cell division, generallgoacpanied
by a biomass increase. Other kinds of activityluding cell maintenance,
thickening of cell walls (as one aspect of growtngd mechanical dispersal by

aeolian processes are not sufficient to indicabpggation.



1.1.2.Special RegionsCOSPAR defines Special Regions as “a regionimith
which terrestrial organisms are likely to replicaded states that “any region
which is interpreted to have a high potential fog €xistence of extant martian
life forms is also defined as a Special Region” 8FAR, 2011). At present there
are no Special Regions defined by the existenextaint martian life, and this
study concentrates only on the first aspect otigfenition.

1.1.3.Non-Special Region#& martian region may be categorized as Non-
Special if the temperature and water availability main outside of the
threshold parameters posited in this study fotithe-period discussed below
(see 1.4. Constraints). All other regions of Maesdesignated as either Special
or Uncertain.

1.1.4.Uncertain Regiondf a martian environment can simultaneously
demonstrate the temperature and water availaltinditions identified in this
study, propagation may be possible and those reguauild be identified as
Special Regions. Nonetheless, because of the dmi¢ure of the data available
for regions only sensed remotely, it may not besjflibs to prove that such
environments are capable of supporting microbialgin. Such areas are
therefore treated in the same manner as Speciaiegntil they are shown to
be otherwise.

1.1.5.Spacecraft-Induced Special Regiohereas Special Regions may be

formed naturally and exist in a natural settinguars, even in an otherwise Non-



Special Region a spacecraft may create a non-ha&twaonment that meets the
definition of a Special or Uncertain Region, asatiéed above.
[Figure 1 about here]

Fig. 1 shows a Venn diagram picturing the concéplars Special Regions
addressed in this study, including those that onaturally and those that may be
Spacecraft-induced.

1.2. History

The original MEPAG SR-SAG committee (Beatyal, 2006) was asked to
propose a technical definition of Special Regi@mg] to evaluate how that
definition would apply to Mars. That study focusmdthe limits to microbial life,
and the potential for biologically available liquidater on Mars. The present
study has concerned itself with those as wellth&t original study the definition
of Special Region was determined by a lower tentpszdimit for propagation
(which was given as -20°C, including margin) aridvaer limit for water activity
(with margin, an activity threshold of 0.5). Indiibn, a number of remotely
sensed features on Mars were included as Uncer&ant gullies and gully
forming regions; “pasted-on” mantle; low-latitudefge streaks; low-latitude
features hypothesized to be glaciers; and featypesthesized to be massive
subsurface ice; were considered potentially Sp&eaglions, and if they occur in
the future, volcanic environments young enougletain heat, impact

environments young enough and large enough taragat, and modern outflow



channels would also be considered Special. Indfuaty, Spacecraft-induced
Special Regions were to be considered on a casad®ybasis with regard to their
achieving the temperature and water availabilitgrabteristics of Special
Regions.

Subsequent to the MEPAG SR-SAG report, which idieadtisufficient data to
distinguish between Special and Non-special Regisimgy the quantitative
parameters of temperature ang,) (@ define such regions, the report was referred
to the COSPAR Panel on Planetary Protection, whéttl a Mars Special
Regions Colloquium (Kmine&t al, 2010) that used that report as the basis to
arrive at a consolidated definition for Mars SpeBagions for consideration by
the COSPAR Planetary Protection Panel, and subsdylry the COSPAR
Bureau and Council for inclusion in the COSPAR Btany Protection Policy.

The COSPAR Colloguium recommended that Specialddagbe determined
by a lower temperature limit for propagation of *25which included additional
margin and thus was slightly more conservative therlMEPAG SR-SAG limit,
and by an identical water activity threshold of.Bhilding on the MEPAG
report, the Colloquium included “dark streaks” dfkéinds as features that should
be examined on a case-by-case basis to deterntimeyitomprise Special
Regions, or Uncertain Regions. Subsequently,ébernmendations derived in
the COSPAR Colloquium were forwarded to the COSH&Rel on Planetary

Protection and considered at the Montréal AssenmiP908, and adopted into the
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COSPAR policy at that time. Since 2008, the COSRI&fition has been
considered as authoritative by both NASA and ES#eir considerations of
Mars landing sites (and the preparation of spafidarading there), and
presumably will be taken up by others when (aniiys landings are planned by
other nations.
1.3. Objectives and Approach for this Study

The study reported here was guided by a Charteoapg by MEPAG in
October 2013 and given in Appendix I. As in thigimal two-step process, it is
expected that the results of this MEPAG technicalgsis will be reviewed by
COSPAR in an international forum and be considésethe furtherance of
COSPAR'’s Planetary Protection Policy regarding Markis study, however,
was already supplemented by the results of a COSKé&Rshop held in April
2014 (Hipkinet al, in preparation) that considered the issues aast®utwith
Mars Special Regions and their application, ancctvbrrought into play
additional non-MEPAG individuals who contributedvebinformation and
perspectives, and thereby contributed directhheodtudy reported here. Upon
the completion of this report, COSPAR will furtreansider its recommendations
and those of the COSPAR workshop, and potentiaiyelone or more additional
meetings to aid in the formulation of a recommelatabn the extension of the

definition of Mars Special Regions that this reppndudes. That
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recommendation will eventually (likely in 2016) bensidered by the COSPAR
Panel on Planetary Protection and the COSPAR BuedlCouncil.

Under the study Charter, this study based its fatmsit Special Regions on
new data available regarding the propagation lifieitsnicrobial life, and new
data about water on Mars.

1.3.1.Limits to microbial life and physical conditions dfars. The review
has considered new low temperature and water diquvapor) utilization limits
to microbial growth, including temporary/periodixp®sure. The review has also
considered new surface and diurnal radiation data MSL Radiation
Assessment Detector (RAD), new diurnal temperaancehumidity data from
PHX and MSL, and new ISS and analogue chamber exget results.

1.3.2.Water on MarsPhoenix data have raised interest in perchlonade a
other salts as sources of ions that can lowerrdezing point of aqueous
solutions, as well as participate in their absodesand deliquescence (the latter
particularly with reference to transport issuedrmyiroving, drilling, sample
collection, and potentially in relation to spacdemaduced habitable
environments). Phoenix also directly excavated Ipotte-filling and excess
ground ice. MRO'’s Context Imager, High Resolutioraging Science
Experiment (HIRISE), and Compact ReconnaissancgilmeSpectrometer for
Mars (CRISM) instruments have presented new eviglehextensive sub polar

ground ice, as seen in recent (small) craters. MRRISE also has detected
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seasonal Recurring Slope Lineae (RSL, Section wigreas MRO SHARAD
has detected ice cores within lobate debris apfiddg). Mars Express data and
ground-based astronomy studies have claimed disgovenethane in the
martian atmosphere (Formisaebal, 2004; Mummaet al, 2009), for which

most potential production mechanisms would infeodocated liquid water
source. While no methane was detected in atmosptemnples by MSL using
mass spectrometric or infrared analyses (Welestal, 2013), there is
nonetheless an ongoing debate about the presedgmtantial fate of methane in
the martian atmosphere and the potential for sedispalso exists (cf., Mumma
et al, 2009).

The study results reported here have benefited M8h assessments of past
and present habitability at Gale Crater, which wertavailable to the previous
effort. In addition, this study has had a gogbtovide information important to
the future needs of human explorers on Mars, ileng both the opportunities
and cautions regarding Special Regions. Becaes8RiSAG?2 study has
provided an updated list and inventory of featuedated to the presence of liquid
water and other aspects of potentially habitablerenments, NASA asked that
MEPAG evaluate the relationship between Speciaiddsgand the potential
location of and access to resources on Mars ofdstéo the future human
exploration program. Clearly, this linkage betwées robotic and human

exploration of Mars will grow in significance astbhoices implicit in making
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Mars a destination (and possible home) for humaoesrs become more
specific.

The MEPAG SR-SAG2 was convened and held its flsicon in November,
2013, but almost all of the technical analysis wasied out during the first 5
months of 2014 (technical data should be judgdsktourrent as of that time).
Most of the team’s technical exchanges were caoigdy e-mail and telecon,
though the team additionally made use of a sirage-to-face meeting in
Boulder, Colorado in January 2014. The team cenmsidself lucky in a human
sense: during the course of this study, the mendddie team (see Appendix II)
collectively shared the following good news: 1 jr2 retirements, and 1 wedding
(between 2 of the participants).

1.4 Altered Constraints and Assumptions for this Sidy

In addition to new data that might impinge on onderstanding of Special
Regions, some of the assumptions and constraiatsingdentifying potential
Special Regions have been updated since the peeM&iPAG study.

1.4.1Depth For the 2006 process, the definition of a Specediénh was
limited to the surface and 5m below because wealradst no observational data
below that level, the models were of uncertain iquébut suggested that 5m was
below the depth of any seasonal warming affectuizgarface conditions), and it
was estimated that impacting spacecraft would ndiejow 5m depth. For this

review we reviewed both depth and temperature,igedty. The review of
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depth is based on new thermal modeling, new MRO/M&t¥ar data, and
reported detection of Precambrian water pocketisarEarth’s crust (Hollanelt
al., 2013).

1.4.2 Future Conditions: 500 yeargVhereas in the previous MEPAG study
the timescale used to scale the prediction of &utwnditions was 100 years, the
COSPAR Colloquium (Kminekt al, 2010) chose a timescale of 500 years to
constrain predictions of geological events thald@affect the environmental
conditions on Mars. In this study we have conaimgh COSPAR, and also
specify 500 years as the period over which we cadigt that Mars conditions
(as they are known today) will not change signiiita

The orbit of Mars is understood to experience larg@llations resulting from
periodic forcing from the Sun and neighboring ptar(e.g., Ward, 1974). These
oscillations most notably occur in the obliquitit (of the spin axis), eccentricity,
and Ls (season) of perihelion with an overlap of thosequkc forcings taking
place between f@nd 16 years apart. The result can have a pronounced
influence on the global climate including grounchperatures and near-surface
water-ice (e.g., Tooat al, 1980; Paige, 1992; Mellon and Jakosky, 1995). For
example, an increase in obliquity will shift thgpdsition of solar energy from
equatorial regions toward polar regions and raswtsimilar shift in ground

temperatures. Likewise increased heating in tharpegions will raise summer
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sublimation of the polar ice cap and increase apmesc humidity (Haberle and
Jakosky, 1990; Jakoslet al,, 1993).

Laskar (2004) provided an integration of solar eystlynamics from which
these effects may be examined over the next 508 yEm. 2 shows a result from
this integration; the magnitude of the shift frame present day orbit is small over
this relatively short time fame.

[Figure 2 about here]

The resulting effects on ground temperatures, gohmersc humidity, and the
distribution of ground ice are expected to be @nylsmall. Figs. 3 and 4
illustrate the expected changes in annual-meamgreurface temperatures based
on a standard Mars thermal model (Mellon and Jakds¥92; Mellonret al,

2004). Over the next 500 years, changes in the rtesaperatures are between 0-
0.2 K and in the maximum temperature changes asethan 0.8 K. These
differences are imperceptibly small and generagglthan the uncertainties in
such ground temperature models.

[Figure 3 about here]

[Figure 4 about here]

In the modern climate, summer-time sublimation atev ice from the polar
caps is the primary control on the global atmosighmrmidity, with a smaller
component of seasonal exchange with the regolith, (@akosky, 1985). In the

next 500 years, there is expected to be a sligihease in polar insolation (Fig. 4),
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which may increase the polar-summer sublimatioa lpgtat most a few percent
(see Jakoskegt al, 1993, Fig. 2). If it is assumed that the polalsnation rate is
linearly proportional to atmospheric water contgat at least small changes)

then in 500 years we can expect a similar increaaémospheric water content.

Ground ice is stable at locations where the anmesdn water-vapor density
with respect to ice in the soil pore-space equeds @f the atmosphere (e.g.,
Mellon and Jakosky, 1993). From the changes digclissground temperatures
and atmospheric humidity in the next 500 yrs, wghhexpect the depth of
ground-ice stability to shift by at most a few %rfr its current depth. Likewise
the geographic equatorward limit of ground-ice sitglomay shift by less than a
degree in latitude, if at all.

The current ground-ice distribution appears torbequilibrium with an
atmosphere containing about 20 precipitable micters€pr pm) of vertically
well-mixed water vapor (Melloet al, 2004). These forecast changes in
temperature and humidity are much smaller tharctineent uncertainty in ice-
stability models and spacecraft data interpretatitdkewise, ground temperature
changes will be much too small to result in anytmglof pure ice. Melting of a
frozen brine may occur only if the conditions already very close to the
eutectic.

It should be noted that in picking this time-per@fdb00 years within which

current conditions regarding Special Regions carehsonably anticipated to
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continue, we are not saying anything regardindehgth of time within which
we are interested in protecting those Special Regnor are we making any
guesses regarding the number of missions thatxpected to land on Mars in
that time-period. The 500-year value specifiecehgnot related to any “period
of biological exploration” that may once have bepacified by COSPAR'’s
Planetary Protection Policy.

[Finding 1-1 here]

2. Life on Earth: General Considerations Regardingts Propagation on Mars

2.1 Introduction to Earth organisms: Chemolithoautdrophs

It is reasonable to consider what types, or categpof terrestrial organisms
that could have the potential to reproduce on Marge such category is
chemolithoautotrophs, which are microorganisms lokgpaf growth through use
of inorganic energy sources without input of orgazarbon from photosynthesis.
Such organisms provide models of the types of riatdife that could
potentially thrive in Special Regions on Mars, gigsituations where increases
in temperature and water activity could make isfike for utilization of
endogenous energy sources on the planet. In stenples, chemolithoautotrophs
extract electrons from inorganic compounds (fuaig) generate metabolic
energy through a series of intracellular pathwags tonclude with transfer of the

electrons to an electron acceptor (oxidant). Tergetic feasibility of a given
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fuel/oxidant pair (as gauged B, the change in free energy for the overall
electron transfer process) is determined by tregivel oxidation-reduction
potentials (p° values) of the fuel and the oxidant. Whea is negative, the
reaction is energetically feasible; wh&@ is zero or positive, the reaction is not
feasible. Fig. 5 illustrates this process concdlytuiésting several generalized
inorganic fuels (e.g., HH.:S, $, CHs, FE*) and oxidants that are well-known
substrates for chemolithoautotrophic metabolisniarth.

[Figure 5 about here]

In recent years there has been a significant expauns our knowledge of the
range of chemolithoautotrophic pathways and therenments on Earth where
they are active. Table 1 provides a brief but cahensive overview of
confirmed or feasible pathways. Virtually all btreactions depicted have been
documented (or are possible) in soil, sedimenskineater and/or marine),
aquifers, or hot spring environments. Of particgignificance are recent
advances in our knowledge of chemolithoautotropioie- and sulfur-oxidizing
organisms that utilize nitrate or oxygen for oxidatof insoluble minerals at
circumneutral pH (e.g., Webet al, 2001, Edwardst al, 2003, Shelobolinat
al., 2012a; 2012b, Percak-Dennettal, 2013) i.e., under conditions analogous to
those recently identified for the Yellowknife Bayesin Gale Crater (Grotzinger
et al, 2013). Also of specific interest to conditionsars (cf., Kounavest al,

2014a) is the ability of hydrogen- and carbon made»oxidizing organisms to
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utilize perchlorate (Cl®), an electron acceptor for chemolithoautotrophmaagh
(e.g., Giblinet al, 2000; Miller and Logan, 2000; Baék al, 2008). These
findings provide examples of Earth organisms thataodels of the types of
chemolithoautotrophic life that could exist in Spg¢&egion situations where
oxygen, nitrate or perchlorate may be availableujgport chemolithoautotrophic
life (Jepseret al, 2007).

[Table 1, here]

Factors such as temperature, pH, and the fuel/okedaailability dictate
which pathways are likely to be active in a giverionment. The propensity of
evidence suggests that virtually any energetidabgible reaction is likely to be
microbially-catalyzed within generally accepted parature £ ca. -20C to
120°C) and pH< ca. 0 to> ca. 12) limits for life. However, direct demoragion
of the feasibility of most of the chemolithoautgihic pathways listed in Table 1
at extremely low temperatures (i.e., relevant twent conditions on Mars) is
limited. Likewise, there has been virtually no won defining the water activity
limits for chemolithoautotrophic metabolisms, dlldies having been carried out
in systems with water activities close to or eqoaine.

[Finding 2-1 Here]
2.2 Consideration of microbial “passenger lists”
The history of Mars exploration dating back to Yfking era has included

sampling of thousands of microbial contaminantd/ams-bound spacecraft prior
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to their launch. There are several culture collertihousing isolates derived from
these samples, including: ESA’s collection at DS{@2utsche Sammlung von
Mikroorganismen und Zellkulturen — German collectad Microorganisms and
Cell Cultures) (Moissl-Eichingest al.,2012), Jet Propulsion Laboratory’s (JPL)
Phoenix research collection at United States Depant of Agriculture —
Agriculture Research Service (Venkateswagtal.,2014), and JPL/Mars
Program Office’s Mars-related collection archivéd@L, under study in
collaboration with University of Idaho (Schubettal, 2003; Schubert and
Benardini, 2013, 2014). Phylogenetic studies ofdneds of bacteria indicate that
there is significant and variable diversity of pdtal microbial passengers on
Mars-bound spacecraft, and include a variety od taith hardy survival and
reproductive capabilities. JPL’'s DNA-based studpatential passenger lists
(including bacteria, archaea, and fungi) is docue@m the Genetic Inventory
Task Report (Venkateswaranal.,2012), which utilized and demonstrated state-
of-the-art high-throughput molecular methods,Wwas not intended to be a full
census.
[Finding 2-2 Here]

If it were possible to perform a complete censusimirobes on spacecratt,
then analysis for Special Regions planning couliteovrably be narrowed to
consider only metabolism(s) and survival strategigtese microorganisms.

Current limitations in technology constrain theligépto take a complete census
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of microorganisms on and within a spacecraft; umtbmprehensive study
analyzing both archived DNA as well as contemposamyples with advanced
molecular techniques is completed, it is reasonabteprudent to use an
inclusive approach by searching all peer reviewsehsific literature for
examples of microorganisms on Earth that can fonand reproduce at
extremely low temperatures (Jungfeal.,2004; Metheet al.,2005) or water
activity (Kieft, 2002; Potts, 1994). Cataloguinganubial passenger lists utilizing
matured molecular methods will serve a purposéufiare missions in helping to
better identify and evaluate organisms found thhougdpotic spacecratft life
detection experiments on Mars, or when samplesetmened from Mars.
[Finding 2-3 Here]

2.3 Organic compounds on Mars

Despite annual delivery of >2.4x3. of reduced carbon to the surface of
Mars from meteors (Flynn, 1996), only trace orgariave been discovered on
Mars to date. While earlier studies reported atrhesp levels of Chfrom < 10
ppbv to a proposed seasonal maximum of 45 ppbwn{isanoet al, 2004;
Mummaet al, 2009; Websteet al, 2013), recent measurements via the Tunable
Laser Spectrometer on Curiosity have confirmedmeulimit at Gale Crater of
only 1.3 ppbv (0.18 + 0.67 ppbv; (Websg&tral, 2013)). Chloromethane and
dichloromethane measured in the Viking pyrolysipesxments after heating

surface fine-grained material to 500°C were lorghaitted to terrestrial
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contamination from cleaning solvents (Biematral, 1977). However Navarro-
Gonzalezt al. (2010) suggested that pyrolysis of soils contgmarchlorate and
organics could account for the Viking results. Aedpwith the PHX discovery of
perchlorate salts (Hecht al, 2009), these findings reinvigorated debate about
the possible presence of indigenous organics imi#ian soils (e.g., Biemann
and Bada, 2011, Leshat al, 2013).

Regardless of the origin of reduced organic cadmnpounds, preservation
remains a key issue. Whether indigenous, exogeniotgsrestrial, extensive
chemical oxidation at the surface suggests thahasts of organic carbon would
be found only below the surface, either embeddékinvminerals and hence
protected, or as metastable organic salts suclesieracid that are more
resistant to oxidation but not detectable by gasratography-mass
spectrometry (Bennat al, 2000; Steelet al, 2012; Minget al, 2014). In 2012,
martian meteorites were shown to contain reduceden#olecular carbon phases
(including in one case polycyclic aromatic hydrdozars) of abiotic/igneous
origin based on close association with magmatienailngrains (Steelet al,
2012). Analysis of fines in aeolian deposits atRueknest site by the Sample
Analysis at Mars instrument aboard MSL-Curiositgwled concurrent evolution
of CO; and Q that was suggestive of organic material oxidizéthiw the
instrument. The origin, however, (martian, inter@eary dust particles or

micrometeoritic, or terrestrial contamination) rensaunresolved (Leshiet al,
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2013; Minget al, 2014). Carbon isotope results fall intermediaeveen those
of carbonates and reduced carbon signatures frortiamaneteorites, and may
reflect mixing of multiple carbon sources (Lesbiral, 2013). Results from
Yellowknife Bay indicate trace levels of chlorindteydrocarbons, but those
detected could be mixtures of reagents added tedimples to transform some
compounds to make them easier to analyze (knowdesivatization reagents”),
terrestrial contamination from the drill or sampkndling chain, or may result
from chlorination of martian or exogenous carboth& Sheepbed mudstone
(Ming et al, 2014). The presence of perchlorate salts in aradoils continues to
be an important question key to understanding tlggnoand preservation of
organic matter on Mars.

[Finding 2-4 Here]

3. Limits to Life on Earth

3.1 Low temperature limit for terrestrial life (Arc haea, Bacteria,
Eukarya)

Mars is a cold place compared to the Earth, scobtiee chief challenges for
propagation there are the low temperatures, whosle ja variety of challenges to
cellular systems. As temperature decreases thiablathermal energy
(enthalpy) of a system decreases, resulting imnitreased stability and rigidity of

molecules (proteins, DNA, membrane lipids), fregaif water (making it less

available), lower rates of diffusion, and decreadeeimical reaction rates (for
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review see Bakermans, 2012; Cavicchioli, 2006; Bilss990). The structural
integrity and functionality of cellular systems @ep on both the flexibility and
stability of their macromolecules, and assembhesdof. Low temperatures
increase rigidity of proteins, lipid bilayers anither macromolecular systems
such that metabolic processes can only contintie ibptimum flexibility of
macromolecular systems is maintained (Fields, 26@ireret al, 2003; Goodey
and Benkovich, 2008; Chiet al, 2010; Struvay and Feller, 2012). In addition,
liquid water is the solvent system for enzymes, im@mesgtc.to function in or
for substrates to diffuse through, which is redugeder freezing conditions.
Under such conditions pure water crystallizes,fegtluding solutes and leaving
the remaining water with a higher solute concemnatnd depressed point of
freezing. These waters persist at subzero temperain bulk solution or as thin
films or veins in soils, sea ice, and glacial i&&hile liquid water may exist, ice
crystals pose a major physical barrier to the ditin of molecules (nutrients and
wastes) to and from the cell. Chemical reactioagaire particularly impacted by
the exponential decrease in thermal energy thatmaganies decreasing

temperatures, as defined by the Arrhenius equation:

-E

k= AdeT
wherek is the reaction raté\ is the pre-exponential terrh,is the activation

energy ks is Boltzmann'’s constant afdis the absolute temperature in Kelvin.

25



Despite these challenges, it has long been recedtinat terrestrial
microorganisms possess adaptations that allow tbdanction and thrive at low
temperatures. To combat the stability and decreteeitility of proteins and
membrane lipids, the molecular structure is altéoeidcrease the disorder within
these molecules to maintain fluidity or flexibiliand, hence, retain function
(Feller, 2007). To contend with reduced water atgtiand the presence of ice
crystals, cells can produce cryoprotectants anefi@eize proteins (Gilbest al.,
2005; Kuhlmanret al, 2011), and can live in high solute environmegtsig et
al., 2010). Furthermore, microorganisms do not apfmebe hampered by low
rates of metabolic activity which can be sustaiftedong periods of time (Ho
1P yrs) in various low temperature ecosystems (Joimnahd Vestal, 1991).

The actual low temperature limits of terrestriadamisms are currently
unknown, primarily due to technological constraiotsietecting extremely low
rates of metabolism and cell division. But evetind actual low temperature
limits of terrestrial organisms are lower than tlierently known empirically
determined limits, the actual limits may not beevant to defining Special
Regions for the given 500-year time frame becaefalwision and metabolism
would be so slow. For example, cryptoendolithicnmlical communities of the
Antarctic Dry Valleys (where temperatures rarelgeed 0°C) successfully
invade and colonize sandstones overtdQL(* years (Sun and Friedmann, 1999).

Therefore, we examined the currently known empigadetermined limits of cell
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division and metabolism at low temperatures andhdidconsider theoretical
limits or extrapolations based on current knowledge

Table 2 provides a list of published, peer-reviewnagubrts of microbial
metabolism at low temperatures that used both damed indirect measurements
of pure cultures and microcosms of environmentalas. Because cell division
is difficult to measure directly (via cell countd)very low temperatures, it is
common to examine metabolic processes as indireasuares of microbial
activity. However, these indirect measures caneadlity distinguish between cell
division, maintenance, or survival metabolism dmetéfore do not differentiate
between low rates corresponding to maintenancesandval or just to long
generation times. Studies describing metabolivégtother than cell division
were not classified as evidence for cell divisio@intenance, or survival
metabolism.

[Table 2 about here]

Techniques that measure metabolism requiring tbedawated activity of
many enzymes and processes would provide moreasuladtevidence for active
metabolism at low temperatures. Caution must bertakhen interpreting data
from techniques that measure individual enzymaslividual enzymes can have
temperature optima well outside the growth-tempeeatange of their parent
organism, as in the case of xylanase and aspartatetransferase from

Pseudoalteromonas haloplanktishile these have temperature optima of 35°C
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and 64°C, respectively (Biroket al, 2000; Collinset al, 2002), the optimum

growth temperature d?seudoalteromonas haloplankissabout 26°C (Piettet

al., 2011). This same phenomenon applies at both@frttie growth range; for

example, glutamate dehydrogenase from the therdeophermococcusp. AN1

can function at temperatures down to -83°C (Daetiell, 1998) although

Thermococcusp. AN1 optimally reproduces at 75°C (Uhl and 2§n1i999).
[Figure 6 about here]

Temperature limits are not necessarily fixed andtipia factors (such as the
physical and chemical parameters of the environraedtthe physiological
condition of cells) will affect what the limits aelarrisonet al, 2013). These
include intra- and extracellular solutes that emeamacromolecular flexibility
(Chinet al, 2010).

3.1.1.Cell division

To date, cell division has been convincingly dentiated in the laboratory
with pure cultures of isolates by standard measargn@chniques such as plate
counts or turbidity measurements. One new stuayesihe 2006 report
(Mykytczuket al, 2013) confirms the previously proposed limit éetl division
of -15°C. A variety of bacterid={rmicutesandGammaproteobacter)aare
capable of cell division at subzero temperaturesolations with high solute
concentrations (Bakermamsal, 2003; Breezeet al, 2004; Mykytczuket al,

2013). Furthermore, literature not identified ie 006 report demonstrates cell
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division of yeast on frozen surfaces at -18°C (i@sland Buick, 1989), extending
the low temperature limit (Fig 6). Not surprisingtiie doubling times of cells at
temperatures of -15 and -18°C are long (50 anda34,despectively) and would
likely be longer in an environmental setting. Laddory experiments on cell
division at these low temperatures are difficule da slow rates, the detection
limits of available measurement techniques (platents or optical density), and
technical challenges associated with working ateatures below 0°C;
therefore these studies can take a very long tea€jng to intrinsic uncertainty

in measuring the actual lower limit.

[Finding 3-1 About Here]

3.1.2. Metabolic activity

Microorganisms are known to metabolize at tempeeatbelow the limit for
cell division. New studies since the 2006 repoteed the previously documented
lower temperature limit for metabolic activity fro80°C to —33°C (Fig. 6).
These studies measured different aspects of me&abslich as DNA synthesis,
respiration of acetate, or fluorescence of chloytignin both pure culture and
microcosm studies of organisms from soils, pernsfrand glacial ice from the
Arctic and Antarctica (Table 2). One study of nexamined genome replication
within permafrost microcosms at -20°C that is hygbuliggestive of cell division
(Tuortoet al, 2014). Another study worthy of notice demonsgtlaammonia

oxidation activity at -32°C that was sustained d@3@0 days, the length of the
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experiment (Mitevaet al, 2007). The ability of microorganisms to sustantive
metabolism at temperatures below —33°C remainsrtaineWhile a few studies
describing activity of microorganisms at temperasupelow —33°C have been
published (Junget al, 2006; Panikowet al, 2006; Panikov and Sizova, 2007,
Amato and Christner, 2009; de Veial, 2014) it is not clear if coordinated,
sustained metabolism is demonstrated. At the loteasperatures, rates of
metabolism are very low; while some of these lewélactivity may support cell
division, at present we do not know how to distisguevels of metabolism that
represent very slow cell division from levels theggiresent maintenance or
survival metabolism. Therefore, our finding reflethhe empirical low
temperature limits of other metabolic activity.

[Finding 3-2 About Here]

3.1.3. Chaotropic substances

Numerous types of compounds increase the fletylol molecules,
destabilizing and/or fluidizing them. These compas; known as chaotropic
solutes or chaotropes, can lower the temperatushiah organisms are
metabolically active (see below). This term ‘chapt’ was first used in studies
related to the structure of DNA (Hamaguchi and @sathek, 1962), and since
that time the chaotropic activities of various igamic and organic compounds
(MgClz, phenol, ethanol, urea, etc.) have been utilizedibchemists for protein

solubilisation, denaturation and othevitro protocols (see Harris and Angal,
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1989; Sambrookt al, 1989) and as biocides (especially ethanol) and fo
preservatives (e.g., Mg&INa benzoate, etc.). All chaotropic substances thu
tested, including MgG] LiCl, guanidine-HCI, benzyl alcohol, phenol, urea
glycerol and ethanol have been shown to act oneonamlecular systems vivo
in studies of diverse microorganisms (Hallswort®98; Hallsworthet al, 2003a;
2007; Dudeet al, 2004; Williams and Hallsworth, 2009; Bhagarmmal, 2010).
Whereas high concentrations of chaotropic compouadde benefit
microorganisms at low temperatures, at higher teatpees—and at sufficient
concentrations—they can be stressful and/or l¢thegllular systems. Studies of
the bacterial proteome have demonstrated a speeifidar stress-response
intended to counter the stresses induced by thatrmac activities of chemically
diverse substances. This response involves thheguydation of diverse
macromolecule-protection systems (Hallswaatlal, 2003a), a finding that has
been confirmed in eukaryotic species (Bhagaetral, 2010). Furthermore,
studies of hydrophobic stressors (IagdRoi-wate™ 1.9), which partition into the
hydrophobic domains of macromolecular systems, astnate that they also
have chaotropicity-mediated a mode of action; &ad & chaotropicity-specific
stress response is induced in diverse types obimglrcell to both chaotropic
solutes and hydrophobic stressors (Bhagatrd, 2010; McCammiclet al,
2010). Studies of a Mgetich, deep-sea hypersaline brine lake (LBks&covery

Mediterranean Sea) reveal that the brine in thgation (> 5 M MgCl; water

31



activity 0.382; temperature 15°C) is highly chaptopis devoid of microbial
activity and is therefore effectively sterile (Hallorthet al, 2007). Lake
Discoverylies 3.58 km beneath the surface of the MediteaarSea, and a 1.5-m
halocline (0.05 to 5.05 M Mge@)lrepresents the interface between the overlying
seawater and thiscoverybrine (Hallsworthet al, 2007). Studies of the
stratified microbial community in the interface Wween the brine lake and
overlying seawater (i.e., the “seawater:Discoveaigeinterface”) revealed that
metabolic activity ceases at 2 to 2.4 M Mg@/hereas the water activity,
osmotic potential, and ionic strength at these Mg@Qhcentrations are
biologically permissive for halophilic prokaryotésg., Hallswortket al, 2007;
Daffonchioet al, 2006), MgCi concentrations of > 2.4 M were found to be
beyond the chaotropicity window for life (Hallswbrt al, 2007). A recent
study of microbiology within the seawater:brineairiace at a nearby, but newly
discovered, deep-sea hypersaline brine lake (Lalge¥ reports recovery of
MRNA at higher levels of Mggli.e., within the range 2.27 to 3.03 M; Yakimov
et al, 2014). These concentrations are consistentstutties of the critical
concentrations of chaotropic salt, which preventatelic activity in the Dead
Sea (Oren, 2013). Chaotropic salts and other obgiotsolutes not only stress or
prevent activity of microbial systems; at suffidi@oncentrations they are lethal,
and can indeed act as preservation milieu for beabromolecules and whole

cells (Dudeet al, 2004; Hallswortfet al, 2007). Chaotropicity, therefore, limits
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Earth’s biosphere in a variety of locations (Haltsth et al, 2007; Crayet al,
2013a; Lievengt al, 2014; Yakimowet al, 2014) and in this way is comparable
with life-limiting parameters such as water activipH, temperature, and stressor
hydrophobicity. Whereas scales for measuremennfist of these parameters
were derived some time ago (Celsius, 1742; Bertteld Jungfleisch, 1872;
Sorensen, 1909; Scott, 1957), methodologies artd forithe quantitation

of chaotropicity and a universal, standard scalerfeasurement were only
recently derived (Hallswortat al, 2003a; 2007; Cragt al, 2013b).

At temperatures below 10°C, MgGind other chaotropes have been shown to
reduce the temperature minima for cell divisioruipyto 10 or 20°C for diverse
microbial species (Sajbidor and Grego, 1992; Thoetas, 1993; Hallsworth,
1998; Chinet al, 2010) presumably by increasing macromoleculaailfligty.

This finding is consistent with studies of windofes cell division of a

mesophilic bacterium, which were expanded at lanperatures by a comparable
margin via the insertion of a chaperonin gene feopsychrophilic species (Ferrer
et al, 2003). Chaotropes such as Mg@acC}, FeCk, FeCh, FeCl, LiCl,
perchlorate, and perchlorate salts (Ceagl, 2013b) are, collectively, abundant
in the regolith of Mars. The net chaotropicitymixed-salt solutions (or, indeed,
mixed solutions of other solute types) is influeshbg the presence of stabilizing
(kosmotropic) solutes which are more polar tharewf@®ren, 1983; Hallswortét

al., 2003b; 2007; Williams and Hallsworth, 2009; Bhaigaet al, 2010; Bellet
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al., 2013). It is nevertheless intriguing to speculatether chaotropic salts on
Mars might potentially expand the window for callidion of a microbial
psychrophile by reducing the temperature minimunmietabolic activity. This
has been demonstrated for Earth microbes at subz@qmeratures (Chiet al,
2010) but not yet tested at the known low tempeedimit for cell division (-
18°C). Cells on Earth, and almost certainly a w#lich was located in the
relatively dry environments of Mars, can be expaseshturated concentrations
of solutes in brines (including those associateti deliquescing salts), on rock
surfaces, within rocks or the subsurface, andiis $ar example.
[Finding 3-3 About Here]

3.2 Low water activity limit for terrestrial life

Water is asine qua norior life on Earth and its availability has beerc@ced
central importance vis-a-vis the potential for lble Mars and the definition of
Special Regions on Mars. Life’s dependence onmwsiaf a diverse nature—for
some processes, its fluid properties are importaaliiding transportation of
nutrients, waste products, organelles within trganism, and the organism itself,
whereas for other processes water is needed aglaelonical consumable, a co-
factor, a diluent, a catalyst, or physical stabkiliZA few, but not all, of these
needs may be fulfilled by the availability of huntyd(water vapor) alone. Water
availability is generally quantified as water pdtah(*t'), which is the free energy

of water in a system relative to that of a volurh@ure water, expressed in
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pressure units (e.g., MPa), or as water activity éxpressed as a proportion
related to percent relative humidity (RH) as folkow
av = RH/100
where the relative humidity of an atmosphere isquilibrium with the water in a
system (a solution, a porous medium, etc.). Watézntial ranges from 0 (no
water) to 1.0 (pure liquid water) and is relate@idoy a logarithmic function:
¥ = RT(Vw) ! In aw
where:
YV = water potential (MPa)
R = gas constant (8.31 x"1@n® MPa mot* K?)
T = temperature (K)
Vw = partial molal volume of water (1.8 x 10-5 mol?)
Total water potentiaMota)) is the sum of various components:
Wiotal = Fsolute + Pmatric
where:
Ymatric = matric water potential, loss of water availapitiue to sorption
and capillary effects, e.g., desiccation
Wsolute= SOlute or osmotic water potential, the decreaseater

availability due to solutes being present in thieitson.
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As in the 2006 study, water activity continues ¢éodolvantageous as a
measure of water availability on Mars becauseaetxigressed in units that do not
include temperature—although it can be influencgtemperature, as when
water is in contact with ice. Water activity camlbss than 1.0 due to both solute-
and matric effects.

[Table 3 About Here]

An extensive review of the literature, includingppes published since 2006,
demonstrates that the lowest knowraawhich terrestrial microbial proliferation
has been observed is ~0.61 (Table 3, e.g., Stevensdtn2014). These findings
are divided into microbial responses to solutespanly NaCl and sugars, and
responses to matric-induced reductions in water.

[Finding 3-4 About Here]

Pitt and Christian’s (1968) report of spore gerrtioraby the fungus
Xeromomyces bisporurs a sucrose solution af & 0.605 remains the world’s
record for growth at lowa although spore germination alone may not really
amount to cell reproduction (Fig. 7). Linear extensof fungal hyphae at slightly
higher & (~0.65; Williams and Hallsworth, 2009; Leoagal, 2011) probably
better represents the lower lamit for growth. However, as pointed out in
previous Special Region reports (Beatyal, 2006; Kmineket al, 2010), food-
related studies conducted in concentrated sugati@a$ have little obvious

relevance to the growth and reproduction of Eargfanisms on Mars, though
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some extreme xerophilic fungi suchAsspergillus penicillioidesnhabit a variety
of environments on Earth, most of which are noasugh.
[Figure 7 about here]

Brines are more Mars-relevant, and these have lbesirstudied on Earth for
NacCl solutions. Microbial growth is known to ocaitrall NaCl concentrations,
including saturated solutions (~25% w/v, ~ 5 M,=0.75). Halophilic members
of the Bacteria, Eukarya, and Archaea are adaptdiese extreme salt
concentrations, functioning in these brines by wdiclg Nd, which is inhibitory
to many intracellular enzymes, and accumulatinguagllular compatible solutes
(e.g., KCI, amino acids, glycerol, trehalose, eBrpwn, 1976; Harris, 1981,
Csonka, 1989). Many other solutes, e.g., d@§Cl,, MgSQ: are even more
inhibitory than NaCl (as discussed in Section 3,1a8d thus the lowest
documented salt-induced at which terrestrial microbes can proliferate.is850
(Fig. 8).

[Figure 8 about here]

Reductions in\acaused by matric effects are more inhibitory torobial
activity and growth than those caused by soluteited reductions in,aso
microbial responses to desiccation offer no chgksrto the ~0.605 lowew a
limit. Desiccation has been well studied in sol&gere the inhabitant
microorganisms are probably better adapted to matduced low @ than in any

other terrestrial environment. As a soil loses wdt&ing desiccation, soll
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respiration measured as €@roduction diminishes to undetectable values.at a
~0.89 (Griffin, 1981; Manzoret al, 2012; Moyancet al, 2012, 2013; see Fig.
8).

It must be noted that the measured microbial respbwere is cellular
respiration; as with temperature responses, anti@bbial growth likely ceases
at a higher water potential. Filamentous fungiichtare able to extend hyphae
through air gaps between thin films of water, drgsoil litter layers, have been
reported to grow atsgas low as 0.75 (Harris, 1981; Manzenhial, 2012).

Causes of inhibition by low matric-induceg-adecreases in solute diffusion,
cell motility, etc.—are further discussed in redatito thin water films, below.

3.3 Other factors affecting life in liquid H20 besides a

Not all aqueous solutions with activity above thiéaal value are necessarily
supportive of growth and reproduction of microorigars. In addition to the
osmotic stress that may be imposed by a soluti¢im twd high or too low
concentrations of solutes, there are also congidasaspecific to the identity of
the solutes, themselves. Many solutes that arefiogal or essential nutrients up
to some level of concentration may become inhilgitortoxic at higher levels.
Adverse effects can arise from a variety of mecrasj ranging from
destabilization of conformation and functional catgnce of macromolecules
(see chaotropic activity, above), to interferendth wmall metabolites. Not all

organisms are affected to the same extent. Exanmpdeude the halophilic
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specialists, which have evolved an extensive reperof special capabilities to
deal with high solute concentrations of'Nend Clions. This does not
necessarily pre-adapt them, however, to brinesrerasimple salts, such as
MgSQy, FeCh, or Ca(CIlQ)2 which could occur on Mars. Some soluble oxidizers
are sufficiently strong to be sterilizing for alm@dl microbes, ranging from
peroxides to hypochlorites (e.g., Ca(GO)Transition elements and heavy
metals, typically present at only trace concerdregj can facilitate coordination
with key ligands as reaction centers for certaimyeratic activities, but become
toxic to other functions at higher concentrations.

3.4 Atmospheric composition and pressure

In understanding the prospects for Earth organtsemsplicate on Mars, it is
important to consider the composition and presetitee martian atmosphere,
which may provide both opportunities and challertgelsarth life. The
composition of the martian atmosphere at the sarnfeas originally measured by
the Viking landers in 1976 ( Owest al, 1977; Owen 1992), and recent re-
measurements by the MSL rover in 2013 were geryszahsistent with the
Viking data and yielded a composition of the fivajar gases: C§(96.0%), Ar
(1.93%), M (1.89%), Q (0.145%), and CO (<0.1%) (Mahaféy al, 2013). In
addition, orbital measurements from the CRISM unsient aboard MRO have
yielded average values for CO (0.07%) an®HO0.03%), but these values are

subject to large seasonal variations (Smith e2@D9b). Several other gases are
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found to be present at minor concentrations, sediea(2.5 ppm), Kr (0.3 ppm),
Xe (0.08 ppm) and ozone (0.03 ppm, but variableydet al, 1977). Many of
the primary gases are likely remnants of the prai@ratmosphere (e.g., GON,
and the noble gases). In addition, through photmated processes by the action
of solar UV radiation on the primary martian gasesne of the minor species
have been produced (CO, Oz, @3, H, NO) (Krasnopolsky and Feldman 2001).

3.4.1 Methane and hydrogen

Although most constituents of the martian atmosplaee well known,
including their isotopic variability, two gasesastrobiological interest are still
not yet well quantified: methane and hydrogen. hBiztn be important in redox
couples for microbial growth. On Earth, methanprizduced both by abiotic
(e.g., volcanism) and biotic processes (e.g., rhiatanethanogenesis from GO
and B; Ferry, 2010). Thus, methane is potentially anangmt martian
biosignature. Molecular hydrogen Hs likely produced by UV radiolysis of
water vapor in the upper atmosphere, and indeedaular hydrogen has been
detected in the upper martian atmosphere by sgecpy from Earth-based
telescopes (Krasnopolsky and Feldman, 2001). Honwewvaecular H has not to
date been measured at the martian surface, altrsmrglntinization of rock in
the martian subsurface has been postulated to geaghundant H(Schulteet al,
2006).

3.4.2 Oxygen
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Because molecular oxygenAs such a vital need for most multicellular
organisms including humans, we tend to forget ¢éimaEarth life probably
originated and evolved for over one billion yeassentially in its absence (Pufahl
and Hiatt, 2012). At present, numerous specie&rae/n among the bacteria,
archaea, and lower eukarya which can grow and dejmoin the absence ot O
(Fenchel, 2012; Horikoslat al, 2011). In addition, it is important to note ti@t
is not absent from the martian atmosphere, butasgmt at a low concentration
(ca. 0.00145 volume mixing ratio; Maha#y al, 2013). By rough calculation,
the pQ in the "average" martian atmosphere (which hapthssure of 700Pa, at
-10°C) is ~1 Pa, which corresponds to a dissolvedddcentration of ~3 nM; in
comparison, the £concentration on sea-level Earth (~101.3 kPa, +RE €250
uM. To put that into perspective, it was recendgarted (Stolpeet al, 2010)
thatEscherichia col(bacterial) cells could grow using aerobic regmraat a
concentrations of £as low as 3 nM—the same Concentration as on Mars.
[Finding 3-5 About Here]

3.4.3 Pressure

In the 2006 MEPAG report, Mars atmospheric presa@® only briefly
mentioned as a factor that might affect survivalegroduction of Earth
microbes, (Table 1, “Conducive physical conditigridgatyet al, 2006). The
global “average” pressure on Mars has been vagastimated to be ~ 600-800

Pa, but the actual pressure at a particular locatépends on both season and
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altitude, generally ranging from ~100 Pa at thedb@lympus Mons to ~1,000
Pa in the Hellas Basin. Lab experiments have shbathmost bacteria are unable
to proliferate under pressures below ~2,500 Pa wsthgr Earth atmosphere,
100% CQ, or simulated Mars atmospheric gas mixtures (Sganend
Nicholson, 2006; Thomast al, 2008; Berryet al, 2010; Kralet al, 2011),
suggesting the existence of a low-pressure bagidgre growth of Earth bacteria
on Mars. Nonetheless, this study reviewed a patiin that claimed
proliferation of avibrio sp. under the low pressure of 1-10 Pa (Pagtod.,
2010), and two reports were published in 2013 deisgy proliferative cell
division under a low-pressure simulated Mars atrhesp (700 Pa, 0°C, and
anoxic CQ) by sixCarnobacteriunspp. isolates from Siberian permafrost
(Nicholsonet al, 2013) and by a laboratory strain®drratia liquefaciens
(Schuergeet al, 2013). These results suggest that the low-predsarrier is not
in any way absolute, and that variations in atmesptpressure cannot (at
present) be used to define Special Regions in arteopMars versus another.
[Finding 3-6 About Here]

3.5 UV radiation on the surface of Mars

During the day, Mars is bathed in strong ultravigldV) light. The
wavelength of UV radiation on Mars extends from ~#90 nm, encompassing
UV-C, -B, and —A wavelengths. Given that the maradémosphere is thin, GO

rich, and ozone-poor, the UV reaching the surfdddars has a ~1000-fold
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greater biocidal effect than on Earth (see Beatyl, 2006). Before 2013, data
from direct measurements of UV spectrum and intgrdithe surface had not
been available, so ground-based simulations wesedoan various models (Kuhn
and Atreya, 1979; Appelbaum and Flood, 1990; Coakedl, 2000; Pateét al,
2002) which were generally in good agreement waitheother. Subsequent
direct measurements of UV, which were made by MRdser Environmental
Monitoring Station (REMS), were found to differ fnothe models by less than a
factor of 2 (Maria-Paz Zorzano, personal commuiooat

Experiments conducted prior to 2006 had shownhhbedy spores of
organisms that were actual spacecraft contamirtantsl be deposited on
spacecraft surfaces and exposed to UV closelyaapig the spectrum and
intensity of Mars. The results of these experimeletsionstrated that: (1)
unshielded spores were rapidly inactivated withfava minutes to a few hours,
and; (2) relatively thin layers (on the order cfdehan a millimeter) of UV-
opaque materials such as dust or regolith coukttfely shield microbes from
UV (see below and references given in Table 4).

[Table 4 About Here]

Numerous studies published since the 2006 MEPAGrtémave measured the
survival of various microorganisms subjected toudated Mars UV exposure
(e.g., Diaz and Schulze-Makuch, 2006; Tauschek,e2@06; Moores et al., 2007,

Pogoda de la Vega et al., 2007; Fendrihan et@D92Gomez et al., 2010;
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Johnson et al., 2011; Kerney and Schuerger, 204120 et al., 2008; Peeters et
al., 2010; Smith et al., 2009a), but none of thgiseies have led to changes in
findings (1) and (2) above. Since UV light mayrbeeived everywhere on the
surface of Mars, it is not a good discriminatoraeling the presence or absence
of Special Regions on Mars, although its effectshenmartian surface chemistry
may be profound all over Mars.
[Finding 3-7 About Here]

3.6 lonizing radiation at the surface

In the 2006 MEPAG report, it was stated that théase of Mars is
“significantly influenced by galactic cosmic radat at all times,” and that “for
organisms near or at the surface, long-term expadsugalactic cosmic rays
(GCR) and solar particle events (SPEs) will celyaimcrease lethality and reduce
viability” (Beaty et al, 2006). In 2012-13, direct measurements of tiwe dif
ionizing radiation on the surface of Mars were masiag the RAD instrument
carried on the MSL mission (Hasskdral, 2014). During a 300-sol period, the
RAD instrument detected a relatively constant immgzadiation flux of ~0.18-
0.225 mGy per day, composed almost exclusively©R(a single SPE on Sol
242 was recorded as a transient spike to 0.26 neGyay. Evaluation of long-
term integrated solar energetic particle (SEP) siéseasteroids show that they
do not exceed the GCR dose except near the sy@dad et al, 1999), and that

the martian atmosphere provides sufficient shigldivat the total SEP dose is less
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than double the GCR dose. Over a 500-year timedyane Mars surface could be
estimated to receive a cumulative ionizing radratiose of less than 50 Gy,
much lower than the Lé3 (lethal dose where 90% of subjects would die)fgen
a radiation-sensitive bacterium such as E. coliggdd ~200-400 Gy) (Atlan,
1973). Accordingly, it can be stated that the Rédda showed that the total
surface flux of ionizing radiation is so low aseteert only a negligible impact on
microbial viability during a 500-year time framedstleret al, 2014). These
findings were in very good agreement with modeshglies (Dartnelét al,
2007; Normaret al, 2014).
[Finding 3-8 About Here]

3.7 Polyextremophiles: Combined effects of environental stressors

In the majority of Mars simulations studies, partame (pressure,
temperature, UV, etc.) have been applied eithglgior in at most a combination
of two or three. Thus, at present it is unknown mieroorganisms respond to
the complete suite of Mars environmental conditiapglied simultaneously. For
example, there are no direct measurements of gigyhactive species predicted
by photochemical models of the interaction of stl&rwith atmospheric
constituents to produce free radicals, atomic gseoons, and even molecular
oxidants (such asf) Some of these species may be catalyticallgactively
destroyed by interaction with soil grains, but tisisargely unknown at this time,

and may have primary or secondary interactions fritst on the martian surface.
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It may be that these species have destroyed orgaaterial in the upper mm to
meters of martian soil, and over time may be abl&drilize that layer, as well.
[Table 5 About Here]

The term polyextremophile refers to microorganisha possess some type
of resistance to or repair mechanism for more thranchallenging environmental
circumstance (Harrisoet al, 2013), some of which are listed in Table 5. These
also may include hypertolerant organisms, whichwginstand extremely
concentrations of a substance considered to be toxife, such as arsenic
(Drewniaket al, 2008). In some cases, microorganisms may posgess
appears to be a single main mechanism that cordsistance to more than one
condition, e.g., salt tolerance and radiation tasrse (Rainewt al, 2005). In
other cases, microorganisms seem to have devesgpedate mechanisms to
address different conditions but are experiendwegr simultaneously in their
environments. Examples incluésychrobactet. 0S3S-03b isolated from deep
sea hydrothermal vents that has been studied $@taace to heat shock,
desiccation, BHO», and UV and ionizing radiation (La Det al, 2007). Yuan et
al. (2012) have noted that the organiBeinococcus gobiienslsas resistance to
both gamma and UV radiation and that this resigtappears to be related to the
same mechanisms. Joretsal.(2011) developed the idea of temperature and
pressure phase space in an attempt to assessditaeiions of resistance to both

of these environmental conditions. A study th&grapted to compare resistance
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to temperature, pH, salt (NaCl) concentrations, predsure (Harrisoet al,
2013) had concluded that their study “...revealsraléumental lack of
information on the tolerance of microorganisms tdtiple extremes that impedes
several areas of science”.Understanding how microorganisms respond to
multiple extremes is an important considerationplanetary protection. Any
organisms on spacecraft would experience exposuraittiple extremes
(radiation, desiccation, etc.) and their abilitydterate and/or repair damage
could affect their ability to survive transit t&Special Region (natural or
spacecraft induced). A broader understanding bfeéremophiles could
redefine our limits to life and in turn Special Re&ts on Mars.
[Finding 3-9 About Here]

3.8 The issue of scale: Detecting microbial microgironments

Martian environments we can detect from orbit anetzat might be called
“landscape-scale”. The quantification of theseiemments depends on the
nature of the instrument package used to detewt,that the detectable scale is
typically one of meters to kilometers. Detectediemnmental conditions can also
be scale-dependent over time because of kinetior&ae-where the environment
is not yet (and may never be) in thermodynamicléayiim, and in any event is
characterized by temperatures and pressures urdamoilEarth organisms
(including humans).

[Table 6 About Here]
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In contrast, organisms that may be carried by spattecan be driven by
processes undetected from space, or governed lnpemental extremes not
previously encountered. For example, the envirartaleonditions of relevance
to a microbe are measured at a scale BflD® microns, which cannot be directly
observed from orbit (see Table 6). Likewise, @lbitbservations, and even
landed missions working for only a short time (€10 days to 10 years) may
never detect processes taking place on the tineestalecades or centuries, or
may have a revisit-time between observations aréiqular surface location that
is months or years long. In each of these caséisat details will be missed
because of the mismatch of scales between whatasuned and the technology
used to measure it.

[Finding 3-10 About Here]

3.8.1 Possible microscale environments on Mars

Despite the inherent difficulties of exploring amtiee world scientifically,
Mars is gradually giving up clues to the possipibf environments that may be
capable of supporting Earth organisms. At preddats exploration is focused
more on questions regarding ancient habitabiligntbn questions of present-day
environments, so certain data may be lacking tesssthem completely, but it is
clear that there are candidates that must be exa@mniAccordingly, a set of seven
microenvironments that either do or might exisunaity on Mars was defined for

characterization and evaluation as part of thidys{@able 7). The following
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sections of this report evaluate the possibiligt tthese microenvironments exist
on Mars, and if so, whether their natural environtakconditions are within
bounds that allow for the reproduction of terredtnmicrobes. An additional set
of four microenvironments that might be createdlifferent kinds of exploration
activities is also included in Table 7.
[Table 7 About Here]

3.8.2 Vapor-phase water and its use by Earth orgfasi

Desert environments on Earth are demanding haliaatde due to their
limited water availability. Under dominating arigi liquid water is observed
either during periodic rainfall events, under foggnditions, or as condensation
on surfaces by dew formation. Atmospheric relabivenidity (water vapor) can
increase at night due to atmospheric cooling babrsnally low. The resulting
water stress results in the restricted diversitglesert life, dominated by soil- and
rock-surface microbial communities that are defibgdheir physical location
with regard to those surfaces, and include bioklgoil crusts, hypoliths,
epiliths, endoliths, and bio-aerosols (Pointing Bethap, 2012). Table 8 cites
some of the available literature regarding micrbiyiatabolism and growth in
deserts on Earth.

[Table 8 about here]
While these conditions exclude many life forms, ploéilohydric nature of

lichens allows them to live in such extremely afidhates without suffering the

49



damage that can be caused by periods of drynessuatiead by episodic exposure
to elevated moisture conditions. These are bestckerized in areas where dew
condensation or fog occasionally occur (usuallyight), and the presence of
liquid water allows for hydration and dark respwatfollowed by CQ fixation
associated with net photosynthesis in the earlyqiahe day. This activity
subsequently ceases as temperatures rise and hulewdls drop, leading to
desiccation due to water loss through evaporatiandeet al, 2006; Langest

al., 1990).

Under more extreme conditions where moisture isceciéhas been shown
that lichens are metabolically active in the abserfdiquid water, down to 70%
relative humidity (Lange 1969, Lang¢al, 1970, Naslet al, 1990, Palmer and
Friedmann 1990, Langs# al, 1994, Lange and Redon 1983, Redon and Lange
1983). Lichens are symbioses between fungi arakeabg cyanobacteria (referred
to as phycobionts). Lichens specifically with dlghycobionts appear to function
at these lower relative humidities, whereas thasehwith cyanobacterial
phycobionts have a higher threshold near 90% (H&82; Palmer and
Friedmann, 1990). While all can revert to actithyough contact with liquid
water, it has been shown that uptake of water valmore can reactivate
photosynthesis in lichens with an algal phycobi@utin, 1954; Lange and
Bertsch, 1965; Lange and Kilian, 1985; Nastletlhl, 1990; Schroeter, 1994),

whereas lichens with cyanobacterial phycobiontaatoexhibit the same
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universal capacity and appear to require liquidew#d activate photosynthesis
(Langeet al, 1993; Langest al, 2001; Lange and Kilian, 1985; Langkal,
1986; Langeet al, 1990; Lange and Ziegler, 1986; Schroeter, 1994).
Microscopic examination of both types of lichens Bhown this to be due to the
inability of cyanobacteria to attain turgidity whagdrated with water vapor
alone (Budel and Lange, 1991). However, it has béen shown that a
cyanobacterial phycobiont isolated in the laborattan achieve turgor and
photosynthesize under conditions of high humiditgngeet al, 1994). Such
work brings validity to earlier studies showingtthganobacteria can
photosynthesize under arid conditions, includirgdgical soil crusts and
cryptoendolithic habitats (Brock, 1975; Palmer &ngédmann, 1990; Potts and
Friedmann, 1981).

[Finding 3-11 About Here]

While photosynthetic activity in the absence otildywater has been
documented in arid climates of temperate regionsrevlocal humidity can be
high (Lange and Redon, 1983; Redon and Lange, 1883gabolic activity can
also occur at subzero temperatures where wateseria solid phase as snow or
ice, often under snowcover (Kappen, 1989; Kapgteal, 1986; Kappen and
Breuer, 1991; Kappeet al, 1990; Kappen, 1993; Pannewdizal, 2003;
Schroeter and Scheidegger, 1995). While meltingnofv and ice can lead to

moistening (Lange, 2003), water vapor by itselfarps metabolic activity under
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cold temperatures (Kappen al, 1995) whereby a vapor gradient forms between
ice and the dry lichen thallus (Kappen and Schrpé&&97).

The ability to attain net photosynthesis using wasggpor alone as well as
survive long periods of desiccation are importamvival strategies for lichens in
desert habitats. Lichens with algal phycobioniseap to attain positive net
photosynthesis under lower relative humidity caondis than those with a
cyanobacterial phycobiont, and experience muchdmigites of photosynthesis
when exposed to higher humidity levels. This sstgyéhat they are the best
opportunists to survive under the most arid coadgion the planet. While the
limits for activity have been well defined, eviderfor cellular reproduction (i.e.,
propagation) in the complete absence of liquid wamains to be confirmed—
but may be possible, and could have significanticapons with respect to the
existence of Special Regions on Mars.

[Finding 3-12 About Here]

3.8.3 Ice-related microenvironments

Ice can contain unfrozen water in a vein networtkvieen ice crystals where
solutes concentrate that may be a possible hdbrtaticroorganisms (Madeat
al., 2006; Price, 2000). Various studies conductedesifi®1 support the idea that
microorganisms can be active within ice. For exambpécteria have been found
to exist and metabolize within briny veins and ustbns in sea ice (Jungéal,

2004; Junget al, 2006). The presence of anomalous gas concemisatio
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glacial ice also suggest that microorganisms cataloéize within ice (Sowers,
2001; Campeet al, 2003; Tunget al, 2005Tunget al, 2006 Miteveet al,
2007; Rohdeet al, 2008). However, it is unlikely that life can reduce within
crystalline ice without the presence of liquid watsl ice-related
microenvironments are constrained by the low teatpee limit defined in
Section 3.1 and the water activity limits definedSection 3.2.

3.8.4 Brine-related microenvironments

Brine-related microenvironments can occur at aerarf scales, from large
volumes of brine down to fluid inclusions in saltice crystals (e.g., Hallsworth
et al, 2007; Gramairt al, 2011; Lowensteiet al, 2011; Yakimowt al,
2014). Determining whether a terrestrial microbald reproduce in such an
environment is almost entirely dependent on thesjglay chemistry and
thermodynamics of the brine, however, rather ti@physical scale of the brine
pocket. As such, constraints on this microenvirentare described in Section
3.8.1 of this report.

3.8.5 Thin films

Observations and models indicating small amountsaoient water on
martian surfaces, including spacecraft surfaces, (fae PHX lander), raise the
guestion of whether these droplets and thin filfnsater could support
proliferation of terrestrial microbes. The ansvies in our understanding of

microbial responses to low water activity, as dssad in Section 3.2. Loss of
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water in a system dominated by one or more solifhses, i.e., decrease in matric
water potential or water activity, exemplified bgsiccation of a porous medium
(soil, martian regolith, food, etc.), is more inibdioy to microbial activity than
equivalent decreases in @aused by solutes such as NaCl or sugars (Hdrak
1981). As a porous medium loses water during dasan, the thickness of water
films diminishes. Water film thicknesses vary panify as a function of water
potential (or water activity), but are also infleed by surface roughness, surface
hydrophobicity, temperature, texture, and othetdia; water film thickness are
also not uniform, so an average water film thiclenesneasured or calculated
(Papendick and Campbell, 1981; Harris, 1981; Toganda012). Considering a
range of data for average water film thicknesseskihaga, 2012) and converting
water potentials to water activities, it is cleaattaverage water film thickness
declines sharply asvaleclines from 1.0 to 0.90, and that the highektevaf
water film thickness estimate at @ 0.9 is ~15 nm (Fig 9).

[Fig. 9 here somewhere]

This is one-tenth or less of the diameter of thalkrst terrestrial microbial
cells (Kieft, 2000). Solute diffusion and cell midg within such thin films are
nearly zero (Griffin, 1981), and thus microbest@apped without access to
external nutrients. Moreover, they are likely hgsivater to the thin films rather
than gaining the requisite water for populationvgto(increase in abundance and

biomass). Empirical data supporting this view uig the repeated finding that

54



soil respiration (C@production by inhabitant microbes) declines to
unmeasureable values as soils are desiccated0.89 and lower (Sommees$
al., 1981; Manzonet al, 2012; Moyanaet al, 2013). Any solutes within the
water of the thin films would further decrease #hend further inhibit microbial
activity. The overall conclusion regarding waténg is that water activity
remains the relevant fundamental parameter infligneater film thickness and
microbial responses.
[Finding 3-13 about here]

3.8.6 Groundwater

Approximately 50% of the Earth’s total biomass &x&s subsurface
prokaryotic life, much of which is found within umesolidated sediments and
groundwater (Whitmaet al, 1998). Rock-water interactions in the subsurface
provide numerous substrates (e.g) td support chemosynthetic microbial
activity that may include denitrification, mangaeeeduction, iron reduction,
sulfate reduction, and methanogenesis (StevendlaKiihley, 1995; Nealsoet
al., 2005; Linet al, 2006; Chiviaret al, 2008). Methane can be generated from
H2and inorganic carbon via Fischer-Tropsch-type sgith) and this too can fuel
subsurface activities (Sherwood Lolkgral, 2002). It is thought that
groundwater was abundant on Mars during the Noadma Hesperian periods
(Carr and Head, 2010), and likely persists at sdapth and quantity today

(Clifford et al, 2010, Lasuet al, 2013). Based on potential scenarios for
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groundwater to exist (Michalski al, 2013) and assuming that the necessary
minerals, nutrients, and energy are present (Figk@ovannoni, 1999), these
groundwater systems may support similar microbielaiolisms (Bostoat al,
1992) including hydrogen-based methanogenesis @leagt al., 2002) or
anaerobic methane oxidation (Madbal, 2014).

Evidence for groundwater activity on Mars includefigial expressions such
as recurring slope lineae (McEwenal, 2011) as well as mineral deposits
including sulfates, clays, and carbonates. Assgrthiat these minerals formed as
a result of chemical supersaturation and subsegueaipitation from the
aqueous phase, such deposits provide importanemsgdfor past or present
groundwater activity. Similar deposits associatéth groundwater spring
activity and subsurface microbial communities awend on Earth (Chiviaat al,
2008; Farmer, 2013; Janssen and Tas, 2014). \Wisl&éypothesized that
groundwater on Mars would be briny (Burt and Kna@®03), brines can support
subsurface microbial life on Earth (Brown, 1976pflsa, 1989; Bottomlegt al,
2002; Katz and Starinsky, 2003; Let al, 2006; Onstotet al, 2003; Liet al,
2012). In the absence of conclusive evidence fourgdwater activity,
comparison of surficial deposits associated withugdwater activity to those
observed on Mars make them important targets talysby potentially linking
them to deep subsurface groundwater supportingoimiailife on Mars.

[Figure 10 About Here]
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3.8.7 Condensation and melting

Whereas the martian environment is dry and cold,the atmospheric
pressure of Mars is quite low by Earth standards;sMs not always so cold as to
freeze water, and outside of the Tharsis bulgeGigthpus Mons (and especially
in Hellas and other basins) the atmospheric pressugenerally high enough to
allow any unfrozen water to exist as a liquid food periods of time before it
either evaporates or boils away. This is a dynarcess, and the persistence of
water would be influenced by the existence of &dum the water or the presence
of nearby ice, while its evaporation or boiling idbbe expected to be affected by
insolation or other sources of heat. Fig. 10 shihesharrow window above 608
Pa (0.006 atm) where liquid water can be stablewvt@eperatures are above 0°C
and below about 7°C.

With such a narrow window for its stability, it Wwouseem that water would
have to be delivered through the atmosphere t@efgplocation for liquid water
to be found at that spot, and at this point in ttirere are no expectations that
liquid water as rain will fall as part of the watarcle on Mars. Snow, however,
has been detected on Mars (see Section 4.11hoW snelting yields liquid water
on the surface of Mars, even periodically for oalghort time, that water could be
available for microbial use and define (for howesteort a time) a Special Region
on Mars.

[Finding 3-14 Here]
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3.8.8 Water in minerals

Minerals can be sources of water and so the qureatiees as to how
biologically available this mineral-associated wase Swelling clay minerals
like smectite serve as a good test case becaugedhenold more water than
nearly any other minerals due to their extremegjhtsurface-to-volume ratio.

[Figure 11 about here]

In Figure 11, the strong silicate (red and yell¢e@tjahedra shown are
connected by octahedrally coordinated aluminumraagnesium to form strong
continuous sheets. The sheets are held togetheatey molecules and cations in
the interlayer. Water molecules are also adsodoeithe surface of the tetrahedral
sheets that may or may not form a thin film of wat®lecules depending on the
availability of water in the environment. The biadability of this surface-sorbed
water is related to other thin film water, as dss®d in Section 3.8.5. This outer
surface-associated water is only of use to micr@begater activities above ~0.9.
The hydrogen found between the tetrahedral layarars as OHand is not
released until the clay is destroyed at high teatpees. The water molecules
between the layers can be released over time, lmadrumidity/low &
conditions and the distance between the tetrahetesdts decreases
correspondingly. This contraction of the clay oftauses mud cracks to appear
in the sediment. The interlayer water is not dlyeavailable to microbes due to

tight binding to the clay minerals and the thinnelsthe interlayer_ (<4 nm).
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Structural water within the mineral is not biologjly available. Minerals such as
pyroxene can also have surface-sorbed water sibfasthan clay minerals due
to the lower-surface-to-volume ratio. The conabasihat we can draw here is
that mineral-associated water held by clay minetaks not form an exception to
the previous conclusions about the effectswobraof water in thin water films,
and therefore is not biologically available outsadeéhose constraints.

3.9 Asynchronous access to resources by organisnmglats potential
significance to Special Regions

Physical, chemical, and biological processes octgsponse to relatively
rapid changes in environmental conditions, suctii@®al variation in
temperature and relative humidity. The processe$raquently not
instantaneous, and the details of the kinetics In@ag biological consequences.
Lag times between these processes (given nondequih conditions) could
provide intervals of favorable conditions for bigical function. However, the
extent to which organisms can retain a particidaofable condition or resource
while waiting for a favorable state of another dtind to occur is poorly studied.
The primary asynchrony of significance for purposkassessing Special Regions
on Mars revolves around the acquisition of watemfran extremely dry or cold
environment followed by a subsequent overlap andter@ance of that liquid
acquisition with episodes of temperatures high ghdar cellular reproduction.

In other words, can organisaait it out” between periods of higher relative
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humidity at sub-growth temperature, and a later instemperature that permits
growth but where the relative humidity is below hisavater activities?
[Figure 12 about here]

3.9.1 Abiotic water-trapping mechanisms

Some surface properties can facilitate condensafigapor phase materials
even when the conditions of the bulk material dbfawor such condensation
(e.g., Park et al., 2007; Humplik et al., 2011)llidark characteristics of such a
situation include physical or chemical propertieg(, surface roughness, or
three-dimensional structures) that can operateandifferent ways: 1) cause
enhanced attraction of vapor-phase or liquid pheser to surfaces or materials
or 2) retard the evaporation or sublimation of watgck to the environment.
Passive microniche water-trapping capacities irelsglveral examples. First,
porous rock (e.g., sandstone) has been shown tokabscasional frost or snow
(cf., Friedmanret al, 1987; see Fig. 12). The complex three-dimens$ioma
structure of the rock physically retards evaporabecause of extensive
intergranular spatial conduits and high surfacea.afesecond example is found in
desert or rock varnishes, which are surface costingt form on arid land rock
surfaces and are composed of metal oxides (patlguton and manganese) with
often a silica glaze over the metal oxide layersr( 1991, 2007a; Liu and
Broecker, 2000). On Earth, such varnishes arditited by the presence of

microbial communities driven by photosynthesis aachprised of a number of
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different types of organisms (Spiléeal, 2013; Northupet al, 2010; Liuet al,
2000; Garvieet al, 2008; Dorn and Krinsley, 2011; Kuhlmanal, 2008). The
silica glazes that sometimes overlie the oxidey,dad microorganisms (Perey
al., 2006; but see Dorn, 2007b) are patchy at theaniand tens of micron
scales, thus allowing penetration of water but alsing to inhibit evaporation or
sublimation.
[Finding 3-15 here]

3.9.2 Biotic water-trapping mechanisms

In addition to abiotic processdsptic physico-chemical water-trapping
capacities exist based on some type of highly gibiserbiomolecules that trap
fluid in one of two ways: 1) biomolecules with antrinsically high affinity for
water and three dimensional structures that helpstain the water, or 2) layered
biologically produced structure composed of impewsei or less permeable
materials. Many types of glycoproteins hold wdteell described in Antarctic
fishes) because of their chemical affinity foraibhd some can act as antifreeze
compounds (e.g., Devries, 1971; Davies and Syk/)1 Mucins and
compounds with sugar groups hold water and retazgireatic digestion (Derrien
et al, 2010), both properties enhancing water retentinin a microorganism.
Some organisms can also produce proteins whichtbirg® crystals (known as
ice binding proteins) inhibiting recrystallizatidire., Jiaet al, 1996), which

enables cells to maintain a liquid environmenbatdr temperatures and has been
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shown to retain brine within sea ice (Janethl, 2006; Raymonet al, 2008).
Ice-nucleation proteins in some plant-pathogenatdra (Lindowet al, 1982;
Gurian-Sherman and Lindow, 1995) and in some lidhegi (Kieft, 1988) serve
as templates for the ordering of water into crykttiices at relatively warm
temperatures (~-3°C), and in the case of the lish#rese may enhance moisture
acquisition. Macroscopic structures like microbradts, cyanobacterial sheaths
and trichomes and thick lichen thalli can allow gtation of fluid but can act as
a low permeability barrier to re-evaporation orlguhtion (Ortega-Calvet al,

1991, Verrecchiat al, 1995; Stoltz, 2000).

4. Observed Martian Phenomena Potentially Relatetb Naturally Occurring
Special Regions
[Figure 13 about here]

4.1 Recurring slope lineae

RSL are narrow (<5 m wide), dark markings on st@&3-40°) slopes (Fig.
13) that appear and incrementally grow during waeasons over low-albedo
surfaces, fade when inactive, and recur over meltfars years (McEweaet al,
2011). They are considered “confirmed” when mary0f features are seen to
grow incrementally on a slope, fade, and recur uttiple years. RSL are called
“partially confirmed” when either incremental grdwar recurrence has been

observed thus far, but not both. There are maaggsses that form relatively
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dark lines on steep slopes, including slow anddrdpy mass wasting. Therefore,
observing the peculiar temporal behavior is esakfur definite RSL
identification. They often follow small gulliesubno topographic changes in
these gullies have yet been detected via 30 cn/pneges from MRO’s HIRISE.
There are some features that are RSL-like yet dditrall criteria; for example,
in Aram Chaos, slope lineae only grow a bit atrthps and have not faded for
over 2 Mars years.

[Figure 14 about here]

There are 3 geographic groups of confirmed RSLos€&hn the first group
appear and lengthen in the late southern sprimgigir summer from 48°S to
32°S latitude, favoring equator-facing slopes—tiraed places with peak diurnal
surface temperatures ranging from >250 K to >300Ker 2012-2013, active
RSL have been confirmed in equatorial (0°-15°S)argyof Mars, especially in
the deep canyons of Valles Marineris (McEvetral, 2014a). The equatorial
RSL are especially active on north-facing slopesarthern summer and spring
and on south-facing slopes in southern spring anthger, following the most
near-to-direct solar incidence angles on thesgpsiepes. Some of these lineae
are especially long, over 1 km, following pristigellies. More recently RSL
have been confirmed near 35°N in low-albedo AcalBlianitia, on steep equator-

facing slopes; these RSL are active in northernnsean{McEweret al, 2014b).
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The global distribution of RSL (Fig. 14) shows thbelow 2.6 km altitude, and
only on low-albedo (low-dust) surfaces.

The fans on which many RSL terminate have distiectiolor and spectral
properties in MRO/CRISM data, but lack distinctivater absorption bands
(Ojhaet al, 2013). Ferric and ferrous spectral absorptionsiase with RSL
activity, perhaps due to removal of a fine-graisadace component during RSL
flow, precipitation of ferric oxides, and/or wefiof the substrate.

All confirmed RSL locations have warm peak dailgnperatures (typically
>273 K at the surface) in the seasons when RShairnee. However, most times
and places with these properties lack apparent (R@haet al, 2014), so there
are additional, unseen requirements for RSL foromatiwe do not know what
time of day RSL are actively flowing, so the tengiare of any water associated
with them is not known. There is no observatiomalstraint on salt
concentration. The peak RSL activity in the mititlmes corresponds to the
season of peak temperatures in the shallow sulzsuffd m) rather than at the
surface, consistent with melting ice or heatingrayed salts in the shallow
subsurface.

Laboratory experiments show that very small amoahtgater or brines
darken basaltic soils but may only produce wealenalbsorption bands
undetectable in ratio spectra after partial dehyainaduring the low-humidity

middle afternoon conditions when MRO observes (Pernohet al., 2013b;
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Masseéet al, 2014a). No entirely dry process is known to @eatch slowly or
incrementally advancing seasonal flows or theirddading, but the RSL bear
some similarities to avalanches on martian dunésjf@ckiet al, 2014) and to
slope streaks on dust-mantled slopes (Muskkal., 2010). Lab experiments
show that boiling brines may trigger dry flows undeartian atmospheric
pressure (Massgt al, 2014b), suggesting a mechanism for RSL formatiith
minimal water.

The primary questions about RSL for Special Regmsideration are
whether they are really due to water at or neasthtace, and if so, what is the
temperature and water activity. All observatioas be explained by seeping
water, and no entirely dry model has been offelpetithere is no direct detection
of water. If they are due to water, a key problswhere the water comes from
and how is it replenished each year.

Below are a few hypotheses:

4.1.1 Deliquescence

This phenomenon has been reported as the souscenaf water tracks in the
dry valleys of Antarctica, which appear very simti@a RSL (Levy, 2012). This
hypothesis is attractive as it could explain sorgé Ehat begin near the tops of
ridges or hills. The seasonal variation in theagpheric column abundance of
water vapor does not match the RSL activity (Tagal, 2013; McEweret al,

2014a) and the quantities of water vapor are exhgsmall (~1% of that over
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Antarctica). However, deliquescence might re-hyalsdtallow subsurface
chloride hydrates that liquefy upon seasonal hgdiianget al, 2014), and RSL
might be triggered by small amounts of water (Mastsa, 2014b). In this
scenario the water activity would be quite low, habitable to known terrestrial
organisms.

4.1.2 Melting frozen brines from a past climate

This model (Chevrier and Rivera-Valentin, 2012)laexys the observation
that peak RSL activity corresponds to seasons @& pmperatures in the shallow
subsurface. However, it is difficult to explainvhguch ices could remain present
for >10° years on such warm slopes, particularly if theyually melt extensively
enough to produce long flows. The water activitpd again be low.

4.1.3 Fault-controlled migration of deep (ancienb?ines

Brines are expected to exist in the martian cfBatt(and Knauth, 2003), and
could migrate to the surface along certain pathveaygsreach the surface on steep
slopes. In a few mapped sites, >80% of the RSlwatten 50 m of an observed
fault (Watkinset al, 2014). In this scenario, water activity couldHgh enough
for terrestrial organisms.

4.1.4 Brine convection

This process occurs in Earth’s ocean and shouldrandhe subsurface of
Mars if it is saturated with brines, depositingg@not salty) ice near the surface

(Traviset al, 2013). Saturated ground is highly unlikely inghgegions where
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RSL are located, although fault-controlled movenwdrirines might also
replenish shallow ice. Melting pure ice would puod low-salt water with a high
water activity, potentially habitable.

4.1.5 Ice replenished by vapor transport

This model (Grimnet al, 2014, Stillmaret al, 2014) also forms pure ice
near the surface, but vapor transport is too sldudéonet al, 2009) to explain
yearly recurrence of the quantities of water eawisd by these authors.

[Finding 4-1 Here]
[Figure 15 About Here]

4.2 Gullies

A class of geologically youthful martian landform@nsisting of erosional
alcoves, straight or sinuous channels, and depoaitaprons (Fig. 15) was first
described by Malin and Edgett (2000). These wenapawed to terrestrial gullies
formed through the action of liquid water, and mg@of potential martian water
sources was proposed, including shallow groundveagaifers (Malin and Edgett,
2000) or the melting of ground ice (Costatdal, 2002) or snowpack
(Christensen, 2003). Most recent studies arguing f@et gully origin favor
snowmelt as the water source (e.g., Dickson andl H#09). However, dry
models have also been proposed, whether relat€@iwolatilization (Hoffman,

2002; Cedillo-Floreet al, 2011; Diniegeet al, 2013) or mass wasting of either
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frost-coated (Hugenholtz, 2008) or volatile-poaargslar material (e.g., Treiman,
2003; Pelletieet al, 2008).
[Figure 16 About Here]

Gullies are widespread and occur at all latitubes are most abundant in the
middle latitudes (Fig. 16). They are found in ~1id@es as many locations as
RSL (McEwernet al, 2011). While these two types of features oftefocour in
southern mid-latitude impact craters, most commdmdyalcove-channel-apron
gullies dominate the pole-facing slopes (Fig. 1&greas RSL are found on
slopes facing the equator, sometimes associatédswiall channels or “gullies”
(Ojhaet al, 2014)—although the pole-facing preference fotigsilis less
pronounced at higher southern latitudes (e.g., Bainal, 2006) and for the
rarer, likely older gullies in the northern hemisph (Heldmanrt al, 2007).

Many gullies were inferred to be relatively youmpgabably <1 Ma) based on
their low crater densities and stratigraphic relahips with other landforms
(Malin and Edgett, 2000; Schat al, 2009), but only in recent years following
the first SR-SAG report (2006) has present-dayygadtivity been observed
directly (Malinet al, 2006). In some cases, images spaced only a fewhs10
apart have allowed determination of the seasorigiwsuch activity occurred,
providing new insights into gully evolution processn the modern climate
(Diniegaet al, 2010; Dundast al, 2010; 2012; 2014b).

[Table 9 about here]
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The morphologic, geographic and age ranges spdnnethrtian gullies
suggest division into a few categories, to be sdphrevaluated. Here we use a
taxonomy (Table 9) organized by Special Regiondigapons, not by gully
morphology. By definition, the gullies of Taxon®gically small, ~1-20 m
wide) have a distribution equivalent to that of R8iscussed in Section 4.1
above. However, these geomorphic gullies could enlifunger than the seasonal
RSL darkening, so it is feasible that some slopesedted by such gullies have
hosted RSL activity in the geologically recent pasid could be reactivated in the
future—even if no RSL have been directly obserneeddte. Meter-scale gullies
are resolvable only by HIRISE, so its spatial cagey, to date, sets the limits of
our ability to map these potential Special Regions.

[Figure 17 About Here]

4.2.1 Gully Type/Taxon 1

As of this writing, nearly 40 different bedrock-ised gully sites have shown
unambiguous activity observed by Mars-orbiting ggaaft, with an additional 20
active sites on dunes or other sandy slopes (Dugtdas 2014b). All but two are
in the southern hemisphere, with latitudes randiom 29 to 72° (Fig. 17),
although equatorial gullies have not yet been cetmgmsively surveyed. Activity
includes topographic changes in the gully alcoekannels, and aprons, with new
sinuous channels being carved and volumetricagigicant sediment being

deposited in fans (Dundas al, 2012, 2014b). In all cases in which the
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seasonality of this activity is constrained, itkguace in the winter or early

spring, at times and places with €@st present on the surface. This implies

temperatures well below the lowest known euteaiahy HO brine. These

observations are consistent with models of gultynfation driven by seasonal

CQO frost activity, and inconsistent with liquid watgaying an active role.
[Finding 4-2 Here]

While gullies for which activity has not yet beemserved may have formed
via similar processes, it is also possible thatesofrthe erosion in these gullies
may have been accomplished by liquid water. Indedde the freshest martian
gullies have topographic profiles consistent with processes, the older and
more degraded gullies appear more consistent Wiith ihvolvement (Kolbet al,
2010). Such liquid could have originated through itirelting of surficial ice
deposits that were laid down in the last glacialqze which culminated a few
hundred thousand years ago (e.g., Schon and Heatl).Z'heir potential for
reactivation during the next 500 years dependsiem access to water, and to
sufficiently warm conditions to melt it, within thame period. With no direct
evidence for shallow groundwater aquifers that migghaccessed by these gullies
(Section 4.4 below), we focus on the availabilityesidual ice that has not yet
melted, dividing warmer gully sites on Mars intos$ke that appear to have such
ice vs. those that do not.

4.2.2 Gully Type/Taxon 2
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While temperatures are generally low in regionsehee is preserved today
in the shallow subsurface, local microenvironmenéy experience warmer
conditions. To be considered Special Regions, dlulgls would also require
sufficiently high water activity (Section 3.2). Bhis difficult to constrain from
available data, but there is currently no evideheg gully flows involve highly
saline fluids. Although Maliret al. (2006) initially suggested that newly formed
bright deposits in some gullies might be salt-rmthital spectroscopy has
identified no salts in these freshly exposed male{McEwenret al, 2007; Nunez
et al, 2013). Their brightness may instead result froiiner average grain size
compared to the surrounding slope, as observedmmologically similar water-
driven flows in the Atacama Desert (Heldmaatral, 2010). However, neutral
and dark deposits have also been observed (Dwi@dds2010; 2012; 2014 a or
b), so it may be that deposit brightness refleothing more than the source area
lithology. The runout distances of martian gulles been argued to provide
further evidence for relatively salt-poor fluidsgldmanret al, 2005), and in any
case there is no reason to anticipate a high sattentration in the ice-rich
deposits that would source these potential gudiyél.

[Finding 4-3 Here]
4.2.3 Gully Type/Taxon 3
Gullies in warmer, ice-poor regions of Mars and asgociated with RSL are

generally not active today. A few possible instanakenear-equatorial gully
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activity appear to be consistent with dry mass iwggtrocesses on steep slopes.
With no ice or other apparent source of water liese gullies, they are judged to
have a minimal risk of liquid water during the n&g0 years (Fig. 18).

[Figure 18 About Here]

4.3 Recent craters that are still warm

The formation of impact craters is associated withsiderable heating of
materials adjacent to the impact site. Studiegméstrial impact craters reveal
that many of these structures produced hydrothesgsiéms that persisted for
extended periods of time following crater format{®ewsom, 1980; Osinslki
al., 2013) and where microbes were able to estabikines during the active
hydrothermal stage (Lindgrezt al, 2010; Ivarssoet al, 2013). A variety of
interior and ejecta morphologies associated withtiaraimpact craters are
interpreted as due to interaction with crustal tilda (Barlow, 2010). Therefore
martian impact craters must be investigated ampatéSpecial Regions due to
the possibility of associated hydrothermal systétgpeet al, 2006; Schulze-
Makuchet al, 2007).

Studies of terrestrial impact craters suggesthidtothermal systems can be
produced during the formation of complex craterar(eeters > 2-4 km on Earth).
Osinskiet al. (2013) identify six main locations where hydrothaf deposits
have been found to form in terrestrial cratershimiejecta deposits, along the

crater rim, in the crater interior within impact tn@cks and melt-bearing
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breccias, in both the interior and along the ontargins of central uplifts, and in
post-impact crater lake sediments. The duraticact¥e hydrothermal systems is
proportional to the impact energy and thus theecrsize—hydrothermal activity
persists for greater periods in larger craters.

A growing body of evidence supports the idea thggact-induced
hydrothermal systems also exist on Mars in asgoaiatith many complex
craters (diameters > 5-10 km) (Newsetal, 2001; Cockelkt al, 2003;
Schwenzeet al, 2012). Orbital observations of surface mineralcgpeal that
Noachian-aged craters often display hydrated sdioanerals, which could have
formed from sustained hydrothermal activity (Poeleal, 2005; Mustarekt al,
2008; Schwenzer and Kring, 2009; Careal, 2010), although pre-impact or
other impact-related formation mechanisms suchesgrdication,
autometamorphism, and alteration of impact-damagatrials have been
suggested (Tornabere al, 2013). The Noachian Period (>3.85 Ga (Werner and
Tanaka, 2011)) was characterized by warmer sudanditions and abundant
liquid water on and near the martian surface—adngrth numerical modeling,
these conditions would have allowed hydrothermatesys to remain active in
crater central peaks and walls foPI’ years and for ~F0years within ejecta
deposits, depending on crater size (Rathbun angr&sgL2002; Abramov and
Kring, 2005; Ivanov and Pierazzo, 2011).

[Fig 19 About Here]
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As Mars transitioned into colder, drier conditi@ssociated with the
Hesperian (~3.40-3.74 Ga) and Amazonian (~3.40 Qeetsent) Periods (Werner
and Tanaka, 2011), the evidence for minerals prediy impact-induced
hydrothermal systems becomes less clear. ThreegHaspaged craters—42-km-
diameter Toro (170N, 71.8E) (Marzoet al, 2010), 45-km-diameter Majuro
(33°S, 824E) (Mangoldet al, 2012), and 78-km-diameter Ritchey (Z&55FW)
(Sun and Milliken, 2014)—expose evidence of hydeatial minerals, including
Fe/Mg phyllosilicates and opaline silica. Howewme have argued that these
aqueous minerals are simply exposures of Noaclgad-altered rocks that have
been excavated from depth by the impact procegs Ehimanret al, 2009;
Fairénet al, 2010). Fluvial landforms associated with largeskr craters such as
27.2-km-diameter Tooting crater (23°N] 152.17E) (Morris et al, 2010), 58.5-
km-diameter Mojave crater (718, 32.6E) (Fig. 19) (Williams and Malin, 2008;
Goddardet al, 2014), 125 x 150-km-diameter Hale crater (Jarted, 2011a; El-
Maarryet al, 2013), and several other Late Hesperian to Midalteazonian-aged
craters ranging between 12 and 110 km in diam&tangold, 2012; Goddaret
al., 2014) indicate that liquid water is produced dgriarge impacts even under
the present climatic conditions. Further evidenicateractions between target
volatiles and post-Noachian impact craters is olegkn pitted materials within
crater cavities and ejecta blankets, which areqseg to represent degassing

features from interactions of hot impact melt wathstal water (Tornaberet al,
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2012; Boyceet al, 2012). Thus the conditions under which hydrothersystems
can be produced do appear to be met under culreratic conditions, although
the intensity and duration of these systems areidkan was the case during the
Noachian (Barnhaet al, 2010).

[Figure 20 About Here]

Fig. 20 shows a summary of the duration of hydnatta activity as a
function of crater diameter based on results frammerical simulations of
Newsomet al. (2001), Rathbun and Squyres (2002), Abramov anag(2005),
and Barnharet al. (2010) for craters ranging in diameter from 7 kn200 km.
Plotting craters as a function of their age andn@ieer on this graph allows
determination of whether these craters may stilineactive hydrothermal
systems. Although orbiting spacecraft have confarie formation of over 400
new impact craters on the martian surface in tts¢ feav decades (Daubat al,
2013; 2014), none of these craters is large entmbhve produced a
hydrothermal system (i.e., all are much smallentie 5-20 km diameter size
necessary to initiate and sustain hydrothermavidgiiSchwenzeet al, 2012)).
Determining ages of craters that have not formethduhe ~40 years of martian
orbiting spacecraft observations relies on theaiseiperposed crater density
analysis, but can be fraught with error due to mcation and secondary crater

contamination issues.
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Nevertheless, we have considered the possibiligco¥e hydrothermal
systems for three relatively young and large csaber Mars: 27.2-km-diameter
Tooting crater (3 x 10years old; Mouginis-Mark and Boyce, 2012), 58.5-km
diameter Mojave crater (@ 5 x 16 yrs; Werneet al, 2014), and 125 x 150-
km-diameter Hale crater (~19rs; EI-Maarryet al, 2013). These three craters are
plotted on Fig. 20 and all fall above the line floe maximum sustained lifetime
of hydrothermal systems for craters of their sizeoading to the numerical
simulations. Thus, although crater formation ageshaghly uncertain, we have
not been able to determine that any existing satgorted in the literature have
the combination of size and youthfulness necedsanympact-caused
hydrothermal activity to persist to the present. Werefore conclude that
currently, the probability of extant hydrothermggt®ms in existing martian
impact craters is low, and none define a Specigid®en this way.

[Finding 4-4 Here]

4.4 Groundwater

Based on an estimate of the minimum volume of waguired to erode the
martian outflow channels and the likely subsurfextent of their original source
regions, Carr (1986, 1996) concluded that, at tekmf outflow channel
formation (~3 to 3.5 Ga, Tanaka, 1986; Hartmanniaakum, 2001), Mars
possessed a planetary inventory of water equabtolal equivalent layer0.5—

1 km deep. Because this time postdates the péribGa) when the most
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efficient mechanisms of water loss were thoughiga@ctive, it is expected that
virtually all of this inventory (in excess of the%5visible in the polar layered
deposits) survives today in two thermally distisgbsurface reservoirs: (1) as
ground ice within perennially frozen ground (knoasithe cryosphere) that
extends from the near-surface down to depths eést Iseveral kilometers in
polar regions, and (2) as deep groundwater lodzsedath the cryosphere, where
radiogenic heating is expected to increase lithespltiemperatures above the
freezing point (Carr, 1979, 1996; Rossbacher addaly 1981; Kuzmin, 1983;
Clifford, 1993; Clifford et al., 2010). Hydrous n@rals in altered sections of the
crust may be another important reservoir (Mustam.e2008; Ehimann and
Edwards, 2014).

Because the cryosphere is a natural cold trapufoseface water, the survival
of groundwater to the present day depends on tagueesize of the planet’s total
inventory of water with respect to the storage ptoét of the cryosphere
(Clifford, 1993; Cliffordet al, 2010). If the inventory of D exceeds the pore
volume of the cryosphere, then the excess willtbeed as groundwater,
saturating the lowermost porous regions of thetckiswever, if the subsurface
inventory of HO is less than the pore volume of the cryosphben &ll of the
planet’s original inventory of water may now bedtlapped within the
cryosphere except where groundwater may be trahsgoduced by thermal

disturbances of the crust, such as impacts, vadoaand climate change.
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The depth of the martian cryosphere is determineith® latitudinal variation
of mean annual surface temperature, the potergakpce of freezing-point
depressing salts, the thermal conductivity of thesic and the planet's mean
geothermal heat flow. Given reasonable estimédtdsese properties, the
thickness of the cryosphere is estimated to vamnfr5 km at the equator to ~15
km at the poles, with natural variations in theuesl of these properties resulting
in local differences of as much as +/-50% (Cliffetcal, 2010).

[Figure 21 About Here]

The most persuasive evidence for the past presdrgreundwater on Mars is
provided by the martian outflow channels—featuresembling dry terrestrial
river beds, which emanate from isolated fractureggions of collapsed and
disrupted terrain, that appear to have been cdrydle catastrophic discharge of
groundwater (Carr, 1979; Bakeral, 1992). While the occurrence of outflow
channel activity appears to have spanned much dfanageologic time (Tanaka,
1986; Bakeet al, 1992; Carr, 1996), it is the evidence for geatally recent
activity (~2 Ma — 1 Ga) in Mangala Valles (Basileysi al, 2009), Kasei Valles
and Echus Chasma (Chapnsral, 2010; Neukunet al, 2010), Athabasca
Vallis (Fig. 21), Marte Vallis and the Cerberusipta(Hartmann and Berman,
2000; Burret al, 2002; Plescia, 2003) that provides the most cdimpe

argument for the survival of groundwater to thespreé day. A counter argument
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is that in all of these cases listed above theeckaiunts indicating young ages
date lava flows that post-date channel formationEMenet al, 2012).
[Finding 4-5 Here]

The detection of deep groundwater on Mars is anieally challenging task.
This challenge motivated the flight of the Mars Adeed Radar for Subsurface
and lonospheric Sounding (MARSIS) orbital radaraard ESA’s MEX
spacecraft, and the Shallow Radar (SHARAD) orlsaidiar sounder on NASA'’s
MRO. MARSIS and SHARAD operate in a similar way,dmitting a radar
pulse towards the surface and detecting the reflectaused when that pulse
encounters interfaces between two materials oéwliffy dielectric properties,
among the greatest being the contrast betweerdligater and dry or frozen rock.

MARSIS operates at frequencies~2-5 MHz, giving it a theoretical ability
to sound the martian subsurface to depths3#5 km under optimal conditions
(Picardiet al, 2004). In practice, MARSIS has achieved thigl®f sounding
performance only in low-dielectric loss environngrduch as the ice-rich polar
layered deposits (PLD) (Plaet al, 2007), to < 1 km to the base of the south
polar Dorsa Argentea Formation (Plaut et al., 200&hd several km depth in the
Medusa Fossae Formation, whose radar propagataraateristics are consistent
with a composition ranging from a dry, high-porggiroclastic deposit to an
ice-rich sedimentary deposit, potentially formecdtly redistribution of polar

volatiles at times of high obliquity (Wattees al, 2007).
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However, in lithic environments, the absence ofradflections at depths
below ~200-300 m, whether from structural, strapdua or water-related
interfaces, suggests that the martian subsurfesteosgly attenuating—providing
no insight regarding the presence of groundwatgrester depths (Cliffordt al,
2010). And, at shallower depths, there is no iatibn of the presence of
groundwater anywhere on the planet, at least atfghtial coverage (nearly 100%
complete at horizontal track spacing <30 km) anagizbatal and vertical
resolution of MARSIS.

With a 20 MHz operating frequency and 10-MHz bardtivi the SHARAD
orbital radar sounder is capable of an order ofnitade improvement in spatial
resolution over MARSIS, but to a frequency-limitedximum sounding depth of
~2 km under ideal (i.e., low dielectric loss) cormahis. SHARAD has sounded to
such depths in the PLD (Philligs al, 2008) and in km-thick ice-rich LDAs that
are found at the base of scarps at high and teteplatdaudes (Plawt al, 2009).
However, like MARSIS, it has found no evidence aiuhdwater within the top
~200 m of the subsurface anywhere on the planébudh full global
reconnaissance is not yet complete. This inclaagsshallow reservoir of liquid
water potentially associated with the martian gglliwhich should be clearly
visible in the orbital radar data.

[Finding 4-6 here]
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The above results do not constrain the existencieuohally or seasonally
active near-surface brines, which, if they occlmast certainly do so over depths
no greater than the top several meters (or, mkegylithe top ~25 cm (Chevrier
and Rivera-Valentin, 2012; but see Clifford et 2010)). Such features would
fall well below the minimum vertical resolution litof either MARSIS or
SHARAD (~100 m and ~10 m, respectively).

[Finding 4-7 here]

4.5 Slope streaks

Slope streaks are found on steep, bright, dustigthelopes, mostly
equatorial (Sullivaret al, 2001; Aharonsoet al, 2003; Baratouwet al, 2006;
see Fig. 22). They are actively forming, and fader time periods of decades
(Schorghofeet al, 2007; Bergoni@t al, 2013). They form as relatively dark
features, but may brighten over time into relagMalight streaks. No seasonality
has been detected (Schorghofer and King 2011)nankdcremental growth has
been reported, so they do not have the temporavib@hof RSL. Where
incidence angles are high, HIRISE images showahhin surface layer has been
removed to create each streak (Chueingl, 2007; Phillipset al, 2007). Most
workers have interpreted these as dry dust avaésndiut alternative wet
interpretations for some of these features hawelsen published (Ferret al,
2002; Miyamotcet al, 2004; Kreslavsky and Head, 2009; Mushéiral, 2010).

[Figure 22 About Here]
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The previous SR-SAG study (Beatlyal, 2006) did not consider slope
streaks in general to be potential Special Regiand,the COSPAR Colloquium
(Kmineket al, 2010) suggested they be evaluated on a caseseybesis. No
new results have encouraged an alternative intapye of these features at this
time.

[Finding 4-8 Here]
[Figure 23 About Here]

4.6 Polar dark dune streaks

A distinct class of active martian slope featuresuns on dunes in both the
north and south polar regions. While seasonal spots were identified on polar
dune surfaces with MGS Mars Orbiter Camera (MOG)ges, it was HIRISE
that first revealed narrower linear or branchirrgaits extending downslope from
these spots (Fig. 23), first in the southern haghddes (~54-72°; Keresztugti
al., 2009) and later in the north (~77-84°; Keresztal, 2010). These features
appear and grow, extending farther downslope aeetlfienal temperatures
slowly rise from their wintertime low at the G@ost point (~150 K). The streaks
are up to a few meters across and extend tenstefsmdownslope, most
commonly along the dune slipfaces. Their relativddyk appearance is at least
partly due to the contrast of dark dune sand, ledaa the spots and streaks,
relative to the C@frost-covered surrounding surface; however, wgttias also

been proposed as a possible darkening mechanisraseriet al, 2010). The
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streaks are no longer visible in summertime ondeodtng is complete, and do
not appear in exactly the same spots during sulesggears.

Mohlmann and Kereszturi (2010) argued that theaktreorphologies and
growth rates are consistent with viscous liquidvBpwherein the liquid is
hypothesized to be concentrated brine (Keresetual, 2011). However, even
the most extreme known brines require temperatiese ~200 K, which are
unlikely when CQ frost still largely covers the adjacent dune stefq as
confirmed by CRISM observations during the seadatreak activity (Pommerol
et al, 2013a). An alternative hypothesis is that sprmgtCQ sublimation and
gas flow initiate gravity-driven mass wasting ohidand ice down the dune
slipfaces (Hanseet al, 2011, 2013; Portyankiret al, 2013), forming the dark
streaks and the small gullies with which they aggedn some cases (Fig. 23).
Similar streaks have been observed to flow ovesyred CQfrost within gully
channels at a temperature < 150 K (Duretaal,, 2012). Active dust avalanche
clouds have also been observed in associationthgtistreak-forming activity,
supporting the mass wasting hypothesis (Haesah, 2011). Even if eutectic
brines are present in some of these locationg, td@iperatures would be far
below the limits for demonstrated growth of tem@dimicroorganisms (Section
3.1).

[Finding 4-9 Here]

4.7 Thermal zones

83



The ODY Thermal Emission Imaging System (THEMIS)yaned imager
(=100 m/pixel) has been utilized to search for ttdramomalies associated with
either near-surface magmatic activity or with scefaooling due to the
evaporation or sublimation of sub-surface watdcer These searches have been
implemented using two methods—the first uses autednaetection algorithms to
identify pixel-scale temperature anomalies thatedo@ve a specified threshold.
The second technigue uses image-to-image diffesaiacgearch for time-variable
surface temperatures that might be indicative ofing sub-surface heat sources
or sinks (Christenseet al, 2008). Unfortunately there are complications
associated with both techniques. In particulametage significant spatial
variations in the nighttime temperatures that are @ local variations in thermal
inertia (particle size, rock abundance, and indoinqtand local slopes and
fissures (Christensest al, 2005). This detailed temperature variabilityders
detection of temperature “anomalies” difficult, esjally considering that even
substantial sub-surface magmatic heat would bdlgraéenuated at the surface.
The more promising technique of comparing tempeeatover time has been
complicated by the continually changing local tioieghe ODY orbit. As a result,
images taken at the same season on different fygacally have different local
times, making it difficult to directly compare yetar-year images to search for
long-term internal heat changes (Christersteal, 2008). Previous observing

conditions have therefore not been optimal.
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Future surveys from a modified orbit will be undéen, allowing the
possibility of detecting areas that are anomalouslym in the future, although
from a less advantageous orbital position. Upordn of such a zone,
independent assessments could then be made tondeterhether the zone may
also have higher concentrations of water vapootloer forms of HO. An
approach that is being developed corrects for ltieed and season differences
between images using a thermal model, but gettirdpast thermal model that is
accurate to the level required (1-3 K) is challeggi This work will continue, but
to date there is no conclusive evidence for negase heat sources or sinks.

[Finding 4-10 Here]
4.8 Caves

By contrast with the surface, martian caves canigeoprotection against a
number of challenges to the survival of Earth orgias—in particular UV and
other radiation, and potentially from atmosphenaditions (e.g., solar-
influenced dryness) as well. On Mars, special gapirio regions may include
caves in both volcanic terrains and other lithadsgfe.g., evaporite basins or ice
in polar terrains), and rock shelter overhangsamyon & arroyo walls and
scarps. Many and varied examples of each of ttygpes of geologic features are
present on Earth in a globally distributed fashiemd are present in almost every
rock type present on the planet including ice arhide (e.g., Giggenback, 1976;

Vidal-Romani and Vaqueiro Rodriguez, 2007), unctidated materials like
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clays and other sediments (Clausen, 1970; Rog@84,; Davis, 1999; Halliday,
2004; BGS, 2011; Mud Caves List 2014) or even vulctuff (Parkeret al,
1964). A plethora of formation mechanisms are i@ in this richness of
subsurface crustal features (e.g., Klimchetkl, 2000; Forcet al, 2007;
Palmer, 2007; Kempe 2009, and many others) inctueuen the role of
microorganisms in cave enlargement (Summers-Egtgal, 2004; Bostoret al,
2004; 2009).

To date, Mars mission imaging has yielded viewsgesfical pits or shafts of
various sizes and descriptions in volcanic terréias may be associated with
some form of extensional tectonics, collapse ofemaltinto an emptied magma
chamber, or other processes (Wyratlal, 2004; Cushingt al, 2007; Smaréet
al., 2011; Cushing, 2012; Hallidat al, 2012). Caves on Mars were speculated
about before they were identified (e.qg., Getral, 1998; 1999) and chains of
collapse pits are now visible in many locationdvears and interpreted as
possible lava tubes, sinuous rilles, or other valcaubterranean features
(Boston, 2004; Cabradt al, 2009) See Fig. 24. Such features appear to be a
byproduct of lava flows or dikes as they are herd&arth, and these can be made
by a variety of mechanisms (Kempe, 2009; 2006) Hdas to refine remote
detection of such features are being undertaken @ushing, 2007; 2012;
Wynneet al, 2008).

[Figure 24 About Here]
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Besides volcanic caves and related features, ttenpal exists for caves in
other lithologies on Mars. On Earth caves are commaoluble evaporites in
aridlands where periodic moisture occurs from eigivecipitation or groundwater
sources (Klimchoulet al, 1996). Small scale surficial and cavernous
karstification in evaporite terrains has been g€dde.g., Stafforet al, 2008).
Evidence of evaporite deposits on Mars and in Miarsved meteorites, including
carbonates and sulfates, has been reported (Bierialg 2005; Gendriret al,
2005; Bridges and Grady, 1999; Moreisal, 2010;) perhaps occurring in large
basins (e.g., Ru#t al, 2014). A type of catastrophic speleogenesis aties in
evaporite facies as a result of meteorite impastiiegen suggested (Bostenal,
2006). While the potential exists, to date no sspécific non-volcanic
subterranean features have been identified in ingagata.

Clearly, from the perspective of planetary protattigeomorphic features
with natural openings into the subsurface coulepially be contaminated by
spacecraft or spacecraft parts should they acatgminter in the course of entry,
descent, and landing (EDL) or while roaming thdae. Thus, the degree of
enhanced habitability potential of such environmesof interest. On Earth,
these cave and other subterranean features offtagbed habitats for organisms
that are more benign in a variety of ways thanaa@fenvironments. Typically,
even for shallow caves, the interior conditionsdnastically different

environments for microbial life from the immediatelverlying surface
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environment (e.g., Bostaat al, 2001; 2009; Northup and Lavoie, 2001; Leveille
& Datta, 2010). Higher moisture, virtually no temgkeire variability, and
protection from sunlight are all benefits of thédsurface lifestyle. The degree of
enhanced habitability of subsurface terrain on Marsaclear, however a major
factor could be protection from ionizing radiati@oston, 2010). Subsurface
terrains on Mars may or may not house indigenougidualife, but if they are of

a higher quality of habitability, then that mustthken into account when
assessing the potential for contamination by Eargianisms.

Caves with natural openings include most lava tupgsrater shafts, tumuli,
rock shelters in cliff faces of varying lithologjeend dissolutional caves whose
openings are typically created by subsequent gexbgrocesses, e.g., canyon
incision. Such open or partially open caves arelokpof being contaminated by
spacecraft. In truth, because dissolutional caxesr@ated on Earth typically in
the vicinity of the water table, most have no naltopenings and are relatively
closed systems until they are breached by othdogieal processes (e.g., canyon
incision, tectonic motions, etc.). Such closed same Mars are exceedingly
unlikely to be contaminated by spacecraft barrirggunlikelinood of a direct hit
that breaches such a cavity. Thus, the cavitieootern are those that we have
some chance of seeing with orbital assets.

[Finding 4-11 Here]

[FIG. 25 goes here somewhere.]
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4.9 Shallow subsurface conditions

Ground temperatures are a primary driver for defince stability, water
transport, water phase partitioning, and activitthua the regolith (e.g., Leighton
and Murray, 1966; Paige, 1992; Mellenal, 2004). Surface temperatures
oscillate diurnally and seasonally, propagating e subsurface with an
amplitude that diminishes exponentially with defgly., Fig. 25a). The presence
of high-thermal-inertia ice, at depth, will actwick heat from the shallower
layers and greatly reduce the peak temperaturéstiar within the ice (Fig.
25b).

Ground ice stability occurs when the annual megorvdensity over ice in
the soil pore space, integrated over these seasytlak, equals that of the
atmosphere (Mellon and Jakosky, 1993). At depthsra/the mean vapor density
exceeds that of the atmosphere, ice will sublimatkbe diffusively lost.
Likewise at depths where the vapor density of theoaphere exceeds that in the
soil, water will diffuse down and condense. On tisgales shorter than orbital
changes and climate oscillations, this depth dtidive equilibrium is maintained,
tracking those changes (Mellon and Jakosky, 199&partures from the mean
may occur diurnally and seasonally in the subsertaad atmosphere, but these
changes are largely damped by the slower diffusme-scales affecting the

subsurface (Mellon and Jakosky, 1993; Mekaral, 2004).
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Diurnal and seasonal temperature oscillationsersthil, and the slower
diffusive time scales, may allow water vapor in ploge space to either build up
or be depleted from time-to-time, relative to thaspheric conditions. Thus the
water activity in the pore space is not always egjent to that of the atmosphere.
The magnitude of this departure is largely unexachimand will depend on
several factors, including the thermophysical proee and porous structure of
the soil, and its geographic location on Mars.

Fig. 26 illustrates seasonal differences in tentpeesand relative humidity as
would be anticipated (and during the mission wexdiglly experienced) at the
PHX landing site, with over 40 K difference in tteenperature ranges
experienced in winter vs. summer at the site. [dbhheamount of water in the
atmosphere of Mars results in a very low relativenidity at the site when the
temperatures approach the lower temperature lonitficrobial cell division (255
K).

[FIG. 26 goes here somewhere]
[Finding 4-12 Here]

4.10 Significant of deliguescence in the Mars natat environment

Many salts on Mars, particularly perchlorate anbietie compounds, are
likely to be deliquescent, meaning they can fornaqmneous (liquid water) salt
solution (i.e., a brine) via absorption of atmogpheater vapor by the crystalline

salt (Renncet al, 2009; Xuet al, 2009; Zorzanet al, 2009; Davileet al, 2010;
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Goughet al, 2011; Wanget al, 2012; Nudinget al, 2014). In order to

understand if, when and where deliguescence magtaring on Mars (either

naturally or spacecraft-induced) and under whatitmms the resulting aqueous

solutions may persist, we need to understand thpaeature and humidity

threshold values for deliquescence for differeftt@@mpositions, as well as the

kinetic factors that may affect aqueous phase faomand disappearance.
[Figure 27 About Here]

A stable aqueous solution will form via deliqueso=when the atmospheric
relative humidity (RH) at a given salt’s surfacegigater than or equal to the
deliguescence relative humidity (DRH) of that skig. 27 shows the stability
diagram of a deliquescent salt likely to exist oard] calcium perchlorate,
Ca(ClQy)2 (Nudinget al, 2014) The blue lines (both light and dark) represent the
DRH values of relevant hydration states as a fonadf temperature.
Additionally, for a stable aqueous solution to e#e temperature must be
greater than or equal to the eutectic temperaiig)eof a given salt (Renno et al.,
2009; Kossacki and Markiewicz, 2014). Thevalue for Ca(Cl@)2 is represented
by a square black symbol in Fig. 27 (=197 K in tiase). Finally, if there is too
much water vapor (or, too low of a temperatureafgiven amount of water
vapor), the stable phase of water in the mixtutedsTherefore, in order for a
stable aqueous solution to exist, the saturatidh keispect to iceSce) of the

system must be less than 1 (i.e., to the righhefitiack line in Fig. 27). This ice
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saturation line is the only aqueous stability lithiat is independent of salt
composition. These boundary conditions surroundeen of agueous phase
stability, which is the blue shaded area in Fig. ®Ye aqueous stability region
extends upwards beyond the maximum temperaturtegdlaere, but these
warmer temperatures are not relevant to Mars.

It is predicted that a stable aqueous phase withfawhenever the temperature
and RH conditions enter the stability region dedig the limits outlined above,
and this stable liquid will remain as long as sulgaconditions persist. When
conditions become too cold and/or wet for the agegahase to be stable (lower
left region of Fig. 27), ice is predicted to for8imilarly, when conditions
become too dry for the agueous phase to be stalater(right region of Fig. 27),
the solution is predicted to crystallize into adaslalt. Both of these liquid-to-
solid phase transitions require an increase imibdynamic order of the system.
As a result, both freezing and salt recrystall@atire often kinetically hindered.
This kinetic inhibition may allow metastable metddé aqueous phase (i.e.: a
brine) to remain under conditions that are too @sltbo dry for
thermodynamically stable solutions. These metastsdilutions are supersaturated
when present under low RH conditions that concéatree brine beyond the point
at which solid salt should precipitate, and aresscpoled when the brine is below
the temperature at which ice should precipitate &xtent of supersaturation and

supercooling that can occur has been experimentadgsured in the case of some
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relevant salts (e.g., NaCi@a(ClGy)2and Mg(ClQ)2) (Goughet al, 2011;
Nudinget al, 2014; Toneet al, 2014). In general, however, aqueous phase
metastability is hard to model and predict for masgsons, one of which is the
dependence on external factors that are not cleadgrstood (presence of
regolith, composition and concentration of dissdleempounds, etc.). These
metastable effects should nevertheless be condiaddrenever the temperature or
humidity are lowered around a brine, especiallpattemperatures more relevant
to Mars. All known metastable effects systematycdior the existence of the
liquid phase.
[Figure 28 About Here]

The stability diagram in Fig. 27 is valid only f8a(ClQy)2, which is just one
of the deliquescent salts known to exist in thetimarmregolith. Sulfates,
chlorides, and additional perchlorate species haen detected in situ by PHX
and MSL (Hechet al, 2009; Glaviret al, 2013; Kounavest al, 2014b) and
these salts behave differently with respect to &dram of an aqueous phase. Fig.
28 depicts the variation ife of several ionic species that may exist on Marss T
line is the same equilibrium limit represented ig.28 as a black line, and is
independent of salt composition. It can be sedfign28 that martian salts may
have a range of eutectic temperatures. Howevegltiel distribution of salts is
not known because many species in the regolithatamndistinguished from

orbit. Therefore, even if phase diagrams simildfith 27 were available for all
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Mars-relevant salts (which is not the case), tieebcomposition in the shallow
martian subsurface cannot be predicted or mapp®d.ig reinforced by the fact
that salts are often mixed together as paragenasdshe presence of an average
ionic composition does not mean that all saltsham@ogeneously mixed.
However, because Ca(Cl2 has been detected on Mars (Glasiral, 2013;
Kounavestal., 2014b) and has the lowést of any Mars-relevant salt (Pestova
et al, 2005), it is a useful case for this report tosider.
[Finding 4-13 Here]

4.10.1 Deliquescence at the Phoenix and MSL lansiteg

For any location on Mars that contains deliquessatis and at which we
have measured the environmental conditions (tertyrerand relative humidity),
the potential for brines to exist can be assessedan the habitability of the
environment or microenvironment. Whenever tempeeaaind relative humidity
values lie within the agueous stability region afadt (for example, the blue
shaded area in Fig. 27), a stable brine should ésvrieret al, 2009). At the
Phoenix and MSL landing sites, instruments meastivedemperature and
relative humidity during multiple diurnal cyclesditet al, 2010, Gomez-Elvira
et al, 2012). Other instruments onboard these spacd@eaét confirmed the
presence of Ca(Cl)y in the regolith (Glaviret al, 2013; Kounavest al,
2014b); therefore, Fig. 27 can be used to determvhmen an aqueous phase (i.e., a

brine) is likely to exist at these locations. Rédtin Fig. 27 are three datasets

94



representing diurnal environmental conditions foahthe landing sites of PHX
(orange triangles), MSL (magenta and purple cij¢ckasd Viking 1 (red line)
landing sites. The PHX data (68\2 125.7W) represents multiple sols
throughout the mission binned and averaged intoidtérvals (Rivera-Valentin
and Chevrier, 2014). All data were collected dutimg northern summer on
Mars. The data from MSL (4.59°S, 137.44°E) repress&a diurnal cycles (sols
15 and 17 of the missiong E 157°) as measured by the Rover Environmental
Monitoring Station, REMS, at the floor of Gale Gna(Gomez-Elviraet al,
2012). There were no measurements of relative htyrateither Viking landing
site, but the Viking 1 (22, 50.0W) values plotted in Fig. 27 are from a
numerical model used to predict conditions duriolg2sof the mission (§=
100°), constrained by the observed temperaturesj§Ba, 1995). This Viking
model is the only dataset that has local time gfaksociated with each (T, RH)
data point, and several of these times are labelEd). 27.

The results from PHX and MSL, as well as the matletenditions at Viking
1, are similar in magnitude and behavior of diufREl and temperature variation.
Comparing these datasets to the aqueous staleitjtgnr of Ca(ClQ)2, it can be
seen that the humidity and temperature at all eé¢Hocations are, for limited
amounts of time, sufficient for the deliquescenteabcium perchlorate (possibly
the most deliquescent salt on Mars) and thus foomatf an aqueous salt solution

(brine). These periods of liquid stability likelgaur in the late morning and in the
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evening (Nudinget al, 2014). Although during most of each sol represehere
conditions are too dry or cold for a liquid phagexist, metastable brines likely
persist even after the environmental conditiongysagformation of water ice or
solid salt should occur, according to thermodynagajailibrium.
[Finding 4-14 Here]

4.10.2 Limits on Deliquescence in Forming a Habitat

Although deliquescence likely occurs at the loaatioonsidered here, it does
SO at a temperature (<-65°C) far below that nedadiecell division (>-18°C).
Additionally, the water activity (& of the solutions formed via Ca(CJf2
deliquescence at martian temperatures is too |dve tieabitable (i.e., the brine is
too concentrated). These temperature and relatim@dity limits for Special
Regions are represented by the green box in therugi of Fig. 27. The
environmental conditions, specifically surface antsurface relative humidity,
elsewhere on Mars are not known at this time. 8asethe diurnal cycles shown
in Fig. 27, however, there is limited variationdiurnal RH and temperature
conditions with location or season. Because ofdhge difference between the
conditions present when a liquid water phase eaiststhe conditions needed to
qualify as a Special Region, it seems unlikely thetiral deliquescence on Mars
will result in formation of a Special Region. Supmrling and supersaturation
may result in agueous solutions persisting unden éawer temperature and

lower RH (hence lower conditions than is thermodynamically stable (Ren
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et al, 2009; Gouglet al, 2011; Nudinget al, 2014; Toneket al, 2014). While
this longer duration of liquid is interesting, tkewetastable liquids are even less
habitable than stable brines formed on Mars, aacetbre neither stable nor
metastable brines formed by natural deliquescere&haught to qualify as
Special Regions.
[Finding 4-15 Here]
[FIG. 29 here somewhere]

4.11 Contemporary snow deposition

Having brought a new observational capability te shrface of Mars, the
LIDAR (light detection and ranging) on the PHX |landWhitewayet al, 2009)
observed that water ice clouds form in the manplametary boundary layer in the
late summer, and grow large enough to precipiigtafecant distances through
the atmosphere of Mars—and can reach the surfaceaasion (in particular,
during the early morning hours; Fig. 29). The PHRAR demonstrated that
these water ice crystals (i.e., snow) would be blpaf reaching the ground. Itis
unknown how long that snow would last under daytaoeditions, but it is
expected to be a very short time. The meltinguochssnow has not been
observed directly by any Mars spacecraft so fénpalgh Viking 2 commonly
observed frost (and its sublimation) at its Utdplanitia landing site (Wall, 1981,
Svitek and Murray, 1990). Melting is expected &difficult because

sublimation during the rise to the melting tempeamts sufficient to remove most
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frost, and the latent heat loss at the melting pdaminates the thermal budget
(Ingersoll, 1970; Hecht, 2002).

Given the circumstances, when snow falls on contearg Mars it may
regularly be missed because: 1) it falls princypallthe dark of night and is
therefore not seen by spacecraft imagers of arg kiar by any other instrument
with the resolution to see it; and 2) it does st hery long when it does fall,
either sublimating away as a solid or by meltingibg as the sun rises in the
morning. If it chiefly sublimates, then it wouléWe no consequence beyond that
of the observed frost layers (which are quite teee Wall, 1981). If it
melts/boils, it could provide a limited-lifetime &gal Region on Mars, but leave
behind atmospheric-interaction products and thosetd UV-HO-substrate
interactions, including kD> deposition and the buildup of other peroxide and
perchlorate compounds. It should be possible fowsthat falls to do so in a non-
uniform manner, so that drifts or other phenomerghtfocus those effects on a
particular area or areas.

[Finding 4-16 Here]
5. Considerations Related to Spacecraft-Induced Sprl Regions

5.1 Characteristics of landing spacecraft

A spacecraft that lands on Mars introduces a saofrtteermal energy foreign
to the area at which it would be located. #Hce is present at its location, the

ice or its surroundings could be warmed to aboeghiheshold temperature at
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which organisms could proliferate, thereby creatirfgpecial Region. With
sufficient heat and especially with a vapor baymet only high relative humidity
but also liquid water could form. The specific carajion of the ice, icy soil, or
liquid are important because high concentrationseofain salts can lower the
water activity below the critical level or causeenfical inhibition of growth
(Sections 3.2, 3.3).

For these reasons, it would be important that é&awting mission evaluate
the potential for the presence of near-surfacanckthe potential for the
spacecraft to warm that ice sufficiently to creat®pecial Region, whether
operating as expected or in an unplanned mannee.likelihood of the presence
of near-surface ¥D ice can be assessed based on landing latitieleathre of
the regolith, and whether there is evidence fagainst shallow ice-containing
regolith. While near-surface ground-ice by itsglhot deemed to be Special, the
heating of ice under specific circumstances (s@cheat from a spacecraft
Radioisotope Thermoelectric Generator (RTG) or flamrman-related surface
activities) could produce near-surface liquid earments, which could be
classified as Special Regions.

The extent of warming of the local region by thasgrraft requires
consideration of nominal operating modes, failuadss, and thermal modeling
of all scenarios.

5.1.1 Spacecraft landing scenarios/modeling
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During terminal propulsive landing, large quansted heat are generated by
the firing of descent engines. For example, tHang, PHX, and upcoming
InSight (Interior Exploration using Seismic Invegstiions, Geodesy, and Heat
Transport) mission all use(d) engine firings thattmmue down to the surface in
order to accomplish soft landings on Mars. Likeyithe MSL rover Curiosity,
the proposed Mars 2020 rover, and (possibly) theM&(s rovers are deployed to
the surface with descent engines firing severakmsetbove the surface of the
landing site. Pathfinder and MER used the airlaading technique to avoid
descent engines, although the bags were inflatddwarm (and water-vapor-
containing) gas. Whichever technique would be padbdermal analysis would
be necessary to assess the effects of the spaeechated thermal anomaly
should the site contain near-surface ice.

Once landed, spacecraft on Mars are typically ptan landing footpads or
on rover wheels. In either case, the opportumtydirect transfer of heat by
conduction would be limited. Although the footpads be large, they typically
are mounted to struts of titanium alloy, which basnherently low thermal
conductivity. The area of contact by wheels wduddmainly determined by the
compressibility of the soil combined with the dovare pressure on each
individual wheel. The typical martian regolithfise grained which can provide a
very significant amount of thermal insulation fréne subsurface. Also, the low

martian atmospheric pressure inhibits the trarsffé&eat by convection cells.
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A reality of spacecraft design for operating in tdoéd environment of Mars
would be that most component equipment that digsgpsignificant electrical
energy as heat would be surrounded by built-innia&insulation, whether as an
individual box or by being located within a centitarmally-controlled
compartment. Exteriors can remain relatively caldften, however, peripheral
mechanisms must be heated to condition lubricardsy@aximize mechanism
lifetime. Wheel motors are an example requiringcsal consideration of the
thermal imprint they may make on soil or ice-lage@nmafrost. Robot arm
motors, including any located in the end-effectoay also be pre-conditioned by
electrical heaters before being operated.

Additionally, there can be heat generated by meachhaction. Frictional
forces are often necessitated by the sampling tgeangenerating additional heat
beyond that due to operating the mechanism it¢etmples include the
vibrating sieve on the Viking sampler, the rasgle PHX sampling arm, the
grinder on the Rock Abrasion Tool (RAT) on the MERers, or the drills on the
MSL and planned ExoMars and proposed Mars 2020sovéthe target material
IS ice or contains ice, then a small but unavoie&@pecial Region may be
created. Such Special Regions may be small, kexhland very transitory in
nature, however, and hence may be determined tbenatsignificant threat to the
protection of the planet. Other temporary SpeRegions might be created, for

example, if the hot aeroshell, heatshield, backsbeskycrane components land
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on icy ground, or if large amounts of wheel slipsouff occur over a short time in
the event of becoming “stuck.”

Heat can also be transferred by “thermal radidtioa,, emission of infrared
photons. Calculations by spacecraft thermal moaeisnely include this type of
heat loss. Such models are chiefly aimed, howextessuring that all spacecraft
active components remain within their operatin@tdeast their survival
temperature ranges. For assessing the potentiatdating a Special Region,
these models must be extended to evaluate thastfiebeat flux onto the local
surface, as well as shadowing effects, etc. Ilfgqaesent in the surface, it will
increase its rate of sublimation in response tchteating, but may not be able to
do so at a rate that overcomes the latent heatdifsation during the phase
change, which could prevent the temperature fremgiabove the threshold
temperature for proliferation of life. The lifetevof such a Special Region will
depend on the volume of ice that is melted, contptréhe sublimation rate of
the remainder of the ice. If the temperature rsé8ciently to cause transition
from ice to liquid HO, then the liquid may begin to boil at a smalliiddal
increase in temperature due to the low pressutigeamartian atmosphere. If
boiling is initiated, the loss of # from the ice-reservoir will be much faster, and
the Special Region may self-deplete rapidly anccbeself-destruct.

Thermal analyses of the exterior radiating surfaxddbe spacecraft must be

considered, in addition to the heat transfer byeaplpges. In addition, transfer of
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heat by advection, i.e., by wind, must also be wtald to determine if it could be
a significant factor in distributing heat more wideBecause conducted heat only
flows in the direction of decreasing temperaturg, spacecraft surfaces that are
below the biological critical temperature are nbtancern for creating a Special
Region. Although they may be able to warm icevamecreate liquid brine by
deliguescence, the temperature of the ice or bvilkde below the threshold
temperature.
[Figure 30 about here]

5.1.2 Non-nominal spacecraft landing scenarios—ecess

In addition to evaluating the potential for cregtan Special Region in an icy
area due to nominal operation of the spacecrafébicle, consideration must be
given to any credible failure mode that resultamnoff-nominal landing or
operation that could increase the injection oftierenergy into an icy surface
(Fig 30). An unintended hard landing would imgantetic energy, most of which
would be converted to heat, as well as direct fearisom the heat capacity of a
potentially hot structure from atmospheric heatinging an inadequately
protected entry. “Breakup and Burnup” scenariosildi@rovide the ability to
model such anomalous events.

[Figure 31 about here]

[Figure 32 about here]
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Of special concern are heat sources purposelygedwby the energy of
radioactive decay. Radioisotope heating unitsespecially the much larger
RTGs would generate heat energy for several dedatieBIASA, 2006).
Normally these units would be at locations suclh tie transfer of heat to the
ground would not be large, but this should be eaaldi on a case-by-case basis.
The more challenging analysis would be that of monzaly that would allow an
RTG or its radioactive component(s) to be reledsmd spacecraft while still at a
high velocity and hence with enough kinetic eneémigecome buried at some
depth into the ground (Fig. 30). This would beng@ne to the issue of creating a
Special Region for several reasons, includingtiimaturial enhances the
injection of thermal energy into the subsurfacenjmizing the fraction lost to the
atmosphere and space) and that the soil can actliffsision barrier to water
vapor, allowing a high relative humidity microerasiment to develop, as well as
retarding the rate of loss ok& and hence prolonging the lifetime of the Special
Region (Fig. 31). Detailed analyses must be méadeedikelihood of the
anomaly happening, and the sizes and durationpexi& Regions formed by
various scenarios (Fig. 32). Information on mauglimpact burial was provided
in the previous Special Regions Report (Bestsl, 2006).

[Finding 5-1 Here]
The current understanding about the existence téni@e in a variety of

different areas on Mars is discussed below.
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5.2 Tropical mountain glaciers

Mars in its history has been characterized by St variations in its spin-
axis/orbital elements (obliquity, eccentricity gmecession) (Laskaat al, 2004)
and these variations have led to the redistributionater currently in the polar
ice deposits to lower latitudes to create ice aglesjers and their related deposits
(e.g., Head et al., 2003). Topographic and imadet@ acquired by spacecraft
have revolutionized our understanding of these siégp@roviding detailed
information that helps to characterize their kesapaeters (structure,
morphology, slopes, elevations, morphometry, giragihic relationships, etc.).
On the basis of these data, criteria have beena@e to recognize additional
non-polar ice-related deposits that might repregenglacial and periglacial
record of these spin-axis excursions (Hetdl, 2010).

These data have revealed that the Amazonian eralveaacterized by a
variety of ice-related deposits (Neukwtal, 2004; Head and Marchant, 2008;
Carr and Head, 2010) ranging from the pole to theator in distribution. These
include: 1) High- to mid-latitude mantles (Kreslkysand Head, 1999; 2000;
Mustardet al, 2001; Millikenet al, 2003; Heacbt al, 2003) and polygonal
patterned ground (e.g., Mangold, 2005; Let\l, 2010b); 2) Mid-latitude
deposits such as LDA and lineated valley fill (LMEucchitta, 1981; 1984;
Mangold, 2003; Pierce and Crown, 2003gLal, 2005; Heackt al, 2005,

2006a; 2006b; 2010; Lewst al, 2007; 2008; Morgaet al, 2009; Bakeet al,
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2010; Dicksoret al.,2008; 2010), Concentric Crater Fill (CCF) (Kreslky and
Head, 2006; Levet al, 2009a, 2010a; Dicksaat al, 2012; Beach and Head,
2012; 2013), phantom LDA (Haubet al.,2008) and Pedestal Craters (Kadish
and Head, 2011a; 2011b; Kadistal, 2009; 2010); and 3) Low-latitude Tropical
Mountain Glaciers (TMG) (Head and Marchant, 2008adkt al, 2005; Sheapt
al., 2005, 2007; Kadishkt al, 2008). General circulation models (e.g., Habetle
al., 2003; Forgeet al, 2006; Madeleinet al, 2009) and glacial flow models
(e.g., Fastookt al, 2008; 2011) illustrate the orbital parameters and
atmospheric/surface conditions under which peraddson-polar glaciation are
favored, and the resulting patterns of accumulaticsnow and the flow of ice
(Milliken et al, 2003; Forgeet al, 2006; Madeleinet al, 2009; Fastookt al.,
2008; Fastoolet al, 2011).

[Figure 33 about here]

Some of the largest of the non-polar ice-relatqubdiés are seen in the
equatorial regions of Mars in the form of Amazongged TMG deposits (Fig.
33). Head and Marchant (2003) combined then-nde fdam the Mars Orbiter
Laser Altimeter (MOLA) and images from the MOC twe tMGS mission with
field-based observations of the flow, surface motpdpy, and depositional
history of polar glaciers in Antarctica (MarchantdaHead, 2007). They showed
that the multiple facies of an extensive fan-shagegabsit on the western flanks

of Arsia Mons volcano (Zimbelman and Edgett, 1982) consistent with
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deposition from cold-based mountain glaciers, idiclg drop moraines and
sublimation till, and that some debris-covered gla(DCG) deposits may still be
underlain by a core of glacier ice. These surfidegosits provide compelling
evidence that the western flank of Arsia Mons wasupied by an extensive
(166,000 kr) tropical mountain glacial system accumulatingamd emerging
from, the upper slopes of the volcano and spreadiignslope to form a
piedmont-like glacial fan. Scanlon et al. (2014y& documented evidence of
Late Amazonian volcano-ice interactions, as erustioom the flanks of Arsia
continued during the period of glaciation, in sorases producing localized wet-
based conditions and meltwater outflows. Shetaad. (2007) further mapped
several high-elevation graben on the western f#nkrsia Mons that are
interpreted as the source regions for late-stagd;lwased glaciers that
overflowed graben walls, advanced tens to hundoélsometers downslope,
experienced subsequent retreat, and left distiactepositional features similar to
those associated with cold-based glaciers in tlyeMatleys of Antarctica. These
new observations and crater count data providediadal evidence for several
periods of Late Amazonian tropical mountain glaomtvithin the past few 100
Myr. MOLA topography reveals that several lobaattires interpreted as
remnant debris-covered ice from the most recens@béglaciation are presently
hundreds of meters thick, suggesting the possilmfilong-term, near-surface

water ice survival in the equatorial regions of Mar
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A similar set of circumstances characterize thesiaaped deposits on Pavonis
Mons (Sheamrt al, 2005; Forgeet al, 2006) with atmospheric deposition of
water ice on the northwestern flanks of the Thavkisites during periods of high
mean obliquity, leaving ice sheets for each offtharsis Montes glaciers
attaining average thicknesses of ~1.6—-2.4 km, vdahasare consistent with a
cold-based glacial origin. The results of Shetal. (2005) suggest that multiple
phases of tropical mountain glaciation occurredviams within the past few
hundred Myr (Kadislet al, 2014) and that significant amounts of near-serfac
equatorial ice may remain within the deposit todesywell as in the smaller
Ascraeus fan-shaped deposit. Accordingly, it sthawdt be surprising that
remnant debris-covered piedmont glacial deposite weoposed to explain
features seen around the northwest flank of thenPlys Mons scarp by
Milkovich et al. (2006). These features had previously been irgtrg variously
as landslide, pyroclastic, lava flow or glacialtteas but the advent of multiple
high-resolution image and topography data sets itteara new analysis.
Basilevskyet al. (2005) analyzed High Resolution Stereo Camera énand
topography and showed that the western part odtiimpus Mons edifice is
composed not only of lavas but also of sedimerdaryvolcanic—sedimentary
rocks consisting of dust, volcanic ash, an®Hte that precipitated from the
atmosphere. They concluded that glaciations sesrmgdhe western foot of

Olympus Mons (e.g., Lucchitta, 1981; Milkoviehal, 2006) also covered the
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gentle upper slopes of the edifice, with possiblamant ice preserved today,
protected from sublimation by a dust blanket.
[Finding 5-2 here]

5.3 Tropical and mid-latitude ice deposits

Again, a major question is the location of any remmg surface and near-
surface water ice, its origin, configuration andde®f occurrence and the depth
to buried ice deposits. A more focused questiomhisther the ice resides at
depths less than ~5 m from the surface. A rangepbsits are thought to
currently host buried ice, including DCG or LDASCE, LVF, and potentially
TMG. There are several pieces of evidence fothlokness of the debris cover
and the depth to buried ice, including RMC; radatagdand models of CCF,
LDA, and LVF. Several sources of data suggestttietiebris thickness, and
thus the depth to the buried ice, is at least 1015

[Figure 34 About Here]

5.3.1 The distribution of “ring-mold craters”

Ring-mold craters (Kress and Head, 2008; Fig. 84 uaique crater forms
that have been interpreted to indicate penetratittna debris-layer covering
buried ice and the partial excavation of the bureed Using the size-frequency
distribution of smaller, bowl-shaped craters (ipteted to have penetrated only
into the debris cover) and larger RMCs, an estirohtie thickness of the debris

cover can be made (Fig. 34). For example, thetsesdggest that the thickness of
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the current debris cover in CCF is about 15-20 m¢tthinner than the total
thickness of the often several km thick CCF (Kraxsd Head, 2008; Beach and
Head, 2012; 2013). A set of relatively fresh ringid craters superposed on the
Arsia and Pavonis Mons TMG deposits are interpregaddicate that the impact
events penetrated a veneer of sublimation lag lzaicburied remnant glacial ice
lies at a depth of at least 16 m (Head and We3K4R2 Lobate debris aprons
show a population of RMCs suggesting a 10-15 mid&pice (Ostraclet al,
2008). No RMC populations have been mapped witlameter distribution that
would suggest the presence of buried ice at degbtakbower than ~10-15 m.

5.3.2 Depth to ice using MRO SHARAD data

Where SHARAD data have resolved the lobate delprisres (LDA)
of Eastern Hellas and Deuteronilus Mensae (Hal.e2008; Plaut et al., 2009),
the hundreds of meters of ice below the debris icappears relatively debris-free,
and the debris cover is interpreted to be of tideoof 10-15 m thick. SHARAD
has not yet detected buried ice in the residual Tdé@osits (Campbedt al,
2013).

5.3.3 Models of lobate debris apron emplacement

These models (Fastoek al, 2013) suggest that a debris thickness of the
order 10-20 m is very realistic and plausible.

[Figure 35 about here.]

110



The distribution of various features indicativeti@ipical and mid-latitude ice
deposits is shown in Fig. 35.
[Finding 5-3 Here]
[Finding 5-4 Here]
[Figure 36 about here.]
5.4 Use of fresh impacts to infer ground ice
Impact craters excavate to depths proportiondieo tliameters and therefore
expose subsurface materials within these depthar @30 impact craters have
formed over the past few decades during which iodpgpacecraft have been
monitoring Mars (Daubaet al, 2013; 2014). These new craters are typically
identified by albedo changes in dust-covered regfrthe planet as viewed in
repeated orbiter observations. More than 25 suafeis at mid- to high-latitudes
have exposed bright materials in their interiord ajecta blankets (Fig. 36; Byrne
et al, 2009a; Dundast al, 2014a). The craters range in size from 1.0 tsn24
diameter and are estimated to be excavating mbtenna depths of centimeters
to a few meters. The bright materials fade andh&hn size over months to years,
suggesting the high albedo material is exposethiesublimates away when
exposed to the low-pressure martian surface camditiByrneet al, 20093,
Dundas and Byrne, 2010; Kossaekial, 2011; Dundast al, 2014a). At one

site, meter-sized ejecta blocks shrank or disagoean a time scale of months to
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years, suggesting that these blocks were excachtatks of ice that also
underwent sublimation.
[Figure 37 about here]

Twenty-four of the ice-exposed craters are founth@northern hemisphere
between 39N and 63N, with only two thus far confirmed in the southern
hemisphere (between 7 and 74S; Fig. 37). The apparent concentration of
these new ice-exposing craters at northern latgugléhe result of the detection
technique (due to the greater areal coverage dfiddise north) and is likely not
a reflection of lack of near-surface ice in thethemn mid- to high-latitudes. The
shallowest craters with exposed ice are found tmoat the highest latitudes,
consistent with thermal models that indicate icstéble closer to the surface at
higher latitudes (Mellort al, 2008). The largest nearby craters without icy
deposits often have flat floors, suggesting exgamab the top of (but not into) a
resistant subsurface layer that is interpreteth@sce table.

The rate at which the bright regions darken, togiethith some spectral
results from CRISM, suggest that the ice is veeanl(~1% regolith content) and
not simply exposed pore ice (Dundas and Byrne, 2B&0feret al, 2010; Cullet
al., 2012). Instead, the ice appears to be exceswlueh is ice that exceeds the
dry soil pore space, although some of the cleacocdd be from melted pore ice
that ponded on the surface. Several possible arigave been proposed for the

excess ice, including vapor deposition of ice irabspaces opened by cracking
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and differential contraction (Fisher, 2005), frozlerodwaters, pingos, or buried
glaciers (Melloret al, 2008), near-surface ice lenses from migratiothiof films
of liquid (Mellonet al, 2009; Sizemoret al, 2014), DCG (Plaugt al, 2009),
buried snow deposited during higher obliquity pesi¢gSchorghofer and Forget,
2012), or hydrothermal circulation of brines in thesr surface region (Trawes$
al., 2013). No single model adequately explainshaldbservations of the icy
craters, although migration of thin films of wateithe best fit to the majority of
observations (Dundast al, 2014a).

The direct detection of ice exposed by these naters has pushed the
distribution of near-surface ground-ice to lowditlales in the northern
hemisphere (down to 388) than what has been known previously from neutron
spectrometer results (Feldmenal, 2004). However, the presence of non-icy
new impacts indicates that not all fresh craterseate bright ice even in regions
where near-surface ice is expected to be presemd@»et al, 2014a). Therefore
near-surface ice may be more heterogeneouslyldigtd than previously
predicted based on neutron spectrometer resultpenglacial landform
distribution. Alternatively, some craters withouight ice may have exposed pore
ice, which would quickly become indistinguishahienh regolith (as observed at
the PHX landing site; Melloet al, 2009). The southernmost extent of the icy
impact craters in the northern hemisphere is greélaséa that indicated from the

neutron spectrometer analysis and thus requiresgterm average atmospheric
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water content that is moderately higher (~25 prrams) than the present value
(Dundaset al, 2014a), geographically- and temporally-varying@spheric water
vapor content due to obliquity variations (Chaméierbind Boynton, 2007),
geographic concentration of water vapor near thiase (Zentet al, 2010), or
control of vapor pressure due to brines formeddligdescent salts in the regolith
(Cull et al., 2010). In addition, inference of pib$s (or previous) near-surface ice
in near-equatorial regions has been made basattempiietation of certain
landforms (e.g., Balme and Gallagher, 2009), bedalck of bright deposits with
the behavior of ice exposed in fresh craters atl&gitudes suggests that ice is no
longer present at these locations within the depxicsivated by the craters.
[Finding 5-5 Here]
[Figure 38 About Here]

5.5 Use of polygonal ground to infer ground ice

Polygonal patterned ground is a ubiquitous midigHatitude landform
(Fig. 38). Terrestrial counterparts are well untterd to form by repeated
seasonal thermal-contraction cracking of cohesigerich permafrost
(Lachenbruch, 1962). They typically develop intsilvie rectilinear networks of
troughs spaced meters to tens of meters apartrlaimdby subsurface
accumulations of material (soil and/or ice) whiahll €ach year into millimeter-
scale seasonal fractures. Although morphologictidemay vary, these

landforms typically exhibit narrow size distributgy equiangular junctions, and
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honeycomb-like patterns with a variety of topoghagirofiles depending on the
evolution of subsurface ice. Martian forms are Bmin scale and morphology
(Mutchet al, 1977; Mangold, 2005; Levy et al., 2009a; Melkdral, 2009a) and
inferred to form by the same process (Mellon, 1997)

The occurrence of polygonal patterns can be inééegras indicating
extensive long-lived ground ice, in the recent ggual past or persisting today
(e.g., Mangold, 2005; Arvidsaet al, 2008; Smithet al,, 2009). Polygons
correspond to regions where gamma ray and neupectrometer data indicate
abundant ground ice (Leet al, 2009b) and were examined in close detail at the
PHX landing site, confirming the thermal contrantmrigin and present day
activity (Mellonet al, 2009a). Polygonal ground illustrates local-seaeability
not resolved in other datasets (Melktral, 2010; 2014).

Some polygonal landforms occur in equatorial regjdiut are either clearly
associated with volcanic flows, lava cooling, amtcanic deflation (e.g., Ryan
and Christensen, 2012) or are associated withuiredtbedrock, in which case
they exhibit irregular size distribution, shaped éracture density (Yoshikawa,
2003). These types of polygons are generally nosidered to be related to ice-
rich permafrost.

The occurrence of polygonal ground provides supppevidence of the
permafrost’s ice-rich status. In addition, localscvariability may be

discriminated through polygonal geomorphology tkatot resolved by lower

115



resolution data sets, such as those from ODY THEMi$he even-lower
resolutions of ODY High Resolution Neutron Specteten or Gamma Ray
Spectrometer.
[Finding 5-6 Here]

5.6 Near surface ice stability, concentration, andistribution

The global distribution of shallow ice-rich permagt was previously
examined as it relates to Special Regions (Bet&y, 2006). In the current
martian climate, ground ice in the upper meterhefregolith has been predicted
to be present in the middle- and high-latitude oagi(Leighton and Murray,
1966). During the subsequent decades after thdiqtien there have been
numerous studies examining aspects of ground-&d®lisy and refining this
initial prediction. For example, studies have imgd effects of: global and
seasonal atmospheric water measurements (Farm&ansd, 1978; Chamberlain
and Boynton, 2007); variability in soil propertigzaige, 1992; Mellon and
Jakosky, 1993, Mellort al, 2004); orbitally-induced climate change (Faretle
al., 1986; Mellon and Jakosky, 1995; Chamberlain aognBon, 2007); and the
observed distribution of surface slopes (Aharorewh Schorghofer, 2006).
Observations by ODY of gamma rays and leakage oresiemitted from the
surface later confirmed the presence of subsurtacéBoyntonet al, 2002;
Feldmaret al, 2002; Mitrofanowet al, 2002) in the geographic locations and at

depths as were predicted (Boyntetral, 2002; Mellon et al., 2004; Prettyman et
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al., 2004; Diezt al, 2008; Feldmaset al, 2008). These findings illustrate that
we understand ground-ice stability and that diffasequilibrium between the
subsurface and the atmosphere in the present elisméte fundamental
controlling process. In addition, the concentratidice in the shallow permafrost
was observed to be highly variable on a region@Qlkm) scale ranging from
soil-pore filling to ~90% by volume (Prettymanal, 2004).

Since the 2006 study, several new observations $lawen the presence of
ground ice either directly or indirectly. Theseuks generally confirm that the
geographic and depth distribution of ground iceeagmwell with the predictions
and that the distribution of ice is controlled painty by diffusive equilibrium in
the current climate (ground temperature and atmersphumidity). The
concentration of ice, however, in many locationd anmany spatial scales,
exceeds the predicted pore volume. This excessiains poorly understood
and may indicate some role of liquid water in thedern martian climate
(Mellon, 2012).

[Figure 39 about here.]

On May 2%", 2008 the Mars Scout mission PHX landed in theéhson plains
of Mars at 68.22°N 234.2& in a region expected, based on theoretical and
observational evidence, to be dominated by shaltewArvidsonet al, 2008;
Smithet al, 2009). Phoenix confirmed that shallow groundgeesists in this

terrain (Fig. 39), through direct excavation anel ¢nosive action of the decent
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thrusters (Melloret al, 2009b). This ice was also found at a depth (n6
below the surface) that had been predicted assutinénige is in equilibrium with
the current climate (Melloat al, 2008). Ground ice at the PHX site was also
shown to be highly variable in concentration froarepfilling to ~99% pure
(excess ice) over lateral scales of less than atem@Vellonet al, 2009b).

Seasonal condensation and sublimation of €6xt at non-polar latitudes can
be a sensitive indicator of the presence of shafjoywund ice. Ground ice (like
bedrock) exhibits a high thermal inertia relativgtie uncemented dry permafrost
that lies above it. If ice is proximal to the sag# it can alter the seasonal
temperatures, and cause st formation to be delayed and spring subliorati
to occur earlier (e.g., Kossacki and Markiewic2)20Tituset al, 2006; Haberle
et al, 2008; Searlst al, 2010). Vincendort al. (2010) examined OMEGA
(Observatoire pour la Minéralogie, I'Eau, les Gtaetl'Activité - Infrared
Mineralogical Mapping Specrometer) and CRISM datalie seasonal
occurrence of Cefrost on steep pole-facing slopes in the southemisphere
and found the timing of frost to be consistent vgtbund ice in the top meter of
the surface layer. They concluded that shallow gdaae occurs on pole-facing
20°-30° slopes as far equatorward as 25°S, consisiéh prediction of stable
ground ice on poleward slopes by Aharonson and §bloger (2006).

Overall, the depth and geographic distribution @iugd ice inferred from

recent observations are consistent with previowdirigs (Beatyet al, 2006), and
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with vapor-diffusive equilibrium with atmosphericater as the primary
controlling process. The occurrence of excessiteegreatly exceeding the pore
volume of typical soils) in the subsurface andrasability on a wide range of
length scales from < 1 m to >1000 km are, howes@mewhat puzzling (see
Mellon, 2012, for a discussion). While present aaystability and its distribution
appear to be controlled by diffusive equilibriutme torigin of the excess ice may
involve other processes and potentially a roldifpid water or liquid-like thin
films. These processes range from exogenic sostagsas ancient flooding or
dust-covered snowpack, to endogenic processesasuck segregation and vapor
deposition (Prettymaet al, 2004; Feldmaet al, 2008; Mellonet al, 2009b;
Mellon, 2012; Sizemoret al, 2014), which may operate during recent periods of
higher obliquity or even in the current climatertfermore, since geologically-
recent orbitally-driven climate change is expedtegeriodically desiccate and
repopulate the upper meter or more of the permiafidslion and Jakosky, 1995;
Chamberlain and Boynton, 2007), emplacement ottimeentrated ice would
need to have occurred recently, since the lasb@ef low obliquity (Mellon,
2012).
[Finding 5-7 Here]
[Figure 40 about here]

5.7 Radar detection of non-polar ice
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Both SHARAD on MRO and MARSIS on MEX have been usgténsively
for studies of ice on Mars. Radar sounding detetémges in the dielectric
properties of materials, and is particularly semsito a subhorizontal interface
between ice and rock (Gudmandsen, 1971). The delawsits are generally
more amenable to radar sounding due to their Sikness, and nearly pure
water ice content (Picarét al, 2005; Plauet al, 2007; Phillipset al, 2008;
Grimaet al, 2009); however, many features at lower latitutese also been
studied, revealing evidence for massive subsuitacan multiple locations (Fig.
40), in a variety of forms.

Approximate vertical resolution is 10 m for SHARABeuet al, 2007) and
150 m for MARSIS (Picardet al, 2005), which trades resolution for deeper
penetration. Horizontal resolution depends ontafigeometry, wavelength, and
surface roughness, but in general the smallesirestiscernable with SHARAD
are ~10 km across. Positive ice detection typigatuires a deposit thicker than
a few tens of meters, lying within a few tens ofteng below the surface, and
some means for constraining the dielectric constah as geometric constraints
and/or attenuation. Correlation with surface motpgy can bolster the
identification of ice.

[Figure 41 about here.]
The most extensive mid-latitude ice deposits detktt date with radar

sounding are viscous flow features (VFF; Halal, 2008; Plauet al, 2009).
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These typically surround massifs or abut escarpsnarttoth hemispheres.
Deuteronilus Mensae (Fig. 41) contains the mosrestve and voluminous mid-
latitude ice, where SHARAD shows that VFF coveli@ge regions and filling
valleys contain ice hundreds of meters thick (Péuwatl, 2009a; 2010). A region
lying east of the Hellas impact basin (Fig. 41)tearms hundreds of DCG and
some have been shown with SHARAD to be ice deposis 700 m thick (Holt
et al, 2008). All DCG observed by SHARAD exhibit a dmgdiscrete surface
echo, implying that the thickness of the protectebris/dust cover is on order of
the SHARAD vertical resolution (~ 10m or less). akge number of VFF, DCG,
and glacier-like forms in general (Sounesal, 2012) fall below the resolution
threshold of SHARAD or lie in such topographicaibugh areas that subsurface
echoes may be fully masked by surface “clutter’I{te¢v al, 2006).

Sheet-like deposits of ice-rich material (likelyL&% lithic content) spanning
many thousands of khihave been detected in Arcadia Planitia (Péduatl,
2009b; Bramsoet al, 2014), Utopia Planitia (Nuneg al, 2010; Stuurmaet
al., 2014), and in Vastitas Borealis at the PHX lagdiite (Putziget al, 2014;
Fig. 41), lying just below relatively flat surfacaad exhibiting thicknesses up to
~ 100 m. SHARAD coverage in the mid-latitudes ¥ tther sparse compared
to the polar deposits, so the detection and mapgfinge there is an ongoing

process.
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The unit surrounding the south polar plateau knas/the Hesperian Dorsa
Argentea Formation contains a reflective horizoMiRRSIS data over much of
its mapped occurrence (Plattal, 2007). The reflectors are observed at time
delays consistent with a maximum depth betweenas@01000 m. The relatively
strong returns and the morphology of surface featboth suggest an ice-rich
layer overlying a lithic substrate. This implieg thresence of a substantial
additional HO reservoir, consisting of ice that may be the stigret detected on
Mars. In nearby Malea Planum, and in several midheon latitude locations,
detections suggestive of ice have been made by {DABeneath ejecta blankets
of a class of impacts known as pedestal crateragbit al,2011).

[Finding 5-8 Here]
[Figure 42 About Here]

5.8 Spacecraft-induced deliquescence

5.8.1 The Phoenix scoop

In 2008 the PHX mission landed on a region of Meaarer the North Pole
than any earlier mission (68.22° N. latitude) iarst of near-surface ice deposits.
Ample evidence of ice was found by using first idreding thrusters and later the
robot arm (Fig. 42) moving away surface materiaieteeal both clean and soil-
laden ice at adjacent locations and just beneatHalers of soil.

[Figure 43 About Here]
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The mechanical behavior of soils was not alwaysradicted, resulting in
difficulties delivering samples from the scoop tore instruments soil inlet ports.
As seen in Fig. 43, the appearance and configuraficoil in the scoop changed
over a period of time with no purposeful mechanagitation. The difficulty in
delivery has been ascribed to a “stickiness” priypefr freshly-acquired soil,
which apparently diminished over a period of tinp®mn exposure to the
atmosphere. This viscid behavior has been asctdb#we possibility of
deliquescence, especially with the discovery by R martian soil contains
perchlorate salts, whose low temperature propeatie$avorable to deliquescence
when the martian relative humidity is high at ntghe. Exposure during the
higher temperatures and lower relative humiditg@ftime resulting in
sublimation that reduced the water content belat taquired to maintain the
deliquescent state.

[Figure 44 goes about here.]

5.8.2 The Phoenix strut

During landing, the twelve descent engines (hyai@mnonopropellant) were
pulsed on and off to maintain a horizontal attitade prescribed descent rate.
The exhaust from these engines removed a layailcdrsd exposed a flat surface
of an apparent ice layer, as seen in the upperarofgig. 44. One of the
lander’s titanium struts could be imaged by theot@ym camera and was

monitored during the mission because of blobs dema adhering to it and
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exhibiting rounded shapes. These blobs, some mhvw#howed changes during
the course of the mission, have been interpretedased by possible
deliquescent salts (Renebal, 2009). Although the relative humidity at the
PHX site was at or near 100% during the coldedtgfaright, it was <5% during
the daytime, and hence there was never an overlegmiperature and RH
conditions with the zone of terrestrial habita@ilit
[Finding 5-9 about here]
6. The Implications and Opportunities of Special Rgions Identification
for Human Mars Missions

Strong interest exists among various countriespaivate industries to send
humans to Mars, both for short-term exploration lmmgdj-term colonization.
Human activities on Mars would require accessféadustaining resources,
including water, oxygen, and protection from raidiat as well as the materials
needed to create fuels for surface and launch le=hi€hese resources would be
available on Mars and would require access to serda near-subsurface
materials, some of which may be found in Specigi®es. In particular, Special
Regions are in part defined by the availabilitysafter, making them a potential
source of usable water and oxygen in addition ér $cience value. Protocols
need to be established so that human activitiesotlinadvertently affect areas

designated as Special Regions or cause non-Spaagabns to become Special.
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The spread of terrestrial biological contaminatonld impact life support
systems as well as the availability of Mars resesito human explorers.
[Figure 45 goes about here.]

6.1 Availability of resources

H20 in either liquid (water) or solid (ice) form walbe the most important
resource for human activities on Mars because itldvbe needed for human,
plant, and animal consumption as well as for prtidacof oxygen and many
fuels (Beatyet al, 2012a). It also can provide shielding from cosramtiation
that penetrates to the martian surface. The aduktysof H>O resources and
whether these regions would be designated as $plegands on location (Fig.
45). The various resources that Mars provides teggmater, oxygen, radiation
shielding, and fuel/power would be described inféll®wing subsections and
summarized in Table 10.

[Table 10 About Here]

6.1.1 Water resources

The polar caps (between ~88nd 90 latitude in each hemisphere) would be
the major reservoir of ¥O that can be accessed by human explorers and weuld
not considered to be Special Regions. The seasapalcovering these regions
between autumn and spring are composed of thickgitspof carbon dioxide ice,
but the permanent caps exposed during the summegrianarily HO ice.

Rheological and spectroscopic analysis of the peemtasouth polar ¥#O cap
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indicate that it is covered by an ~8 m thick ver&feCO; ice even at the height of
summer (Nyeet al, 2000; Tituset al, 2003; Bibringet al, 2004), which limits
access to the underlying ice reservoir. However nibrth permanent cap is
estimated to be 90-100 wt%@® ice, mixed with small amounts of dust from
global dust storms, and is accessible at the surfdwe cap is about 3 km thick
and 1100 km in diameter. Its volume is estimateaeen 1.1 x 19km® and 2.3 x
10° km?® (Zuberet al, 1998; Smitret al, 2001). The freshwater content of the cap
is estimated to be approximately 100 times the arhimuthe North American
Great Lakes. However, polar night darkness, vely mmperatures, and the
overlying CQ seasonal cap limit the period of time during whith HO can be
accessed. In addition, G@egassing in the area, particularly in the spnmay
negatively affect safe access by human explorers.

The region of Mars between 68nd 80 latitude in each hemisphere is largely
covered by the seasonal €€aps during the winter. As the seasonal capsatetre
in the spring, frost outliers composed of both,@@d HO ice are left behind,
often within topographic depressions such as impaters (Kiefferet al, 2000;
Armstronget al, 2005; 2007; Titus, 2005; Conwayal, 2012). The region
surrounding the north polar cap largely comprises\tastitas Borealis Formation
which is interpreted as being composed of ice4ilv&-grained (dust) deposits
and ice-rich sediments from ancient fluvial actiitanakaet al, 2008). Similar

ice-rich fine-grained deposits are seen surrounttingsouth polar cap, but they
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are much thinner than their counterparts in thétm@eomorphic features within
this latitude range suggest ice-rich flow assodiateh glacial activity from past
epochs as well as today (Kreslavsky and Head, 2B0@neset al, 2012). New
fresh impacts in this region (Section 5.3) expageeixcavated from depths
ranging from centimeters to a few meters (Byehal, 2009b; Dundast al,
2014a). This latitude zone is not considered t&pecial unless heated to the
point where the ice melts. The accessibility linmtghis region are the same as
for the polar caps.

The mid-latitude regions (3660 latitude zone) retain geomorphic evidence
of ice-related features that were emplaced durargods of high axial tilt (million
year time scales) (Mustaed al, 2001; Dicksoret al, 2012; Sounesst al, 2012,
Sinha and Murty, 2013; Hartmaetal, 2014). The region also retains
geomorphic evidence of features produced by pasSiblial activity in the
recent to distant past, such as gullies (Sectidh(#alin and Edgett, 2000a;
Christensen, 2003; Maliet al, 2006; Williamset al, 2009; Johnssoet al,

2014) and layered deposits on crater floors (Eghrol and Grin, 1999; Malin
and Edgett, 2000b; Goudegeal, 2012). Recurring Slope Lineae (Section 4.1)
activity is concentrated in this zone, particulanythe southern hemisphere
(McEwenet al, 2011; Ojhaet al, 2014; Stillmaret al, 2014). This region also
retains ice within centimeters to a few meters lkeps$ revealed though ice

exposed by new small impact craters (Byrne e2809b; Dundast al, 2014a).
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Ice deposition down to these latitudes occurs duperiods of climate change
associated with larger axial tilts (Heatlal, 2003). Although ice is plentiful in
the near-surface within this latitude zone, thesaas not considered to be Special
except for the RSL sites. However, the ice-richiaolrg could become Special if
heated to melting, or if some future observatiom{sato the natural presence of
water. Accessibility to the ice in this regionimmited to the summer season if
power is supplied by solar energy.

The equatorial region of Mars (betweertS@nd 30N) has limited locations
of easily accessibleJ@ resources. RSL sites and potentially active gsilli
suggest the presence of near-surface liquid imiceldcations and constitute
Special Regions within this latitude zone. Areaslgd enhancement identified
from ODY neutron analysis within the equatorialicggare usually interpreted as
being due to hydrated minerals, which may contaatewcontents up to ~13%
(Feldmaret al, 2004, 2008; Fialipst al, 2005). Ice deposits from past periods of
high axial tilt remain at depths >15 m in localizegions, such as northwest of
the Tharsis volcanoes (Fastoetkal, 2008; Madeleinet al, 2009). Impact crater
analysis, radar data, and neutron spectrometersdgtgest that subsurface ice is
generally located at depths >5 m in this region @iteh at depths >50 m (Picardi
et al, 2005; Barlowet al, 2007; Farrelet al, 2009). Therefore, other than the
RSL sites and possibly the active gullies, no liecatvithin the equatorial zone is

considered Special. This region would be condutmveuman activities due to the
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high levels of solar energy and the warmest tempega on the planet, but
provides very limited access te®l resources.

6.1.2 Oxygen

The martian atmosphere is composed largely of, @€cessitating the
production of oxygen throudin-Situ Resource Utilization (ISRU) techniques to
support human operations on the planet. This oxggarbe obtained either from
the CQ and HO in the atmosphere or the®iresources in the planet’'s near-
surface deposits. The amount of water vapor irathr@sphere varies seasonally
but overall is a small amount compared to surfaseurces. Condensation of all
H-0 vapor in the atmosphere would produce a glolyalrlevith a volume of only
~1 kn? of liquid (Barlow, 2008). Atmospheric GQ@ould be processed to provide
the needed oxygen (Mars 2020 Science DefinitiomT &913). CQ electrolysis
systems and water vapor condensers have high edenggnds, which likely
would require reliance on a nuclear reactor (MEP2GL0). In addition, dust in
the martian atmosphere, particularly during dustrstperiods, could clog
atmosphere ISRU facilities.

[Figure 45 About Here]

Oxygen could be extracted from®l deposits on the martian surface or near-

subsurface (<3 m depth). Hydrated minerals, indgdtihyllosilicates, sulfates,

and carbonates, have been detected from orbitiaacespaft in localized regions

129



of the planet (Fig. 45) (Bibring and Langevin, 2088Imann and Edwards,
2014) and could be used to extragOHand Q.

Perchlorate (Cl®) has been detected at the PHX and MSL landing site
(Hechtet al, 2009; Glaviret al, 2013) and in one martian meteorite (Kounaves
et al, 2014a). It is expected to be common in the marggolith across the
planet due to the mixing of fine-grained surfaceeanals by dust storm activity.
Davilaet al. (2013) has suggested that perchlorate could berae of ISRU-
derived Q as well as propellants for surface and launcholesi However,
perchlorate is known to impair thyroid function ahérefore is toxic to humans.
The presence of perchlorate in martian dust, graaitet, and in crops grown in
martian soil would need to be reduced for humaivities to be successfully
conducted on Mars.

6.1.3 Fuel and power sources

Fuel for surface operations and/or propellantsfew ascent to orbit could be
manufactured from martian surface materials. Hyem@xygen, and methane
could be produced from atmospheric 8 atmospheric/ surface@ through
electrolysis and the Sabatier process. The peiteldound throughout the
martian regolith also could be used to produce erydavilaet al, 2013).

Martian surface materials contain various metalguding magnesium and

aluminum, which could be mined for use as prop&léismailet al, 2012).
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Power for daily operations would be expected tpioeluced from solar
energy and/or RTGs. As noted in Section 6.1.1anek on solar energy would
limit year-round operations to the equatorial zoh#ars where near-
surface/surficial HO resources would be limited. Power from RTGs walldw
surface operations at a range of latitudes, butpgrealuced from this source
could result in some currently non-Special Regioesoming Special. For
example, waste heat from RTGs powering a statioatém poleward of 30
latitude in either hemisphere could melt near-agfae, resulting in liquid water
ponds which could then become designated as Spgeqbns.

6.2 Radiation environment

The thin martian atmosphere, small concentratidradgroospheric ozone, and
lack of a present-day active magnetic field regsufadiation reaching the martian
surface from space. The RAD instrument on the M&lusiosity rover has
measured GCR and SEP doses at the planet’s sariddends a GCR equivalent
dose rate of 232 millisieverts (mSv) per year (lHast al, 2014). The current
federal occupational limit of radiation exposure pear for an adult is below
~0.05 Sv. A nominal 860 day human mission to Mart) @0-day round-trip
transit (180 days each way) and 500 days on tHacyris estimated to result in a
total mission does equivalent of ~1.01 Sv, baseMI8Sih cruise and surface
radiation measurements. Therefore shielding woaldelquired for long-term

surface operations on Mars. Deposition of regalithr surface habitats, water
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storage (both in tanks and as ice) around habtatsection of habitats in
underground environments such as lava tubes ares @eould provide the
necessary shielding from radiation to allow extehideman activities to occur on
the planet’s surface, although caves and lava tofagsbe Special Regions
(Section 4.8). A few areas within the martian hagtus retain crustal remnant
magnetization from the early period when the plgosisessed a magnetic field
(Acufiaet al, 1999; Connernegt al, 2004). This remnant magnetization may
provide some partial shielding from cosmic radiatibhuman activities would be
localized within these regions.

6.3 Limiting contamination of Special Regions by hman activity

Our group recognizes that it would not be posditrell human-associated
processes and mission operations to be conductathwentirely closed systems
while on the martian surface. The goal of humarsirss to Mars should be to
not affect or otherwise contaminate Special Reginosbe contaminated by
materials from them (Raa al, 2008). Human activities on the planet’s surface
therefore should take steps to avoid convertingsair@to Special Regions, such as
through the melting of surface/near-surface icevhgte heat. This leads to the
guestion: How can humans explore Mars in the de$éneel of detail while
limiting contamination of Special Regions? One scenwould be to establish
“safe zones” for human activities near Special Begibut only allow controlled

robotic access to the Special Regions locations. 3denario implies that a
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“clean” robotic rover can be landed in the sama aethe human landing site
and that the capability exists for humans to aselyi interact with the rover and
receive contained, rover-collected samples. Weegg@ect that other scenarios to
avoid contamination with Special Regions would deasmced as human
exploration of Mars comes closer to reality andenir knowledge gaps would be
removed by future discoveries and research (Betady, 2012b).
7. Discussion

This study has been focused on the ability (orilitgpof Earth organisms
carried by spacecraft to replicate (and presumkddyp on replicating) on or
under the surface of Mars as we can envision itasove find it—sometime in
the next 500 years (Finding 1-1). If this studyrevdealing with a complete data
set, and we actually knew the capabilities of e\tgth organism as well as each
and every environment that is or will be on or urttie surface of Mars during
this time, we would still have unknowns and undaties associated with the
“right” organism coming into contact with the “rijlenvironment, and how that
might chance to happen. Rest assured, however-ewetdhave a complete data
set for either Earth life or for Mars environmeni&hus, the unknowns and
uncertainties associated with the identificatiorspécial Regions on Mars will
include a healthy dose of ignorance with respebiotih.

Nonetheless, we have learned quite a bit about Bace the previous

MEPAG study (Beatyt al, 2006), more about Earth life than we knew at that
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time, too, and even a bit more about the spacetraiftvill take (some) Earth
organisms to Mars and their potential to createclp®egions on their own.
Thus we are able to provide an update to the ceimis of that earlier study,
even though our data sets remain woefully incoreplet

7.1 Environmental parameters used to define Mars Sgrial Regions

One of the assumptions built into this study asgredecessor is that the
capabilities and limitations of the Earth organishet may be carried
inadvertentlyby spacecraft will be used to define the chargsttes ofpossible
Special Regions on Mars. While we see (Finding 2xat Mars is not easily
shown to be lacking materials that could suppames&arth organisms (e.g.,
chemolithoautotrophs), we also do not place limarighe ability of any Earth
organism small enough to do so to stow away to NFErsglings 2-2, 2-3). There
may be such limits, but our ignorance of the miab¥world, and the variety of
transport processes that could result in a micbaaeding a spacecraft, are
sufficient to make their imposition impractical.nédwe cannot limit our stow-
aways to chemolithoautotrophs. It is possible év&tn organisms that depend on
metabolizing organic compounds could be accommddateMars, somewhere
(Finding 2-4)—or maybe everywhere, badly, givengh®ll amounts of organics
so far detected. In order to take a conservapypeaach to the identification of

potential Special Regions on Mars, as did the Z008y, we start with the most

134



basic characteristics of an environment—ones thiate shown to affeetl
microbes on Earth.

7.1.1 Recommended organism-based parameters dgetmenimits of life,
and the requirements for Mars Special Regions: d @n

Conditions on the surface of Mars are often deedrés being “cold” and
“dry” (along with dusty and cratered). As it happethose conditions are critical
to the ability of Earth organisms to replicate mya&nvironment. If it is too cold
(or too hot), or too dry, Earth microbes will nepfticate. Thus we define the
basic parameters of a Special Region (without maag a location where:

(1) the temperature (T) is 255K (-18°C) or abovadihg 3-1), and

(2) water activity (@) is above 0.60 (Finding 3-4).

While it can be shown that organisms can be marsitsee to & than the
accuracy of measurement suggested by a value @f th® practicality of
measuring water activity at the same accuracy asganism senses it has not yet
been established.

Under the definition adopted by MEPAG in 2006,difmartian environment
cansimultaneouslgxceed the threshold conditions the threshold itond of -
20°C and a over 0.5, propagation may be possible” (italicdeat). Both of those
parameters in the 2006 had margin placed on theth,tb lower the temperature
as well as the water activity required for desagpa location as an Uncertain

region, which could be expected to host microbialif it were introduced
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therein.With equivalent margiadded, the basic parameters of a Special Region
would describe a location where:

(1) the temperature (T) is 250K (-23°C) or above] a

(2) water activity (@) is above 0.50.

7.1.2 Organism-based parameters not at the linfitdey and thus not
defining Special Regions

A number of other organism-related parameters wensidered with respect
to the martian environment, and found not to beelkenough to the limits of life,
or to allow us to map those limits well enough éused to define Special
Regions. For example, compounds known as chadcgoe lower the
temperature at which an organism can replicatiomd{rg 3-3), but there is no
record of chaotropes enabling replication at terajpees below 255K (-18°C) and
the variety of salts that can act as chaotropicpmumds are not localized on the
martian surface. Other parameters may not be luggfdiscriminators because
the physical conditions on Mars (outside of T andaae not sufficiently
challenging to eliminate the possibility of Eartfelliving there. For example,
low total pressure (below 2,500 Pa) does not prokdme Earth organisms from
replication (e.g., at 700 pascals, where waternaithain a liquid at temperatures
at 0°C or slightly above; Finding 3-6), and the BB}V environment, while
generally lethal to Earth microbes, can be shieltesily by dust or by other

organisms (Finding 3-7). Measurements of radiatioa to GCR and SPE are
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more benign than previously anticipated (Finding)3and are fairly uniform
with respect to location on the martian surfacth(algh being buried alive is a
useful way to avoid this radiation altogether). Makthe entire set of issues more
complex is that some microbes (and especially meadmunities of microbes)
are more likely to survive multiple, differing sésors than they are to survive
those stressors when faced with them one at a(fméding 3-9). Whatever the
confounding issues, the SR-SAG2 (like its predem@dss found that Mars
Special Regions should only be defined by measafresmperatur@and/or water
activity.

7.1.3 A non-equilibrium Mars and asynchronous cbods related to life

While humanity’s efforts in Mars exploration haventinued to expand since
the era of the Mariners 4, 6, 9, and the Vikingswss, we are still challenged in
our ability to take observations made at orbitatahce (or farther) and translate
them (with or without an intervening lander; se®l€) into an understanding of
a specific environment, over time, at a scaleithapplicable to the survival,
growth, or even replication of microbial life (Fing 3-10). As such, we are
hindered by our size, the size of our spacecratt,the size of Mars—as well as
our perception of time. Microbes can live therek much more quickly than we
do, but also much more slowly. And even on Earthane only now beginning to

appreciate the contributions and abilities of orgias that form over 50% of the
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Earth’s biomass (cf., Whitmaat al, 1998). How they will adapt to Mars
environments we have yet to categorize is a pubalewe would like to solve.

In the discussion above and in the earlier 200@ysitwas implicit that Mars
Special Regions must be defined by appropriatelyntamperatureand enough
water activity occurring together in the same plaed in the same time. Were
their intersection to have been mapped out on tdiam surface, the 2006
study’s expectation for warm temperatures and leigbugh water activity (Beaty
et al., 2006, Fig. 8, p. 700) would have been albhaap, as the posited Mars
subsurface equilibrium conditions did not allow maenough temperatures and
sufficient water activity to coexist. As such, matural Special Region would
exist outside of (possibly) gully systems or othen-understood features, or in
the deep subsurface. By specifying a water agtiatue, one was automatically
faced with a temperature that was too low to alltavth organisms to replicate,
and if the temperature was high enough for thatréhative humidity at that site
would be excruciatingly low, allowing no replication its part.

In this study the specific examples cited in the@@eport were affirmed, but
more attention was paid to the regular, even cydigequilibria in temperature
and water activity demonstrated at the Viking 1 XAHhermal and Electric
Conductivity Probe, TECP) and MSL (REMS) landingsi(Figs. 26, 27), where
in some seasons the temperature required for manaplication was regularly

reached during the driest part of the day, whea¢agght, when the temperature
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was too low for replication, the relative humidéithe site was above 0.6 and
nearly always close to 1.0. The non-overlap ofrdtpiired values for a Special
Region is reflected in Finding 4-12, but the fdwttboth could be reached within
the same 24 hour period, regularly, suggests llesetmay be a way for
organisms to connect the favorable aspects of theseds across a bridge of
biotic adaptation.

At present, we do not have any evidence that Eaganisms can build that
bridge. While Finding 3-11 encourages a futurenogis look at the specific
capabilities of the Earth’s lichens in Mars corahs, and Finding 3-12 provides
some circumstantial evidence relative to the qoasthere is much work to be
undertaken to show that any Earth organism canuinger the changing
conditions seen by the landers of Fig. 27. In,fRotding 3-13 suggests that those
conditions may be unbridgeable, with low watenattimatrix effects in the
shallow subsurface dominating microbial survivat,dlone reproduction.

Other non-equilibria may also occur on Mars, andriderstanding those we
are hampered by a lack of observations and experieRor example, the
Whitewayet al. (2009) reported observations from the PHX LIDARIuded
some measurements of that precipitation reachiagtbund, generally in the
early morning hours. Finding 3-14 reminds us thstat least theoretically
possible that in the parts of Mars where the tatisospheric pressure is above

the triple-point of water, that precipitation couddd subjected to transient melting
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(and it could be aided in that melting if it felh @ salty surface). How important
would that be locally? Without having seen it atityg and being able to
measure the related phenomena (including the mowecal effects) it is simply
impossible to tell. We need more experience witsé parts of Mars where it
couldoccur, and we need to be able to make relatedadigens in the dark.

Other mechanisms might also lead to narrowing Hpelgetween high enough
temperatures and sufficient water activity to magmething interesting happen
biologically. Finding 3-15 deals with the expematthat certain materials,
whether in the local environment (e.g., clays)®part of the organisms
themselves (e.g., certain proteins) can allow niiesato retain water more
capably than a shallow-subsurface equilibrium mbdédt on average soil
properties would predict. The understanding o$¢hghenomena at the microbial
scale represents a potentially productive contidiouto our understanding of
Mars Special Regions in the future.
7.2 Environments on Mars: a proposed categorization

At our current stage of observational familiaritittwthe martian surface and
subsurface (as far as SHARAD and MARSIS can se& 418 km, respectively),
our understanding of the processes that have shhpgdanet is far from
complete. Hence, something that looks like a giallynd on Earth is called a
“gully” although there may be numerous reasongHat particular landform to be

in that particular place, with similar-looking laiedms being shaped by different
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processes. Likewise, a single process, when fatthda multiplicity of different
landforms may shape each of them differently. dehsthere are different
implications for the identification of Special Regs in very similar looking parts
of Mars.

7.2.1 Parameters considered in categorizing nateralironments, but not
used

Table 7 summarizes the potential microscale envnemnts anticipated on
Mars, and the SR-SAG2 evaluated their likely cdmifion to the existence of
naturally occurring Special Regions, accordinghs a result of this evaluation,
the Group did not define any Special or UncertadgiBns on the basis of vapor-
phase water availability (see above), ice or brelated sites (exclusive of
temperature and water availability criteria thatgm both ice-related phenomena
and the deliquescence of salts), or aqueous filmgater in minerals (finding the
water bound too tightly to be of use to microbessdul on the water activity
criterion). See Findings 4-13, 4-14, and 4-15¢ Pbtential for periodic
condensation or dew to form (along with the frasttfobserved at the Viking 2
site) was noted (Finding 4-16), but there is naugh data to ascribe possible
Special Regions to those phenomena.

7.2.2 Parameters used in categorizing natural emvuinents

Again referring to Table 7, the remaining micro-naacroenvironments of

relevance to Special Regions are groundwater assilgle thermal springs on
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Mars. Neither of these have been observed onaenthe surface of present-day
Mars, but there is ample evidence to suggest éxastence on the relatively
recent Mars< 10 mya). As such, their effects on landformslendurface of
Mars are the determinants of environments that Inea$pecial Regions, and in
this evaluation will be designated as Uncertaini®eg—to be treated as Special
Regions.
[Table 11 here]

7.3 Natural Special Regions / Uncertain Regions:assification and
guidelines

Table 11 contains the proposed classification afuiees comprising Special
and Uncertain Regions on Mars (as well as thosethought to be Non-Special).
The classification of RSL, best explained by thepsge of water at >250 K, with
an unknown, and perhaps variable @flecting Finding 4-1. The classification
of gullies from Findings 4-2 and 4-3, as well abl€d is reflected here. On the
conservative side, observed gullies whose formatimhactivity is inconsistent
with liquid water, but consistent with G@s the active fluid, are considered Non-
Special, but the rest are considered as UncertagioRs.

That classification is justified, given that mostlee current gully activity on
Mars for which seasonal constraints are availdiyenfeans of careful change
detection surveys by the HIRISE instrument on MREjurs at the C&frost

point, and is thermally incompatible with the pmese of liquid water. Rare
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activity seen at warmer temperatures is consistéhtdry mass wasting on steep
slopes.

Some gullies show erosion that may have been adiragd by liquid water,
most likely in a prior (warmer) climatic environnteff so, such liquid could have
originated through the melting of surficial ice dsjis that had been laid down in
the last glacial period, which culminated a few ¢l thousand years ago.
Nonetheless, there is nothing in either the MAR&ISHARAD data sets that is
suggestive of shallow groundwater origin for anyha gullies (any associated
reservoir of subsurface liquid water should bertyeasible in the orbital radar
data). Thus, the potential for a gully to havelikwater during the next 500
years is primarily dependent on (1) its associatwth residual ice that has not
yet melted, or (2) its association with RSL, forigtha water-related genesis is
possible but not proven. That potential is congderarefully in the gully
classification scheme shown herein.

Table 11 also includes features that would be demnsd to be Special
Regions if they were observed, but have not yemhlseen. These include recent
craters that are still warm (ref., Finding 4-4)p@ndwater (ref., Findings 4-5, 4-6,
4-7) and thermal zones (ref., Finding 4-10). Tddlelso reaffirms conclusions
reached by the 2006 study (Beatyal, 2006), with Findings 4-8 and 4-9 leaving
Polar dark dune streaks and slope streaks (thaioaf®SL) in the Non-Special

classification.
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Finally, Table 11 also includes martian caves alimcertain Region
classification. As reported in Finding 4-11, thetemt of these geomorphic
features on Mars is currently not known (but see E4), though the potential for
them to provide significantly different environmahtharacteristics from the
surface is significant.

It should also be noted that Table 11 does notemddspacecraft-induced
Special Regions (see Finding 5-1), which are dsedidelow.

7.3.1 Map products

Following the definitions for natural and spacetrafluced Special Regions
on Mars (see Sections 4 and 5), five map unitspeeified that meet criteria for
potential spacecraft-induced or natural Specialiétey The units are defined on
the basis of spacecraft observations and theoreticsiderations for potential
surface and near-surface transient water and r@sichater ice (Fig. 46). The map
unit boundaries in some cases have large spatartamties.

7.3.2 Unit 1: Continuous shallow ice within 0.3 frtlee surface.

This unit is based mainly on a theoretical modeMallon et al. (2004, Fig.
9b) that has been validated by spacecraft obsens(see also Section 4.9).
Sections bounded by dotted line segments show wtheré count-per-second
epithermal neutron boundary occurs equatorwartdefodel boundary as

determined by Melloet al. (2004); in these areas the unit boundary is highly
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uncertainty. Otherwise, boundary location uncetyaision order of 100 km,
which is the approximate width of the red linesig. 46.

As suggested by Finding 5-6, this unit may alsoashnalications of shallow
ice in the form of polygonal ground. The exacat®nship of this Unit to the
formation of excess ice (Finding 5-7) in the shalkubsurface of Mars will be of
import in later assessments of the likelihood ch&eraft-Induced Special
Regions as a consequence of landings in this Unit.

Unit 1 also encompasses unmapped detections agrémaes of local,
generally >1-5 m deep ice as indicated by: (a) Reloegpact craters exposing ice
within 1-2 m of the surface (Dundas et al., 201(éag also Section 5.4 and
Finding 5-5); (b) geomorphic features interpretete ice-cored glaciers (some
of which include SHARAD detections consistent wbtlried ice at depths of tens
of meters; see Sections 5.3 and 5.7; Finding D&k&onet al.,2008; Holtet al.,
2008; Plauet al.,2009); (c) SHARAD detections consistent with buriesl at
20-50 m depth in planar materials in Arcadia Plar{Bramsoret al.,2014) (see
also Section 5.7); and (d) widespread locationsnofodified to partly deflated,
ubiquitous mid-latitude mantle material (Mustatdal.,2001) See Finding 5-4.

7.3.3 Unit 2: Discontinuous shallow ice within Sofithe surface.

This unit follows the 1 m local slope stable icaibdary of Aharonson and
Schorghofer (2006; Fig. 9f) (see also Section 3 6 boundary location

uncertainty generally is on order of 100 km, whikkhe approximate width of
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the blue lines in Fig. 46. Unit 2 also encompassesapped detections and
inferences of local, generally >5 m deep ice asnilgsd in association with Unit
1. See Finding 5-3.

7.3.4 Unit 3: Shallow ice absent, potential foe 5 m deep.

Ribbed deposits occurring on western flanks of $isashields are interpreted
to be largely desiccated TMG (Heatal.,2003) (see also section 5.2; Finding 5-
2). These deposits coincide with the Late Amazoajaion unit (IAa) mapped by
Tanakaet al. (2014), which is the mapping shown here.

[Figure 46 About Here]

7.3.5 Unit 4: Possibility of transient surface wataferred from RSL.

RSL are recently formed, dark slope features ifiedtin HIRISE images
over multiple Mars years when surface T>250K. THeaéures include both
confirmed and partly confirmed RSL as defined byBMen et al. (2014) (see
also Section 4.1). RSL typically occur in areasdreds of meters to kilometers
across. RSL locations are indicated as 50-km-diameircular Special Regions
in order to provide for adequate precautions facspraft landings in their
proximity, including an allowance for the possityilof an off-target landing (Fig
47).

[Figure 47 goes about here.]

7.3.6 Unit 5: No shallow ice within 5 m of the sxod observed or suspected.
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No evidence for or reason to suspect surficiahatlew ice or water exists in
this region.

7.4 Proposals for analyses to support future-missn planetary protection
requirements

7.4.1 RSL, gullies, and (someday) caves

High-spatial-resolution monitoring was requiredd&iect the presence of
RSL, and high-temporal-resolution monitoring waguieed to confirm the
presence of RSL and distinguish them from otheesy@f slope lineae that may
look similar. Other features may have similar elctaristics to RSL (perhaps
involving water), but their characteristics are m@ntical. RSL may or may not
be associated with gullies, as well. Only a limiteomber of caves have been
identified, but it is anticipated that more will lwkentified in the future.

In order to prevent the inadvertent landing of acgeraft near one of these
features, in support of its overall planetary pectten categorization, it is
proposed that any mission whose landing ellipgeroposed area of operations
will include RSL, one of the gully features desitgthas an Uncertain Region, or
a cave, should prepare an analysis of the following

e Any case that can be made to constrain the agetigftg in the specific

RSL or gully feature (active, fossil, or unknowaj,the nature of the cave;
¢ Any constraints identified with respect to whetbbkallow groundwater is

or is not present in the area of the feature;
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e Whether/how the mission is intended to, or mightigriact with the

identified feature; and

e Consequences of various failure modes associatidhid mission’s EDL

profile, and the expected landing location of each.

7.4.2 Other spacecraft-induced Special Regions

An accurate evaluation of the possibility of SpeBliagions induced by future
spacecraft is highly dependent on the nature dfelspacecraft, their heat
sources, and their landing locations. Only gengualelines are thus possible at
this point. Nonetheless, all surface missions peliturb the local thermal
environment to some extent. For missions sentidoation underlain by ice,
proposers should evaluate the possibility of:

e Melting to form liquid water/brine;

e The amount of time that liquid might exist;

e The location(s) to where it might migrate; and

e What its ranges of water activity and temperatungda be.

For missions sent to a location not underlain ley proposers should evaluate
the potential presence of highly hydrated salttvhupon heating, could form
brine via deliqguescence (Finding 5-9). Evaluate ¥ima modeling the
environmental conditions of temperature, watenagtiand composition of the
brine for comparison to the environmental limits ¢ell division for terrestrial

organisms. In addition, evaluate the possibilityhe brine as a transport
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mechanism for terrestrial microbes to known or wwkn subsurface
environments.

Thermal perturbation of the local environment kgpacecraft could induce
localized Special Regions, so the thermal envirarinmeluced onto the surface
and near-surface regolith by the spacecraft shoelldnalyzed for each landed
mission. For spacecraft carrying one or more radioipe heat sources, analyses
should be performed to evaluate the probabilityertx and lifetime of each
Special Region that could be created by both noamdlanomalous events.

7.5 Knowledge Gaps

There are major gaps in our understanding of lii llars that, if filled,
would add powerful insights into Mars astrobiolagyd clarify planetary
protection issues associated with Special Regidhgse are listed here without
regard to possible priority:

e The synergy of multiple factors that enable enhdmog&robial survival
and growth (i.e., storage mechanisms; biofilms, thedstructure of
microbial communities), and mechanisms that maywnafbr temporal
separation in microbial resource use.

¢ Studies that consider varying multiple extreme peaters, especially
those that trade simplicity for robust generatibmaltifaceted stresses.

e Investigations into microbial activity at low watactivity — additional

physiological studies on the limits to microbidéli
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Investigations into microbial activity at lowem@erature limits for life —
additional physiological studies under controlledditions with a mix of
varied parameters (including temperature, watavigigtchaotropic
activity, etc.).

Investigations into the properties of various matgin harsh conditions,
such as clays, zeolites and other three- dimenisiomerals (for example,
sulfides), that may affect their ability to suppuoricrobial life.

Further research into excess ice, and mixtureseond salt at the PHX
landing site.

Extend our existing martian datasets in four areas:

Detailed change detection surveys by the HiRISEunsent and

follow-ons, and research to understand contempqmargesses

driving RSL and gully activity.

= Extend the coverage of the radar surveys by MARBISSHARAD.

= Continued thermal mapping by THEMIS.

= Continued observations from the ground at GaleeCilag REMS or
elsewhere by REMS-like instruments.

Further investigations into caves on Mars

= Expand the survey to expand the number of knowe<an Mars
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Investigate or model the behavior of frozen vodatithat may be
trapped in Martian caves (cf., MacDonald, 1993;d-@007; Williams
et al, 2010)

Investigate the potential differences in atmospheharacteristics in
caves on Mars versus the surface (cf., Hasd, 2000; Bostoret al,
1992). However, while this is possible on Marsgenaence currently
exists to assist us with this question. Futuretifieation of any point
sources of anomalous gases coming from the sulssustaould be
assessed for whether subsurface cavity or frattalogat might exist
at such a site.

Understand the likely temperature profile in marttaves of different
depths resulting from positive geothermal heat flow

8. Summary

In the light of new information and understanditgat Mars environments
and Earth microbes, we have revisited and revisediéfinition (and the
interpreted locations) of Special Regions on Makdwo-step process was used
to update our understanding/interpretations of Marscial Regions to include
and examination of the literature for the limitsnocrobial life, the availability
and action of water on Mars, and the specific feetwr depths in which habitats
related to life might be found. We have updateduwulerstanding of the

environmental limits to microbial reproduction oarth as well as the known

151



and/or hypothesized environmental conditions ondWapable of sustaining
them. In addition to planetary protection conseqes, we have noted
implications of this information to the presencel availability of related
resources on Mars to support future human exptorati

Special Regions on Mars continue to be best-deternby locations where
both of the parameters (without margins addedgmiperature (above 255K) and
water activity (aw; >0.60) are attained. There@eees/times on Mars where
both of these parameters are attained within dessa, but it is unknown
whether Earth organisms can use resources inigasrtinuous fashion. No
regions have been definitively identified wheresith@arameters are attained
simultaneously, but a classification of landfornmshdars leads to RSL, certain
types of gullies, and caves being named Uncertamids, which will be treated
as if they were Special Regions until further dagathered to properly classify
them as Special Regions or Non-Special Regions.

Thus, during the planning phases, missions willgtineir own potential to
create spacecraft-induced Special Regions by #epce of a lander, itself, or by
non-nominal operations during the descent phasktake action to ensure that
Special Regions are not inadvertently created. oRokpacecraft will need to
avoid Special Regions if they are not clean endogivoid contaminating those

Regions. Although current requirements are theesasithose met by the Viking
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missions of the mid-1970s, no spacecraft sent tsidimce that time has been
clean enough to enter a Special Region.

Human explorers require access to in-situ resousmase of which may be
found in Special Regions. Water and oxygen for ISR&found in the
atmosphere, surface/near-surface ice, hydratedratén@nd perchlorates. Water
ice is most abundant at latitudes poleward of ~Gfiebss, but polar darkness,
cold temperatures, and G@egassing present hazards to human operations in
these regions. Accessible water is more limitedaravthe equator, though
temperature and solar energy conditions become favoeable. RSL may be
liquid water of limited salinity, although they ddwe difficult to tap given their
location on difficult slopes and the need to awadtamination of them, and any
aquifer that may be associated with them, if theeyta be usable by human
explorers or objects of further scientific study.

Fuel for surface operations and propellants fowaescent could be
manufactured from the martian atmosphere and sarfaterials, but dust in the
atmosphere may clog ISRU equipment and perchligaietentially toxic to
humans (thyroid effects) if it reaches higher conicgions in the habitat or suit
atmosphere. Power may also be produced from splanaear energy, although
reliance on solar energy may limit operations ®dhuatorial zone of Mars,
where easily accessible ice resources are limMeadlear power could allow

surface operations at a range of latitudes, b carst be taken to prevent waste
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heat from converting some Non-Special Regions $giecial Regions. Radiation
shielding is necessary for long-term human opemnatan Mars and could be
obtained by deposition of regolith or by water atgr around habitats, either in
tanks or as ice. It will be impossible for all hamassociated processes and
operations to be conducted within entirely closgsteams, so protocols need to be
established so (1) human missions to Mars willaoottaminate Special Regions
nor be contaminated by materials (or possibly asgags) from them, and (2)
human activities on Mars will avoid converting N8pecial Regions to Special
Regions, and thus help control the spread of Harthoorganisms on Mars.
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