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Executive Summary

Returning samples from Mars to Earth for scientditalysis has been, and continues to be,
among the highest priority objectives of planetagyence. Partly for this reason, the 2011
Planetary Science Decadal Survey placed high prion a proposed 2018 rover mission that
would conduct carefuin situ science and use that scientific information teselnd cache
samples that could be returned to Earth by a pate€fature mission. In order to ensure that the
potential contributions of the 2018 rover to thegmsed MSR Campaign are properly planned,
this study was undertaken to consider the sciefidheoMSR Campaign concept from end to
end. This white paper is the principal output lvé Mars Sample Return (MSR) End-to-End
International Science Analysis Group (E2E-iISAG):geoup chartered by MEPAG (Mars
Exploration Program Analysis Group).

We have built upon previous MEPAG and NRC studeesdnsolidate and prioritize science
objectives for a potential MSR campaign. Consitgrthose objectives, we evaluated the
implications for accessing, selecting, obtaining aaching suitable samples on Mars during the
proposed 201& situ science rover mission. Key issues addresseddadhe types of material
needed (rock, regolith, gas), the number and ctarat samples and sample suites, the resulting
sample mass, the situ science measurements needed to establish theggmloontext of the
samples, and the types of landing sites on Marscihald provide the diverse materials needed
to meet the science objectives. As one of the kputs to this analysis, we also evaluated the
range of likely analytical investigations that wdbdde carried out on the returned samples.

In developing science objectives and priorities ¥ars Sample Return, E2E-ISAG identified
four overarching science themes or Aims:

A. Life and its organic chemical precursors;

B. Surface materials and the record of martian sunfaceesses;
C. Planetary evolution of Mars and its atmosphere; and

D. Potential for future human exploration.

Within these Aim categories, eight specific scintobjectives were defined that could be
addressed through the analysis of returned materidéing criteria based otne value of
increased knowledge that could be gained by analyzing returned sampites eight objectives
were placed in priority order:

() Critically assess any evidence for past life ordtemical precursors, and place detailed
constraints on the past habitability and the patdrfor preservation of the signs of life;

(2) Quantitatively constrain the age, context and peses of accretion, early differentiation
and magmatic and magnetic history of Mars;

(3) Reconstruct the history of surface and near-surfaoeesses involving water;
(4) Constrain the magnitude, nature, timing, and origfrpast planet-wide climate change;
(5) Assess potential environmental hazards to futuredruexploration

(6) Assess the history and significance of surface fyiodi processes, including, but not
limited to: impact, photochemical, volcanic, ancoA&n processes



(7) Constrain the origin and evolution of the martiailmasphere, accounting for its elemental
and isotopic composition with all inert spegies

(8) Evaluate potential critical resources for futurerhan explorers.

In addition, evaluating the possibility of extaifelin all returned samples would be important,
both to meet planetary protection requirements la@chuse of the intrinsic scientific interest.
However, we felt that there would be no logical iaymplement the search for extant life as a
primary mission objective that would be expectetiéachieved.

Returned sample types most likely to achieve theables described above are, in priority
order:

1A. Suites of subaqueous or hydrothermal sedim(eqisal priority),

1B. Suites of hydrothermally altered rocks or l@mperature fluid-altered rocks (equal
priority),

2. Suite of unaltered igneous rocks,

3. Atleast one and preferably two or more samptesgolith, including airfall dust,
obtained some distance from any landing site comiaton and preferably
including a subsurface sample,

4. At least one and preferably two aliquots of preésday atmosphere and samples of
sedimentary-igneous rocks containing ancient tra@enosphere.

E2E-iSAG found that the value of returned sampierse is dependent on the qualityifsitu
science. Particularly to address the higher pyigtience objectives, sample suites would need
to be collected from a site that has been well attarized through a campaigniofsitu field
science. The goal of site characterization woddhe establishment of geologic context so that
the relationship of samples to each other, andhéa surroundings, could be understood. This
information would ensure that only the best samples would bermed to Earth, and that
measurements made on Earth could be confidenypréted and lead to the most significant
discoveries.

In order to obtain the required context, previoxgegience demonstrates the need for integrated
observations ranging from macroscopic (i.e. rediooatcrop) down to microscopic (i.e., sub-
millimeter) scales. Experience from terrestrialdsts and the Mars Exploration Rovers (MER)
further demonstrates the need to evaluate many mumoks and soils than are eventually
collected (by several orders of magnitude) and #®oneed to remove dust and weathering
products from rock surfaces in order to be ableirterpret the rocks correctly. This
characterization would require situ measurements from outcrops and soils across dees af
interest as well as the precise locations of thmpdes selected, thus a suite of scientific
instruments and supporting capabilities on the $edopllecting rover would be needed.

To achieve the proposed science objectives, tla¢ noimber of rock samples should be ~30. To
prepare for new discoveries during surface operafia capability to exchang®5% of earlier
collected samples with later collected samples diawld valuable scientific flexibility. The 2 m
ESA drill would provide unique sampling opportuegifrom the unexplored subsurface, with its



enhanced likelihood of preservation of organics;oadingly, obtaining these samples is also
highly desirable.

To evaluate the size of individual samples neededneet science objectives, E2E-iISAG
reviewed various analytical methods likely to beplagul to returned samples by preliminary
examination teams, for planetary protection (iliée, detection, biohazard assessment) and by
principal investigators. E2E-ISAG concluded thampées should be sized so that all high-
priority analyses could be done in triplicate ahdttat least 40% of each sample should be
preserved for future scientific investigations, sistent with standard curatorial practice of
extraterrestrial materials. Samples sized at 1§-&®uld be optimal and containers designed to
accommodate sedimentary and igneous rocks of tassmould also be sufficient for regolith
samples. Total mass of returned rocks, soils, lslamd standards should be ~500 g. In order to
achieve all high priority objectives related toamospheric gas sample, it should be sized at the
equivalent of 50 crhat Mars ambient atmospheric conditions (whichgsiealent to 5 crwwith

10x compression).

In order to preserve acceptable sample qualityndustorage on Mars-perhaps for many years-
and to transport the cache to Earth, the samplairmns would need to be sealed. The critical
volatile component to be considered in devisingtamment is structural and adsorbed water
that may be present in some samples. Accordingtyiyidual sample tubes would require some
level of sealing during storage on the martianaef It would also be scientifically desirable to

seal the entire sample canister before leaving Mamsvoid a significant pressure differential

across sample tube seals during transit and thoisnizie volatile mobility.

Finding sites that would contain the desired samplel also be safe to land on is challenging. In
order to overcome this challenge it may be necgssahave sufficient mobility to explore
outside landing ellipses and/or the capability Yoid or tolerate certain hazards during Entry,
Descent and Landing (EDL) so that the ellipse nmjude rocky materials needed to address
the science objectives. The E2E-ISAG formulateeference landing site set to: 1) demonstrate
the ability to find sites that in principle couldhaeve the highest priority science objectives and
2) provide environmental conditions to allow engineg planning to take place. E2E-iISAG
evaluated 85 sites previously proposed by the Meaence community. Threshold criteria, based
on finding the materials that could address thers@ objectives and sampling priorities, were
applied and at least 10 sites that address mdseadbbjectives were identified. Of these, seven
were selected as “reference sites” because theg haxange of properties that would help
engineers define landing and roving capabilitiesgd decause they already have sufficient
imaging to conduct terrain evaluation. In due ceues call for landing site proposals would be
made to initiate a comprehensive site selectiormgs® similar to those employed for MER and
Mars Science Laboratory (MSL).

In response to the proposed ESA-NASA collaborafmma single 2018 joint rover, several
assumptions were added to the E2E-iISAG delibersiloMay 2011: 1) a single rover delivered
by the MSL descent system, 2) that the rover waulgport scientific objectives originating both
from MSR and ExoMarf situ planning, and 3) that the Pasteur payload wouldebsned in

the rover. The group then evaluated the measurecapabilities in addition to those included in



the Pasteur payload that would be required for $ausgdection and caching and our conclusions
were:

(1) Rapidly obtained mast-based mineralogical (i.eecdscopic) determinations would be
required, in addition to the Pasteur payload macagsc imaging capability (PanCam)
(Required);

(2) Arm-mounted contact measurements include microsdomging, elemental chemistry, and
mineralogy, preferably with imaging and mineraloggsolved at the sub-mm scale
(Required) The capability to detect organic carbon with antaxt instrument is also _highly
desired,

(3) The arm should also include a device capable obrengy dust and weathering layers from

rock surfacegRequired)

(4) The capability of transferring samples collected dvwy arm-mounted corer to the Pasteur
analytical laboratory drawer (ALD), especially f@analyses of organics and mineralogy,
and the capability of transferring subsurface sagsdrom the ESA drill to the sample cache
are both highly desirable, but with the latter capay having significantly higher priority

(Desired)

The E2E-iSAG identified several issues requiringthfer study as soon as possible. These
include questions of science objectives and stieddgest addressed by MEPAG, program-level
matters directed to both ESA and NASA, and sciearggneering research and development
requirements, also to be addressed by both NASAS#

In summary, the E2E-iISAG identified science objexgithat would drive the scientific analyses
conducted on the first samples returned from wdlracterized environments on Mars. The
group identified the number and types of samplesp@ated masses and volumas,situ
measurements needed for context, and sample cor@atrrequirements needed to meet all or a
majority of the stated objectives. The group atkmtified a reference set of landing sites that
could be used to scope the related engineerings tbwk addressing successfully the MSR
campaign scientific objectives. The E2E-ISAG apates that the results of this unprecedented
campaign would fundamentally advance our undergtgnof Mars, planetary evolution and the
possible origin and distribution of life in the SpSystem.
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1 Introduction

Scientific exploration of Mars has been, and remainkey component of the space programs of
the space-faring nations of the world. Of the ptanin our solar system, Mars is the most
accessible by spacecraft, the most Earth-like imgeof geologic history and environment, and
the planet most likely to have hosted an indepeindegin and evolution of life. The return to
Earth of geological and atmospheric samples catefiom the martian surface has long been an
important goal of planetary exploration, in genegasd Mars exploration, in particular. Although
planning for such an enterprise has a very lontphjisthe recent successes of various orbital
and landed missions to Mars have enhanced thenad¢icand renewed the impetus to pursue
Mars sample return (MSR). As part of this developthm 2009, the space exploration programs
of the USA (NASA) and Europe (ESA) began discussiba formal program of cooperation and
collaboration in Mars exploration. In the USA, amportant recent development is the
recommendation of the 2011 Planetary Science Décualaey that a cost-constrained rover
mission (with potential launch in 2018), with key-situ scientific objectives, also include a
sample cache, and in that sense would become teefement of an MSR campaign. The
proposed 2018 rover was judged to be the top pyitar NASA-sponsored flagship missions in
the coming decad®&RC, 201).

The Mars Exploration Program Analysis Group (MEPAB)support of both NASA and ESA,
has been actively studying concepts for a collabeaars sample return campaign for several
years. An important early step was carried out iy MEPAG Next Decade MSR Science
Analysis Group MEPAG ND-SAG, 2008that provided the first extensive evaluation @éace
priorities and necessary mission capabilities foBRJ within a constrained engineering and
budgetary context. As the likely architecture oM&R campaign came into better focus, the
MEPAG Mid-Range Rover Science Analysis Group (MRAR=S formulated a mission concept
for a 2018 Mars Astrobiology Explorer-Cacher (MAX-CThis proposed mission was intended
to represent the first element, involving batksitu exploration of a compelling site on Mars as
well as sample collection and caching, in what dcatentually become a three-mission MSR
campaign (Figure IWMEPAG MRR-SAG 201Q An additional important study is that of IMARS
(2008), sponsored by the International Mars ExpionaWorking Group.

At about the time of the MAX-C final report (MEPARMRR-SAG 2010), the possibility that a
mid-range rover and ESA’s ExoMars rover could bievdeed to Mars together, and landed at
the same site, was proposed. This in turn resiteah evaluation of the collaborative science
that MAX-C and ExoMars could accomplish by the MERPAR-Rover International Science
Analysis Group MIEPAG 2R-ISAG, 201} It was within this framework that the delibecais
reported here were initiated.
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Figure 1: Mission Elements of the Proposed NASA /A MSR Campaign Architecture. Note that the
Potential 2022 and 2024 (or 2026) Launches of MSR-&hd MSR-L are nominal only and could take place
at later dates.

As described in greater detail below, the MEPAG MERd-to-End International Science
Analysis Group (MEPAG E2E-iISAG) was chartered ingast 2010 to fully evaluate the
implications on the proposed 2018 rover concephefcache. What would those samples be
used for? How many would be needed? How big wthag need to be? These, and a myriad
of other questions related to the concept of an NCAlRpaign (Figure 2), need to be addressed
in order to correctly design the proposed cache tanglan for how the samples would be
selected and stored. In the midst of our delif@ma, technical and cost considerations led to
the proposal that the essential functionalitiesttf MAX-C and ExoMars rovers might be
combined into a single joint ESA/NASA rover capabfemeeting many, if not most, of the
science objectives of both original missions. Aitgb this possibility was not part of our initial
assumptions, and was considered only late in olibetdations, the E2E-ISAG did attempt to
reconcile such a mission concept with its origictadrter.
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Prioritized MSR science objectives

Derived implications

Samples required/desired to Measurements
meet objectives on Earth

Critical Science Planning Questions for 2018

Variations of Types of landing Measurements
interest? sites that best Sample needed to interpret On-Mars
support the size? & document geology strategies?
# of samples? objectives? and select samples?

Engineering implications

Sampling Instruments on EDL & mobility parameters, Samnle

hardware sampling rover | lifetime, ops scenario preservation

Figure 2: General approach of the E2E-iISAG delibertions.

1.1 A Proposed MSR Implementation Architecture

The currently proposed architecture for the MSR @aign entails four primary elements: a
rover mission to carefully collect and cache thenglas; a lander mission (MSR-L) to transfer
that cache to orbit; an orbiter mission (MSR-O)rétrieve the orbiting cache and return it to
Earth; and a Mars Returned Sample Handling (MRS#Hjept that would encompass all of the
functionalities necessary to receive the samplesa (special facility referred to as the Sample
Receiving Facility) and access to the laboratorfrastructure necessary to carry out the
scientific investigation of the samples. Note ttia first mission in this sequence (the mid-
range rover) would have compelling in situ objeesivsufficient to justify it as a stand-alone
mission, that the decision to fly the 2018 roveuldonot automatically mean commitment to fly
the remaining elements of MSR, and that the tina¢ tthe cache would be on the surface may be
indefinite (seeNRC, 201).

The Campaign would entail three launches, as dapict Figure 1 Nattingly and May, 2011;
NRC, 201). The current baseline for the first mission ie firoposed NASA/ESA Mars 2018
joint rover mission, which would utilize a heritalyars Science Laboratory (MSL)-style entry,
descent, and landing (EDL) syste®tdltzner et. al. 200Go land on Mars a jointly developed
rover, capable of meeting boith situ and MSR scientific objectives. This rover woulnllect
and cache samples, ready for future pickup. Th@geed second mission is the MSR Orbiter
(MSR-O) and could be launched two Mars launch ojpaties (i.e., four years) later. MSR-O is
projected to launch before the MSR Lander, so thatould provide telecommunications
infrastructure for the lander mission operationgirdy arrival and after landing. The third
mission is the proposed MSR Lander (MSR-L), whiduld also use an MSL-style EDL system
to deliver the lander platform to the surface ofrda he lander platform would dispatch a fetch
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rover to retrieve the sample cache. The cachebeaugmented by a lander-collected sample of
gas and possibly also regolith. The landing pfatfavould also serve as a launch pad for a Mars
Ascent Vehicle (MAV), used to insert an orbitingrgde container (OS) into a 500-km near-
circular orbit.  After monitoring the MAV launchhitough release of the OS from the MAV,
MSR-O would rendezvous with and capture the OSc¢lwhiould then be packaged into an Earth
entry vehicle (EEV) carried with MSR-O. The orbitgould then return to Earth, release the
EEV a few hours before entry, and divert into a-B@mth-return trajectory. The EEV would
hard land on the surface and then be transferredsecure sample receiving facility (d&eaty

et al. 2009 and references therein) for quarantine beforepgzssnwould be made available for
scientific research.

2.MSR Campaign Scientific Aims and Objectives
2.1 Introduction

Several groups, most recently MEPAG (2010)andNRC (2011), have outlined the science
objectives for Mars explorationThe objectives are diverse enough that no simgésion could
address them all. It has been recognized for akyears that sample return is the single activity
that would make the most progress towards theeefist. Most recently, th&lRC (2011)
concluded that the state of our knowledge of Masuich that MSR is the next logical major step
in Mars exploration, and that there are no otheategiic missions worth flying before MSR.
However, one of the realities of sample-based seies that not all samples are equally useful
for all kinds of scientific questions. A first stegmerefore, in planning the MSR Campaign is to
identify and prioritize the science objectives.isTis then input into choosing where to go to get
the samples and to determine the many sample-dletdatebutes of the flight hardware such as
mission lifetime, EDL capabilities, mobility paratees, sampling capabilities, on-Mars
measurements and sample preservation capabilities.

The ‘03/05 MSR mission was planned in 1999-200bgiseven scientific objectives (listed in
Table 1 of MEPAG ND-SAG, 2008 all of which were highly generalized. Theseeatives
provided very little guidance on where to send thission, or the kinds and quantities of
samples to collect. Based on the results of th&ANAnd ESA exploration missions during the
period 1996-2007TMEPAG ND-SAG (2008)proposed 11 much more specific statements of
“possible scientific objectives”, with the cavehat “the achievable degree of progress towards
these scientific questions would depend on thecehof landing site” and several other factors,
thereby deferring several essential questions iehsfic priority to successor planning teams,
and to a later landing site selection process.

14



AIM # | Objective

In rocks interpreted (from orbital and in situ data) to represent one or more paleoenvironments with high potential for past habitability and biosignature
preservation:

A. Life Critically assess any evidence for past life or its chemical precursors, and place detailed constraints on the past habitability

and the potential for preservation of the signs of life

-

Determine if the surface and near-surface materials contain evidence of extant life

Reconstruct the history of surface and near-surface processes involving water.

Assess the history and significance of surface modifying processes, including, but not limited to: impact, photochemical,
volcanic, and aeolian.

Constrain the magnitude, nature, timing, and origin of past planet-wide climate change.

Quantitatively constrain the age, context and processes of accretion, early differentiation and magmatic and magnetic history

2
1
B. Surface 2
3
1

C. Planetary of Mars.
evolution 2 Constrain the origin and evolution of the martian atmosphere, accounting for its elemental and isotopic composition with all
inert species.
D. Human 1 |Assess potential environmental hazards to future human exploration.

exploration

2 |Evaluate potential critical resources for future human explorers.

ADDITIONAL [ [Determine if the surface and near-surface materials contain evidence of extant life

Table 1: Science objectives defined by E2E-iISAG, thematic order

Several additional recent studies have played amraje in setting the scene for the present
update of MSR scientific planning. The NRC’s Asimogy Strategy reportNRC, 2007,
MEPAG ND-SAG (2008)jMars Working Group (2008MEPAG MRR-SAG (201Q)and the
Decadal Survey reportNRC, 201) all emphasized that we are now ready to be muckem
specific about MSR scientific planning, strategiasd priorities, and that astrobiology-related
objectives have become important enough to becodniag force behind the mission.

The scientific value of a potential Mars sampleinethas been discussed in the literature for at
least 30 years (see, for examplRC, 1978 1990a, 199001994 1996 2003 2006 2007 and

the scientific rationale for returning samples beaslved over time. Early studies (e §RC,

1978 emphasized the need for samples to better urahershe evolution of Mars as a planet.
More recently, however, emphasis has shifted tsé&aech for life (e.gNASA, 1995; NRC
2007).

Finally, for the purposes of this study, the vis@the MSR Campaign was constrained by what
was considered to be practical (see charter asgumpgh Appendix A-2). Thus, objectives that
might require high latitudes, high elevations, d€ep m) drilling, and large sample masses, for
example, were given lower priorityThe intent was not to provide a prioritized list in the
abstract, but one that could be used to guide a sate return campaign in the context of
our current knowledge and expectations of future egineering and fiscal resources.

2.2 Specific Proposed Science Aims and Objectivesf  or Mars Returned Sample
Science (organized by topic)

In the present study, the E2E-iISAG consideredraNipus statements of scientific objectives for
Mars returned sample science, more recent pergpscfrom a broad segment of the Mars
science community, along with its own perspectived gudgment, and developed eight
implementable statements of scientific objectiwelich are organized under four higher-level
scientific aims (Table 1). The eight objectivesvdabeen prioritized, and it is our
recommendation that these priorities guide landgiig selection and a broad range of
implementation considerations. Whereas the ND-@#@ MRR-SAG objectives encompassed
a range of possible MSR missions (for example, ssioin to return an ice sample), the present
study is intended to be limited to missions thaildde implemented with currently plausible
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resource and political constraints, as reflectedth@ assumptions presented in our charter
(Appendix A-2).

2.2.1 Aim A. Life

The question of whether life arose (and possilillestists) somewhere other than Earth is one
of the most fundamental questions asked by humdnlkind Mars is a tantalizing target in the
guest to find an answer. Of all the bodies in tbaSSystem, Mars is most similar to Earth and
bears evidence of watery, potentially habitableiremvnents in the deep past. Mars and Earth
are both generally considered to have been unitdtabiuntil after the late heavy bombardment
(~4.0 Ga) and on Mars, conditions appear to haverbecfar less hospitable by around 3.5
billion years ago (e.gNRC, 2007and references therein). However, on Earth tektively
short length of time was evidently enough to allde/to gain a foothold—it is widely accepted
that on Earth the fossil record extends back atlaa far as almost 3.5 GAll(vood, et al.,
2006; 2009; Wacey et al., 2011Could life have arisen on Mars during the sammeframe?
This question is central to Mars exploration, aptuming samples from Mars is considered
essential for meeting this aim.

There are two recent, and very instructive, castohes of the role of laboratory sample studies
in seeking the signs of life: 1) The investigatmithe Allan Hills meteorite (ALH84001), and
2) The search for the evidence of life in the dldesks on Earth.

e In 1996 McKay et alpresented the hypothesis, based on four linesidéece, that there
is evidence of ancient life in the Mars meteoriteH84001. This triggered a flurry of
activity into criteria for distinguishing biotic dm abiotic signatures, and how to apply
these criteria to this particular rock. Multiplesearch teams applied every method
available in the Earth’s research infrastructureh® problem. As of this writing, the
debate continues (for recent references, Seele et al., 2007; Thomas-Keprta et al.
2009; Niles et al., 2009; and Treiman and Essebik])2

e The studies of putative biosignatures in Earth’syfEArchean age rocks (e.gvalter et
al., 1983; Lowe, 1983Schopf and Packer, 198Brasier et al., 2002Schopf 2006and
references thereinAllwood et al., 2006; 2009 have similarly involved dozens of
research teams studying different rock units anflerdint kinds of samples and
formulating and testing multiple hypotheses oveertended period of time. We learned
from this that evidence of ancient microbial life &arth is extremely challenging to
identify and requires careful integration of diversnes of evidence across multiple
scales, including kilometer to sub-millimeter scabdservations in outcrops and
centimeter to sub-micrometer scale observatiomstiurned samples.

These two case histories illustrate that searchliorgthe signs of life requires intensive
multidisciplinary laboratory approaches and testmg retesting samples over and over as the
hypotheses are progressively refined. Note thatagor difference in these two examples,
however, is that, in the case of the ancient opman Earth, it was also possible to bring field
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methods to bear (in addition to laboratory studgafples)—this has proved to be essential in
providing contextual constraints on the possiblegbnic origin of different features. These

terrestrial astrobiology studies show that unambigu interpretations of samples in the

laboratory depend on the acquisition of the necgssamprehensive, multi-scale geologic

context in the field, and there are significant iwgtions therein for our strategies on how to

approach the search on Mars (see section 7).

FINDING #1: The analysis of samples returned from Mars isc@aned an essential
component of the effort to determine whether |ferearose on that planet.

2.2.1.1 Objective Al: Critically assess any evidence for past life or its chemical
precursors, and place detailed constraints on the past habitability and the
potential for preservation of the signs of life

Objective Al has three distinct but strongly inédasted components.
Evidence for life or its chemical precursors

The first component would be to determine whetkerdr its chemical precursors once existed
at the explored location on Mars by analyzing enadethat occurs within the sampled rocks.
Importantly, this objective is not to determindifé ever existed on Mars, as a negative result at
one site does not equate to a negative resulh®whole planet. Rather, the objective would be
to determine whether evidence for life exists ia #ampled material, with the expectation that
landing sites and samples with a high likelihoo@d@ftaining such evidence would be targeted.

In order to ensure samples with a high likelihoddcontaining evidence of life would be
collected, studies of early life on Earth show tias vitally important to narrow the search by
acquiring a comprehensive understanding of thd lgealogy. What was the past environment?
What conditions and processes occurred in thegrastonment, and how did they change over
time and space? How did those variations affecitlaitity and preservation potential? What are
the different deposits and facies that record tlesgronments and processes?

Habitability

The second component of objective Al pertains tdetstanding the habitability of the past
environment in which the rocks were formed. Forregke, if sedimentary rocks are sampled,
what was the environment of deposition and how iaisie was it to life as we know it? Issues
of concern include water availability (e.g., watdremistry, longevity of water bodies etc.),
availability of energy sources (e.g., sunlight, roleal gradients), and availability of organic
carbon.

A significant body of literature exists on the putal habitability of different martian
environments through time (e.@pston et al., 1992; Jakosky et al., 20Bssbet et al., 2007;
Squyres et al., 2008 osca et al., 2008; Smith et al., 2068jrén et al., 201Alohnson and Pratt,
2010. In particular, significant advances in the umstinding of martian habitability through
time have been made as a result of recent missiocsding Phoenix and MER, and would
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continue to be made as future missions such as ddé8tinue to provide new insights at different
locations. Two significant insights arising fromceat in situ exploration efforts are: 1) the
existence of liquid water at the surface of Margha past (e.g$Squyres et al., 2004a, 2004b;
Grotzinger et al., 2005and 2) the heterogeneity of martian conditionsugh time and space.
Because of this heterogeneity, habitability assesssnare not something that could be done
once for the whole planet (as is true of some dtivets of measurements). Rather, it would need
to be done at every site where evidence of lisoisght.

Determining paleo-habitability at any given sites maultiple purposes. One purpose would be to
guide the exploration process toward the locatwite best promise and to understand which
specific materials within a deposit are more likedycontain evidence of life. Another purpose
would be to help understand possible reasons @&alisence of biosignatures if none are found.
If the geologic record indicates sustained hab#tabbnditions and ideal processes for
biosignature preservation then the absence ofdnatiires may truly reflect the absence of a
martian biosphere. However, if the local geologgtting indicates habitable conditions were
short-lived or processes were not ideal for bicgigre preservation, then the absence of
biosignatures would have more limited bearing oa tiresence or absence of a martian
biosphere.

Finally, it is worth noting that biosignatures daa transported from a more habitable location to
a less habitable one. For example, the toe ofstane delta that had biological organic matter
within it has as much (or more) to do with the halhiity of the hinterland than the habitability
of the lake. Thus, biosignatures may occur at#iss habitable location because of the existence
of mechanisms to transport, concentrate and preskevbiosignatures there.

Preservation Potential

The third component of objective A relates to ustherding the potential for signs of life or

abiotic organic matter to be preserved in the rodReeservation potential” simply refers to the

notion that in order for evidence of life to be elgtible, it must have survived all the geologic
processes that affected the rocks. Numerous geofmgicesses, including erosion, oxidation,
recrystallization, physical deformation and cherhialeration, can erase the signs of life.

Characterization of the environmental features prucesses that preserve specific lines of
evidence for life is a critical prerequisite in thearch for life MEPAG, 2010.

Different types of biosignatures require differennditions for preservation: these are discussed
in the MEPAG Goals document and in the scientitierdture (e.g.Summons et al., 201dnd
references therein). As with habitability, preséiova potential serves to target materials that are
more likely to contain evidence of life and to halpderstand possible reasons for the absence of
biosignatures if none are found.

An important additional benefit of investigatingaitability and preservation potential is that the
palaeoenvironmental and broader geological intéaposs done to determine habitability and
preservation potential would also provide esserbtatextual framework for the recognition
(detection, interpretation) of any biosignaturest thhay exist.

18



FINDING #2: Credible strategies to search for evidence of Ifasn the geologic record are
fundamentally dependent upon simultaneously evialygiast habitability potential and
determining the potential for preservation of anti@osignatures.

Past or present life?

Given our current state of knowledge of Mars, weeheery clear strategies for how to explore
for past life on Mars (see e.dNRC, 2007; MEPAG, 2010; NRC, 201 IThere are criteria for
prioritizing landing sites, and once on the grousttategies for what to sample (see later
sections of this report). By contrast, it is milebs clear that indigenous martian life could exist
today at, or close to, the martian surface wheooild be accessed by our present exploration
systems. The general surface environment, in wiiehrover would operate, with its low water
activity, high UV radiation and low temperaturegyuld be very hostile. Moreover, if life could
exist on Mars today, it is not clear where we wolobkdmost likely to find it. Hypotheses exist
for possible present day martian near-surface &@bitut until more is known, setting an
objective to locate and return a sample likelydatain a live martian organism would be akin to
searching for a needle in a haystack: that is,imglyn a strategy of hope. Thus, as of this
writing, we do not have a means of using extaetdéarch parameters to prioritize landing sites,
or to prioritize samples at the site. It is of iz®ientirely possible that during the landing site
selection process for the MSR Campaign somebodydiameiable to make such arguments, and
if so, they need to be considered. For now, howexe judgment is that we should concentrate
our strategic planning on the search for ancidet i

The current assumption is that all returned samplmdd have the potential for the presence of
extant life. However, since we don’'t have a wayagkessing this potential during rover
operations, or using it in scientific sample setettwe have to assume that this potential exists
equally for all returned samples (that were setktde other reasons). Therefore we would want
to do extant life testing on all samples, dealinthwhem as if they come to us “blind”. (This is
the reason the extant life objective cannot edmlgross-prioritized with the others).

FINDING #3: Analysis of the returned samples for extantwfaild be a high priority science
objective, but we have not found a logical wayffeaively incorporate this into landing site
and sample selection on Mars.

Candidate types of evidence for past life on Mars.

Any evidence of past life on Mars is assumed tossinonly of relicts of primitive
microorganisms, as opposed to the types of moreafawed” organisms that required billions of
years to evolve on Earth. This is based on thenasBon that the surface of Mars was habitable
only for a relatively short time, thereby providingly a short window of opportunity for life to
evolve (and, of course, we don’t know if life toaklvantage of this opportunity). "Chemical
precursors to life" is used here to refer to orgamaterials that may have been involved in
processes that could be considered precursorsliugizal processes.

A biosignature is a signal or feature of biologicgbin. There are many different kinds of
biosignatures and they can be grouped into fouontategories:
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1. Macro-morphological: stromatolites and other micatites, reefs and bioherms,
microbial textures and fossil microbial mats, androbially induced structures.

2. Micro-morphological: micro fossils, endolithic madyorings

3. Chemical fossils: such as biogenic carbon isotépictionation patterns or biologically
derived trace element distributions

4. Molecular fossils, or "biomarkers" (organic molexsibf biological origin)

Although organic matter is sometimes referred t@ dsosignature, organic material is not, of
itself, a biosignature as it is possible to havgaarc matter from non-biological sources.
Evidence of the biogenicity of organic matter mayne in the form of biomarkers, chemical
fossils or microfossils, or association with a neacrorphological fossil.

Therole of field work to achieve Aim A

Field observations are fundamental to the integpit of potentially biogenic features.
Ambiguity about potential evidence of life in martimeteorite ALH84001 (e.gGolden et al.,
200]) highlights the challenges of interpreting micedbsignatures on the basis of evidence
contained in limited quantities of material withdakger geologic context. In order to be able to
correctly interpret biosignatures—and in some cases to be able to detect them at all—it is
essential to understand the local geological gettinradequate detail and across multiple scales.
The extent and type of contextual detail requirad depend on the particular biosignatures and
geologic setting in question, so it is essentialpteemptively acquire as much contextual
information as possible whilst “in the field”.

FINDING #4: Accurately interpreting potential biogenic feasiin the geologic record is
dependent upon a detailed understanding of geotmgitext of those features, acquired through
careful in situ field observations at multiple sahcross the area in which the signatures occur.

Sample types of interest
Primary target types:
1. Subaqueous sediments

The term sub-aqueous sediments refers to all vekgeosited surface sediments whether
deposited by standing or flowing surface waterdyyodischarging or seeping sub-surface waters
(e.g., playa sedimentation, tufa style deposittoavertines). Such deposits include both clastic
and chemical deposits.

Of particular interest for sampling are (for exa@)plkediments that are potentially biologically
precipitated (e.g., carbonate); sediments that owaain concentrated organic materials (e.g.,
black shale); sediments that have high potentialpf@serving micro-fossils (e.g., chert); or
sediments associated with potentially biogenic rholpgical features. In addition, any rocks
that contain high degrees of primary textural pnestgon would be valuable, and any materials
containing well-preserved sedimentary structurestures and fabrics (such as lamination)
would be of interest both to observe and measusiu and/or to sample, because these provide
essential insights for paleoenvironmental integdreh. Large crystal facies such as selenitic
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gypsum beds in evaporites would be of interestteir potential to preserve microfossils and
other biosignatures (e.dRouchy and Monty, 1981as well as fluid inclusions and geochemical
proxies for palaeoenvironmental conditions.

In a broader sense, it is essential to target fmckations in which the relative positions (vertica
or horizontal) of different layered deposits coutd@ mapped. These relationships allow
interpretation of stratigraphic age, paleoenvirontnand mineralogical or sedimentological
gradients (equivalent to reading the pages of & Inothe right order). The greater the degree of
lateral and/or vertical correlation, the betterwaauld be able to develop context, make informed
sample selection and interpret future sample agsalys

2. Hydrothermal sediments.

Hydrothermal deposits-sediments refer to geologaenials deposited at the surface from warm
circulating fluids derived from igneous or impaciven activity. The sediments may originate
in subaqueous or sub-aerial form (e.g., from thieess of flowing water or spray). Environments
of interest include sinter (which is sub-aerial),sobaqueous sediments like those surrounding
submarine hydrothermal vents. Significant amouritsesearch over the past several decades
have shown that hydrothermal sedimentary environsnare not only widely inhabited on Earth
by extremophile organisms, but are also excellecations for preserving biosignatures due to
the rapid mineralization that occurs as supersetdravaters are exhaled from the subsurface
(e.g.,Walter and DesMarais, 1998ady and Farmer, 1996; Des Marais, 199Glter, 1996;
Farmer and Des Marais, 1999; Farmer, 2000

High priority targets for sampling include precagigd sediments with high degrees of primary
textural preservation (particularly fine laminatfjpany sediments with local textural, structural

or compositional variations that could be biogemiegd primary precipitates that may preserve
fluid inclusions, organic matter or geochemicalesluto past conditions. Suites of samples
representing variation across chemical and phygjcadients in hydrothermal environments—
such as proximal-distal sample sets around a hyenotal vent, or textural preservation

gradients—would be especially valuable for deveigpcontext and interpreting variations in

habitability and preservation potential. As wittbaqueous sediments, rock formations in which
the relative positions (vertical or horizontal)different layered deposits could be mapped would
be the most valuable.

Secondary target types:
3. Rocks altered by hydrothermal fluids

Hydrothermally altered rocks refer to formationsaoly origin altered by fluids originating from
magmatic or volcanic activity; and hence encompgpgally higher temperature fluids. The
extent of high temperature fluid-rock alterationymaduce the information available about past
life due to deformation and alteration of the cheahi mineralogical, textural and stratigraphic
state of the original deposits. The existence eftilasurface biosphere on Eartngtott et al.,
2006; Chivian et al., 2008illustrates the potential for life to exist innslar subsurface
environments on Mars; namely subterranean intestichere liquid water is (or was) available.
However, while the potential for habitability clgaexists, little is currently known about the
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taphonomic potential (potential for preservation lebsignatures) in subsurface settings
characterized by fluid-driven rock alteration. Aftatively, processes such as silicification may
enhance preservation potentiléstall et al., 2006; Orange et al., 209

4. Rocks altered by low-temperature (meteoric) fluids

In contrast to hydrothermal alteration, “low termgdere fluid-altered rocks” include rocks
altered by interaction with subsurfaceeteoric fluids, or what are loosely called formation
fluids. Typically such fluids have a lower temperat origin compared to hydrothermal,
(magmatic or volcanic) fluids.

Desired samples would include carbonate, chertlwgrdracture-fill minerals precipitated from
waters moving through subsurface fractures, andremt ultramafic lithologies. Possible
terrestrial analogs for the latter include low tewrgture serpentinization systems such as occur
today in peridotite-hosted environments; and radiol decomposition of water in deep
crystalline rocks of the Witwatersrand Basin shdarsupport H autotrophs in the absence of
any modern day volcanic/magmatic activityn et al., 2006; Sherwood Lollar et al., 2006

Fluid-rock alteration, even at low temperaturesy meluce the information available about past
life due to deformation and alteration of the cheahi mineralogical, textural and stratigraphic
state of the original deposits. However, evidenfog (hstance) of serpentinization provides
evidence at least of habitability—a potential gemufcal basis for chemolithotrophic life
(generation of Hand associated hydrocarbon-producing reactiddisajfelle et al., 2002; Lin et
al., 2006; Sherwood Lollar et al., 2006

2.2.2 Aim B. Surface

2.2.2.1 Objective B1l. Reconstruct the history of surface and near-surface
processes involving water

Knowledge of the past history of water is essenfiwal understanding past habitability and
climates, and for understanding the sequence ahdenaf the geologic processes that have
affected the surface. The aqueous history of Mans be divided into three eras: (1) the
Noachian for which we have evidence that suggesiespread episodic precipitation, fluvial
erosion, lacustrine sedimentation, weathering, guewater activity, and possibly oceans, (2) the
post-Noachian, characterized dominantly by low ierosrates and cold, dry conditions
punctuated by episodic floods widely spaced in tiared (3) the recent geologic past for which
the water story is dominated by gully formatioraaél activity, thin aqueous alteration rinds on
exposed surfaces and changes at the pGlas,(1996; Carr and Head, 20Q10This last period
includes modern Mars, where observations of sedigonecurring transient dark streaks
extending down slope point to the possible loaakfbf briny liquid at the surface of Mars today
(McEwen et al., 2001 The period of most interest for sample retwrithe Noachian for which
we have the best evidence of sustained, widesgmesgnce of liquid water at the surface (Carr,
19961996 references). On the other hand, youngdrothermal deposits, if detected and
accessible to sampling, would also be of considernalerest.
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2.2.2.1.1 Sample types of interest — B1

I. Sediments from long-lived lakes

Included here are Noachian or early Hesperian aifosits and other layered deposits whose
composition and location (e.g., in a low area vatimvergent drainage) suggest deposition in a
standing body of waterMalin and Edgett, 2003Cabrol and Grin, 2010; Grotzinger et al.,
201]). Locations are identified from geomorphic comtedepositional structures, and from the
presence of evaporitessotzinger et al.,, 2005 Samples from such environments should
include both clastic and chemical sediments. Samjdes should be large enough to preserve
sedimentary structures, and must be acquired acichgad to preserve such structures. In-place
sampling is strongly preferred over float. A swfesamples from a vertical section is desirable
to assess how the depositional conditions changgdtime and what post-depositional changes
have occurred. Samples should be located so lieat gtratigraphic age, if not their absolute
age, could be narrowly constrained.

2. Hydrothermal deposits.

As discussed above in connection with Objective Byidrothermal deposits are of interest not
only for their relevance to the history of watertiae but also because of their potential
habitability and their potential for preserving angc remains Karmer, 1998 Deposits are
identified in once or present volcanically actiegions (or, alternatively, those regions affected
by large impact events) from the presence of piymar secondary aqueous minerals and
indications of strong chemical fractionations. ildual samples need not be large but multiple
samples are highly desirable because of the patduoti strong chemical and physical gradients
in hydrothermal environments. Stratigraphic agefisecondary importance.

3. Fluvial deposits.

Fluvial deposits are of interest for the historywater action because the sedimentary structures
indicate the nature of the fluvial regimes that th& channels and valleys. There are two broad
types of fluvial features: 1) branching valleys nmgiin the Noachian, and 2) large floods,
mainly in the Hesperian. The branching valleys Mdae the main interest for sample return.
Samples of sediments deposited by the streamsctitahe valleys have the potential for
providing clues as to whether the streams weragtens or episodic, what their discharges were,
what the climatic conditions were when they formeat] what the time-scale was over which the
valleys were cut@arr, 1996; Howard, 2007 A preferred sampling site would be a Noachian
flood plain as indicated by a flat-floored valleythva sinuous channel. Other lower priority
possibilities are alluvial terraces and alluviahga Samples should include both clastic and
chemical sediments, if present. Samples shouldabge enough to preserve sedimentary
structures and acquired and stored so as to peesersh structures. Sampling should be in
place, and a suite of samples from different gfraphic positions is desired so that changes in
fluvial regimes with time could be assessed. Bawied between sets of fluvial deposits would
be of interest for assessing conditions in thervatis between fluvial episodes.

4. Low temperature alteration products.
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Widespread presence of aqueous minerals and vadieyorks in Noachian terranes suggests at
least episodic warm, wet conditions at that tirhemajor issue is whether the warm conditions
were short-lived transient events such as mightaused by large impactS€gura et al., 2002

or whether the conditions were long lasting withgipitation and runoff in quasi-equilibrium
with evaporation from large bodies of wat&aker, 200). Sampling of ancient, lithified soil
profiles may reveal which model is most likely. ellocations to be sampled would be identified
from the mineralogy as revealed by orbital obséowat The main interest here is chemical and
mineralogical changes up and down the soil profBamples would not need to be large but
multiple samples are strongly desired.

Many of the sample types of interest for this obyecmay be poorly indurated and susceptible
to break up during coring. This may make presé@wmadf sedimentary structures and layering
on the mm-cm scale difficult. Efforts should bedaao design the sampling system so as to
minimize disintegration of the cores for poorly imdted samples.

2.2.2.2 Objective B2. Assess the history and significance of surface modifying
processes, including, but not limited to: impact, photochemical, volcanic,
and aeolian.

Much of the geological history of the martian sadds recorded in rocks, sediments and soils
whose compositions are not dominated by surface reeat-surface agueous processes but
nevertheless provide fundamental insight into maofy the highest priority research
investigations defined by MEPAG. Included in thgeecesses are impactd€losh, 1989,
atmospheric/photochemical effectQuinn et al., 2006; Yen et al, 200&evine, 198%,
volcanism Wilson and Head, 1994aeolian transport/depositiorsifllivan et al. 2005 and
evaluation of the fate of carbon in near-surfacgrenments Kminek and Bada, 2006

2.2.2.2.1 Sample types of interest — B2

1. Volcanic unit with known stratigraphic age

Although martian meteorites provide a sampling @tanic and plutonic crustal rocks, the lack

of geological context and their restricted, largebn-representative, age ranges limit their value
for understanding the planet’s volcanic evolutieeg Section 2.2.3). Accordingly, a primary

purpose of obtaining unaltered volcanic rock sasipleuld be to obtain absolute radiometric

ages (see MEPAG EZ2E-iSAG, 2011 for a summary otlgemology approaches). Obtaining

such ages from a post-Noachian volcanic unit (eagddle Hesperian) with known stratigraphic

age and/or crater density would provide criticdibzation to the martian stratigraphic timescale
(Hartmann and Neukum, 2001Such a calibration point would also greatly o our ability

to quantitatively date the martian surface, usingter-counting techniques. In order to

confidently relate the volcanic age to the cratesedace, it would be crucial to obtain in-place

samples.

In addition, geochemical, mineralogical, textunatiasotopic data for a well-dated volcanic rock
of known geological context would also provide impat constraints on its magmatic history
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and on the geochemical nature and evolution ahastle sources, relevant to objective C1.This
is discussed below under Section 2.2.3. Finalthoagh unaltered samples are important to
obtain the best radiometric dates, any surfaceadib® rind that might exist on a volcanic rock
sample would record interactions between the rogkase and the martian atmosphere,
including the UV environment.

A suite of volcanic samples is highly desired, hot necessary to achieve the major goals.
Experience with martian meteorites demonstratesiti& possible to obtain precise radiometric
dates using mineral isochrons from individual rock®n the other hand, geochemical and
isotopic variation among petrogenetically relateldole rocks would provide greatly improved

constraints on the origin and magmatic history déimagls provide important context to any

volcanic samples that might be dated.

2. Impact breccias from large Noachian crater or basin

Impacts have had a profound effect in sculpting mertian surface and redistributing and
altering the surface materials, particularly eanlythe planet’s history (e.gGrant et al., 2008;
Barnhart and Nimmo, 201Rogers, 2010Marinova et al., 2001 Impacts may also have had
significant effects on climateSgégura et al., 2002Experience from lunar studies demonstrates
the value of impact breccias to help better undasimpact processes, to better characterize the
lithological diversity of a planetary body and tetter interpret the geological history of a
planet’s crust. Breccias derived from large crater basins, which occur mainly in the
Noachian, would be particularly important becauseytsample large areas to considerable
depths. They therefore have the potential for amicgua far more diverse sample than is
represented by the primary, in-place rocks at aehdanding site. Because the Noachian era is
also the time for which we have the best evidemareafjueous processes (elgynek and
Phillips, 2003; Poulet et al., 2005; Howard et 2005; Bibring et al., 2006; Mustard et al., 2008;
Murchie et al., 2000 the breccias may contain evidence for aquedasasion during the impact
event and, in addition, individual clasts would t@on evidence of agqueous conditions prior to
the impact event. Breccias formed from a large di@m impact are also likely to provide a
sampling of the deep martian ancient primary c(festwhich samples are not available in the
current meteorite collection) and possibly even tipper mantle. If the impact breccia is
sampled in place, this would add considerable denfte to our ability of relating the breccia to
a specific impact event. Nevertheless, a well-chds®at sample would still be of considerable
interest.

A suite of impact breccia samples would be highdgiced, but not necessary. A single sample
core could be relatively small yet still containamber of breccia clasts, depending on clast size.
Even a single carefully selected impact brecciaptanfrom a large Noachian impact basin
would greatly improve our understanding of lithated diversity within the ancient martian
crust. However, multiple samples of impact brecerauld more likely provide greater
lithological diversity. In addition, multiple sahgs would mitigate the science risk that only a
small number of fragments (or even single larggrfrant) are immediately beneath the surface
and dominate the sample.

3. Regolith
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For the purpose of this report, we use the dediniof regolith as the entire layer of fragmental
and loose, incoherent, or unconsolidated rock nahtef any origin, that mantles more coherent
bedrock GGary et al. 1972 It includes: soil, defined as any loose, unctidated material that
can be distinguished from rocks, bedrock, or stiprghesive sediments but has no singular
origin; airfall dust, which is fine-grained matdridat has settled from the atmosphere; and
aeolian deposits, which represent any accumulatibivindblown sediment that occurs in
recognizable bedforms or as sand sheets.

The origin of the soil component of the regolithhéérs is complexEanin, 200%, having been
influenced by a variety of both non-aqueous andeags processes (e.gYen et al.,
2005;Sullivan et al., 2008; McSween et al., 2D1Although the composition of measured, dark-
toned solils is broadly similar at all of the langlisites visited to date (e.gfen et al., 200
there are also strong, and in places even domgydtinal influences on composition due both to
the presence of exotic local rock compositions snthe occurrence of secondary alteration,
including hydrothermal processes (e\y.ang et al., 2008; Yen et al., 200&oils also interact
with the atmosphere and accordingly their compasits likely to be influenced by the intense
UV photochemical environment at the surface .(efgn et al., 2000; Hecht et al., 2009
Understanding photochemical processes, for exangoeld be crucial in understanding the
agueous vs. non-aqueous redox environment of theswface and in evaluating the fate of
carbon in the near-surface environmekim{nek and Bada, 2006 Another feature of soil
samples is that they are likely to contain a digessite of rock fragments (e.Gullivan et al.,
2008 and the study of such fragments would greatlyrdase our understanding of the
geological diversity of the martian crust.

A suite of regolith samples that includes the dédfeé components in isolation is highly desired
but not necessary to achieve the scientific go@ésudsed in the preceding paragraph (goals
related to human explorations are different, asgmeed below). Multiple samples would better
represent the range of diversity, but great advaooethis objective could be achieved with even
a single sample of generic soil. The decision @w many soil samples to take needs to be made
by the science team of the future, depending ont wioald be available to them at the landing
site.

Although there could be some advantage in being tabdlo a crude separation of grain sizes in a
soil sample, using either rakes or sieves, in otdenaximize the number of fragments, such a
process could also adversely affect the evaluatbratmosphere-regolith interactions and
accordingly, sampling bulk soil is deemed suffitiBsee MEPAG E2E-iISAG, 2011).

4. Aeolian sediments and sedimentary rocks

Next to impacts, the physical surface of Mars isstrdramatically influenced by the action of
wind. Samples of both relatively recent and anciemid-blown sediment would provide
important constraints on aeolian processes ovetianageological time that could not be
obtained from remote sensingiarsitu observations. For example, detailed grain sizéyaes,
examination of grain surface textures and lithatagidiversity of grains could be studied. In
addition, aeolian sediments can have widespreadepemce and examination by modern
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sedimentary petrology and detrital geochronologghtéques on individual grains (e.g.,
Hemming, 200% offers the possibility of greatly expanding ounderstanding of geological
diversity and of providing statistically based adistributions for the martian surface (see
MEPAG E2E-iSAG, 2011 for further discussion). Focignt aeolian sedimentary rocks there
would also be advantage in obtaining in-place sampb ensure the sedimentological context
(e.g., ensure the depositional setting is indeadiaa® but a carefully selected sample of loose
rock would suffice.

A suite of aeolian sediments is highly desired, bat necessary. As with regolith samples,
widely spaced aeolian deposits would likely providereased understanding of the diversity of
provenance and sedimentary processes. On the loéimel, even single samples would likely
reflect multiple sources and so would be usefulcakdingly, any lithified sedimentary rock

confidently identified as having been depositedam aeolian environment, either by remote
sensing or a previous surface exploration wouldufécient for an ancient aeolian sedimentary
rock sample. Relatively recent aeolian deposits sareubiquitous that they would likely be

available in any site that could be visited for péareturn.

In order to achieve objective B2, it would be neeeg to obtain samples that have interacted
with the surface (e.g., photochemical effects) a#l as to obtain pristine samples (e.g., datable
volcanic rocks). Accordingly, the sampling systemould have the capability both to sample
altered rock surfaces while at the same time baldepof obtaining sufficient mass of fresh
sample beneath the surface. This latter requirem@md be achieved either by having a rock
abrasion tool capable of removing altered surfaseor a sampling system that would obtain
cores that are long enough to confidently sampée sghbsurface. From MER experience the
altered surfaces are mostly on the order of a fallinmters thick but quite variable and,
depending on the specific geological history ofexmpus activity, could be anywhere in the range
of <Imm to perhaps as much as ~10mm thick (édgskin et al., 2005; Hurowitz et al.,
2006; Knoll et al., 2008

2.2.2.3 Objective B3. Constrain the magnitude, nature, timing and origin of past
planet-wide climate change

Mars experienced extreme changes in the envirorahant climatic conditions throughout its
geological history Bibring et al., 2006; Mustard et al., 2008)The changes vary greatly in
magnitude and timing. The most extreme changesrmatuacross the Noachian-Hesperian
boundary. At this time, surface conditions app@ahave changed dramatically. While the
Noachian retains a well-preserved sedimentary deodrfluvial and lacustrine activity (e.g.,
Pondrelli et al., 2008; Grant et al., 2),18uch records are much less common in younger
deposits. Erosion rates also declined precipiypysoduction of hydrated minerals such as
phyllosilicates declined and deposition of sulfabesame more commoBipring et al., 2005

All these observations are consistent with a chdrage Noachian time when liquid water was at
least episodically stable at the surface and thagblhad an active hydrologic cycle, to a time
when conditions were such that liquid water way @ately available at the surface. While the
observational evidence of warm, wet conditionsh@ Noachian, followed by a change to cold
dry conditions by the late Hesperian is compelliwbat caused the hospitable conditions in the
Noachian and how persistent they were are bothamknWere conditions during the Noachian
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such that times favoring fluvial/lacustrine actyiwvere short and episodic, being separated by
long dry periods, such as might result from largeacts $egura et al., 2002or were the warm
wet conditions semi-permanent? Rhythmic sedimemtats a common characteristic of
Noachian lacustrine sedimentke(is et al., 2008a Were there rhythmic climate changes
during the Noachian such as might be caused bggierchanges in obliquity?

The causes of the warm wet conditions on early Mamsain one of the planet’s most puzzling
issues. Early core formation and massive lossydfdgen probably left both the mantle and
atmosphere oxidizedS{evenson et al., 198Xuhn and Atreya, 1979Pepin, 199% and
dominated by C®and HO. However, with the low early solar luminositydaas a result of
cloud formation, it may not have been possible &onwthe surface higher than about 230K, with
just a CQ/H,0O atmosphere, no matter how thick it wEsgting, 199). In addition, with Mars’
low gravity, it likely was difficult to retain a tbk atmosphere against blow-off by large impacts
(Melosh and Vickery, 198%nd a warm C&H,O atmosphere tends to self-destruct by forming
carbonates. Carbonates are detected at the mantitate (e.gBandfield et al., 200FEhImann

et al., 2008p although not in the amounts expected from a masSQ,/H,O atmosphere.
Sampling of gases trapped in samples that date fhasnearly warm era would provide vital
clues on the nature of the early atmosphere andithoay have evolved.

Small climate changes probably occurred throughiet planet's history after the major
Noachian-Hesperian transition as a result of oltjgahanges l(askar et al., 2002 These
changes are however most evident at high latitasesunderstanding these changes would not
be a major goal of early sample return except srsa$ they have left evidence in sedimentary
sequences at low latitudes.

2.2.2.3.1 Sample types of interest — B3

Clues as to the climatic conditions during the Nwaic and through to late Hesperian by which
time conditions were probably similar to the preéseould come from various sources. While
significant information is expected to come frontufe in situ missions such as MSL and
MAVEN (Jakosky and Millour, 20)1 the return of samples would provide direct asces
critical evidence about past climate. One sourfcevidence would be the chemistry of the
present-day atmosphere, particularly the noble gyas® discussed in section 2.2.3.2. Another
significant source is the isotopic composition aflatiles, particularly H and O trapped in
minerals of different ages, either chemically bouod in vesicles. How the isotopic
compositions change with time would provide valeabime-tagged clues on losses from the
upper atmosphere that would complement the praetsntnoble gas data. One issue, for
example concerns the D/H ratio, which is unknowntfe Noachian. Is the current high D/H
the result of events early in the planet’s historythe result of long-term losses throughout the
history of the planet? A fourth source would be rin@phologic evidence from climate-sensitive
geologic processes such as fluvial and lacusteaésentation. Sedimentary structures such as
layering, grain-size distribution, rounding, sogtinetc., would indicate the conditions under
which deposition occurred and how the conditionsedawith time. A fifth source is from soils.
We know that weathered minerals are common in Naacterranes and absent in younger
terranes Bibring et al., 2006;Murchie et al., 2000 If soil profiles are present between
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superimposed deposits such as lava flows, they dvpubvide valuable clues as to the then
prevailing climatic conditions. Accordingly thelllmving samples are desired:

1. A suite of sedimentary rocks, both clastic and doamof different ages that span the
Noachian-Hesperian boundary. The suite shouldidecboth landing-site scale geologic
units and outcrop scale differences in order tesssertical and lateral facies variations.
The intent would be to assess the conditions umdech erosion and sedimentation
occurred and to see how sedimentary environmensmged with time across the
boundary. Samples acquired from outcrop would fefepred over float samples. The
sample must be large enough—and collected anddstmaeefully enough—such that
sedimentary structures would be preserved.

2. Samples of a pedogenic profile and/or a weathepragfile in order to assess the
conditions under which the soil development and tiwsang occurred. Samples
including the different alteration levels/stageowd be collected, ranging from the
pristine rock through to the stage of maximum alien. In place sampling would be
required.

3. Weathered rocks of different ages in order to deit®e the isotopic composition of
volatile species at different times

In order to collect the best possible suites, #me@ing system should be able to:

e acquire and keep different samples isolated frooh ether

e collect fresh samples below recent weathering rinds

e preserve, within each sample, the stratigraphiendation (up/down), the stratification and
depositional structures

The terrane identification and selection for thedigentary suite would be relatively
straightforward in terms of surface age (Noachiasfperian boundary) but it has to include
sedimentary sequence(s) crossing that boundarcieaa stratigraphic relationship with datable
volcanic or other units, which in turn would alldar a reliable age determination from remote
sensing. The pedogenic/weathering profile suiteldvde linked to a Noachian terrane with a
range of both secondary and primary minerals, tisdeznd characterized by remote sensing and
further constrained and analyzed ibysitu experiments prior to acquisition and caching. For
weathered rocks of different ages, only small anwould be needed. The most important
factor with respect to these samples would bettiet surface age must be known from remote
sensing. The weathered samples should not be foatn f

2.2.3 Aim C. Planetary Evolution

2.2.3.1 Objective C1. Quantitatively constrain the age, context and processes of
accretion, early differentiation and magmatic and magnetic history of Mars.

Understanding the main phases of planetary scadogje evolution of Mars is essential to
providing context for other scientific objectiveSignificant insights into planetary scale
evolution of Mars have been derived from studiesmairtian meteorites — the only samples
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available for research until MSR occurs. Such ssigirovide a complementary approach to
Mars exploration NlcCoy et al. In Pregs but the meteorite studies have certain limitee T
martian meteorites are all igneous rocks, formexnfithe eruption or emplacement of mafic
magmas through variable degrees of accumulatiativohe or pyroxene (e.glicSween, 1994
that were ejected from Mars through impact witlia past few million yeard=(itz et al. 2005
Nyquist et al., 20011 Their martian origin was established throughdiseovery of high ratios of
“OAr/*®Ar and *?°Xe/**Xe in trapped gases in shock-altered phases of\tharctic meteorite
Elephant Moraine A79001 that closely resembled israritmosphere measured by the Viking
lander Bogard and Johnson, 1983 he majority of the 55 known martian meteoritede from
the younger Hesperian to the Amazonian (1.3 Ga2&d- 600 MaNyquist et al. 200 ALH
84001 is the only sample from the Noachian (4.09l@pen et al. 2000 Several attempts have
been made to identify the source craters of thetiammeteorites based on spectroscopy of
laboratory samples compared to spectra from MGS; TétB only limited resultsHamilton et

al. 2003; Lang et al., 2009 Thus, the martian meteorites lack ‘field’ cotiteand cannot be
used to provide ground truth for orbital missions.

Detailed studies of the mineralogy, petrology aedapemistry of the martian meteorites have
yielded insights into the geologic evolution of Maincluding the timing of differentiation,
mantle mineralogy and water content, and the thiestage of the interior (e.gBertka and Feli,
1997; Borg et al. 2003Papike et al. 2009; Stolper and McSween 19&%hin and Vicenzi
2008. Initial 8’RbF°Sr and®’SrFSr values for meteorite whole rock samples ploadime with

a slope corresponding to 4.5 G&o(g et al., 199y, and a similar 4.5 Ga isochron emerges from
Sm-Nd isotopic composition8¢rg et al., 2008 The 4.5 Ga ‘age’ is interpreted to represent the
signature of ancient mantle sources establishdy igathe differentiation of the martian interior
via crystallization of a magma oceaBofg et al., 2008 In this scenario, isotopically distinct
mantle reservoirs remain unmixed and undisturbetl time melting event that produces a
magma, which crystallizes in a near-surface intnugir lava flow (at 200 — 600 Ma, in the case
of the basaltic martian meteorites). Alternativedgme workers have suggested that the same
meteorites have ancient crystallization ages (44.5-Ga) and that younger ages reflect the
timing of resetting by impact or metasomatism (eBguvier et al. 2008 Much of the debate
about crystallization ages of martian meteoritesnst from the lack of geologic context, as well
as the overprinting of original geochemical signesuby the effects of impact shock (e.g., Fritz
et al. 2005). If the 200 — 600 Ma ages are indegstallization ages, as most workers contend,
the overrepresentation of Amazonian rocks is attable to a sampling bias towards younger,
more competent igneous rocks; older rocks repraseprimitive martian crust and weakened
by impacts and aqueous alteration are discriminatginst in the launch proces&'dlton et al.
2008and references therein).

Recent results of Mars surface exploration dematestthat the martian meteorites are not
representative of the bulk of the rocks found a thartian surfaceMcSween et al. 2009
raising doubt as to whether the geologic evolutbiars inferred from the meteorites can be
applied to Mars as a whole. As an example, basaléician meteorites have CaO/8 ratios
that are greater than chondritic, an observaticat th best explained by majoritic garnet
fractionation in a deep magma ocedeirtka and Fei, 1997; Bertka and Holloway, 1094
However, the ~3.7 Ga Gusev basalts have chondrii®©/A,03 ratios; along with other
elemental ratios and concentrations, is it appatbat Gusev basalts and basaltic martian
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meteorites are derived from different mantle sosir@dcSween et al., 2004; Schmidt and
McCoy, 2010. This discrepancy suggests that different regminthe martian mantle may have
undergone different processes, and calls into mrest global magma ocean. If the mantle
inferred from martian meteorites is not applicalolall of Mars, then estimates of mantle water
contents derived from martian meteorites (eMysen et al., 1998; McCubbin et al., 20I0ay
also have limited applicability.

The main shortcomings of the over 55 unpaired m@martheteorites are listed in Table 2. Any
version of MSR must enable science in the arehisfabjective over and above what is possible
using the martian meteorites.

No. Shortcomings of Martian Meteorites
1 | Sampled out of context

- Launched from unknown sites, with unknown geolagintext on Mars
by impact
2 | Inadequate sampling of the Noachian and Hesperian
- With one exception, all are < 1.4 Ga, i.e., Amaaaoni
3| They are all shocked to varying degrees

- Experienced peak pressures of up to 60 GPa; affaoeralogy and
radiogenic isotopes
4 | No evolved igneous compositions
- All are mafic to ultramafic
5 | Most have been affected by liquid-crystal fractitoma
- Limitation for determining compositions of theirrpatal melts
6 | Orientations relative to planetary surface arekmatwvn
- Not usable for magnetic studies of ancient fielegction
7 | All have been subjected to deep space radiatidactafsome isotopes)
8 | Do not provide ground truth for orbital or surfanessions

9 | All (but especially the finds) have been affectgdsbme form of terrestrial
alterationand/or contamination

Table 2: Shortcomings of Martian meteorites as repgsentative / high priority samples of Mars.

2.2.3.1.1 Sample types of interest — C1

Igneous rocks would provide the best possible sasnfidr age determination by radiogenic
isotopes and for constraining the martian intenising trace elements, isotopic composition, and
other analyses. Locations should be identified fradmposition and geomorphologic context,
e.g., igneous intrusions or lava flows. Samplesukh be as unaltered and unweathered as
possible so as to preserve the igneous texture distdbution of elements as set during
crystallization; preservation of these aspects @dad more important than other attributes such
as compositional or age diversity. In-place sangphvould be strongly preferred over float.
Samples from float that could be tied to a locaicoap (“subcrop”) or volcanic vent (e.g.,
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pyroclastic materials) are strongly preferred owttrer rocks that may have been carried some
distance by impact (and therefore are also momyiiko have witnessed high shock effects).
Samples should be located so that their stratigeagde could be narrowly constrained, in order
for their absolute ages, once determined on E#otlprovide constraints on the stratigraphic
sequence from which they were obtained (and can&ibo Objective B2). Age diversity would
be less important than obtaining unaltered or utivezad samples with known stratigraphic
context.

The following sample types are of priority interéstachieving this objective:
1. Ancient igneous rocks.

There is no sample of the presumed primitive caisMars among the meteorites, although
studies of martian meteorites indicate that siicdifferentiation on Mars occurred by 4.51 Ga
(Borg et al. 2008 and that crystallization of a magma ocean, ardasquent overturn, may have
been responsible for establishing initial reses/oincluding a primitive crust (e.gElkins-
Tanton et al. 2005; Blinova and Herd 2p09Thus early Noachian igneous rocks would be
preferable for this purpose. Similarly, there acesamples of late Noachian to early Hesperian
among the martian meteorites. Within these comgg,ethe following rock types are preferred:

a. Noncumulus basalt (e.g., chilled flow margin)

Two examples of noncumulus basalts are present gnioen martian meteorites. Of these,
Yamato 980459, a glassy, olivine-bearing basalt sghbulk composition matches that of its
presumed parent melt(sselwhite et al. 200Q6is thought to represent a primitive melt frore th
martian mantle. Samples similar to Yamato 9804%ild/ be preferable in order to remove
some of the difficulties in reconstructing parentalts e.g., from melt inclusions. A suite of
samples from chilled flow margin to flow interiorowld be highly desirable.

b. Ultramafic (including xenoliths of possible mlantr lower crustal origin)

The majority of the martian meteorites are maficutmamafic in composition. None of the
meteorites has compositions and mineralogy comgisteéh an ultramafic mantle xenolith, or a
sample of the lower crust. Although the samplingso¢h a rock type would be fortuitous (see
sampling strategies below), such samples would igeoinsights into the mineralogy of the
martian interior, and allow tests of mantle minegyl inferred from meteorite8értka and Fei,
1997 and place further constraints on the thermakstdétthe martian interior, in conjunction
with geophysical datakhan and Connolly 2008 A sample suite including mantle xenoliths(s)
with basaltic melt counterpart(s) would providekBnbetween mantle source composition and
derived melt(s), and would be desired, but not irequ A cumulate ultramafic rock would
provide insights into crystallization processesaimmartian magma chamber and processes of
magma evolution on Mars in general.

c. Evolved igneous compositions

The range of igneous compositions on Mars is lichiteartian meteorites are limited to basalts +
ultramafic rocks, whereas igneous rocks at Gusepamarily basalts, with some compositions
falling in the picrobasalt and tephrite fieldgidSween et al. 2009 More felsic compositions
have been identified using thermal emission spectioy, potentially including evolved, granitic
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rocks Christensen et al. 2005; Bandfield et al., 2004 sample of an evolved igneous rock
would provide significant insights to the potentiahge of igneous compositions that may be
produced by melting of the martian interior. A séenguite of igneous rocks, for example related
by liquid line of descent would be desired, but resjuired.

2. Young volcanic rocks

The youngest martian meteorite is ~170 Madydquist et al. 200% nonetheless, orbital
observations show clues for volcanic activity ie tast hundred million years and possibly even
in the last million yearsNeukum et al., 2004 Although examples are generally older, infrared
spectroscopic observations suggest that volcaniatiges of diverse compositions may exist on
Mars (Christensen et al. 20D5If a young volcanic rock could be sampled, itubprovide
significant insight into the range of volcanic pesses, and the diversity of mantle sources
planet-wide through time. Furthermore, a young &oic sample would provide information on
the martian core if paleomagnetic measurements macdke. Finally, such a sample would be an
excellent target for evaluating the longevity anstdry of water on Mars because our current
models suggest that water has only existed epialbglion its surface in the recent to modern
times.

Significance of sampling for magnetic studies

The magnetic history of Mars is a fundamental qaestelating to the geologic evolution of the
planet as a whole (e.gLjllis et al., 2008;Weiss et al., 2008)The ability to quantify the
duration and magnitude of Mars’ magnetic dynamo ldigorovide novel insights into the
thermal evolution of the martian interior. Palegmetic measurements could also be used to
test the hypothesis that Mars experienced plateriexs and/or true polar wander and as a tool
for field geology (e.g., using magnetostratigraplsya chronometer to correlate rock sequences).
The ideal suite that would likely address this goaswould include Noachian to Hesperian
samples, because Mars’ core is generally thoughtaie been active during this time frame
(although it is not entirely clear when the dynadied). If only one sample could be selected, it
should be as old as possible in order to get a kathat records paleomagnetism and allows for
measurement of the intensity of the magnetic figldthat time point (as determined from
radiometric dating of the same sample). Any ebidachian rock would likely preserve a record
of the dynamo. It would not be necessary to tahggt-magnetization areas (as identified from
MGS resultsAcufa et al. 2001although those areas would be of interest inrai@explain the
strong fields observed.

The most useful rocks for this purpose would beeayrs because they tend to contain primary
igneous magnetic minerals (e.g., titanomagnetite @nrhotite). However, sedimentary rocks,
especially those containing iron oxide mineralgy.(dhematite, maghemite, and goethite) as
cement, may also be useful, and would provide ttieartage of paleo-orientation (using
bedding) and various field tests which could denrats primary magnetization (fold test and
conglomerate test).

Although the intensity of the magnetic field woydbvide significant information the fraction of
science value achieved with intensity data alonalevbe less than that which could be achieved
with oriented samples. To determine the absolutectliof the ancient martian magnetic field
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using only a few samples, it would be extremely ont@nt that the orientation each sample with
respect to the martian surface be recorded. Trexthn could be used to test the dynamo
hypothesis, to test hypotheses that Mars experieple¢e tectonics and true polar wander, and to
conduct magnetostratigraphy.

I mplications for the sampling system

The importance of in-place sampling would be veighHor achieving Objective C1. Samples
collected within a known geologic context, incluglifocal (i.e., outcrop), regional- and
planetary-scale would provide the primary advantager martian meteorites, allowing for the
information obtained from their study on Earth t® directly related to the specific phase of
Mars’ planetary evolution that they represent. Sarmgpf rocks from probable Noachian terrane
would enable the presumed age to be tested bymadtiic dating on Earth. Sampling of rocks
from outcrop, within the context provided by oufmiecale characterization, would allow for
selection of igneous rocks that have undergone ridexels of shock metamorphism, and to
select for compositional diversity. Therefore, tihgplications on the sampling system might
include:

1. Need to visit Noachian to early Hesperian igneautsrop, targeting those least affected
by alteration, weathering or impact shock metamisrphimplication: be able to get
beneath weathering rinds to fresh samples; betaladssess level of shock
metamorphism.

2. Target rocks that exhibit mineralogical or texturhbracteristics that suggest rapid
cooling from a melt (e.g., quenched flow margimplication: be able to characterize
texture at sufficient spatial resolution.

3. Samples of opportunity: During the traverses efsampling rover, we should
constantly check for exotic blocks that would allosvto further expand the range of rock
types sampled. Ultramafic xenoliths in outcrog(ewithin a basaltic unit) would also
represent a sample of opportunity. Implicationabk to assess compositional diversity
and macroscale textural variations at a distance.

4. The implication for paleomagnetic samples: be &kample such that the orientation
with respect to Mars surface would be preservethgiss would need to be isolated from
magnetic fields (ideally less than 0.2 mT; Weissttan communication, 2011).

2.2.3.2 Objective C2. Constrain the origin and evolution of the martian
atmosphere, accounting for its elemental and isotopic composition with all inert
species.

Understanding the evolution of the martian atmosplie essential to explaining the occurrence
of liquid water on the surface in Mars’ early histoand that in turn influences conclusions on
the habitability of the planet. Existence of ligwmgter on the martian surface, other than short-
lived concentrated brines, requires higher atmasphemperatures and pressures than present-
day conditions. Although precisely how the warmanditions were achieved remains unknown,
a thicker CQ / H,O atmosphere (released from the martian interioextgnsive volcanism in

34



the early Noachian) is implied. Evidence from scefdeatures on Mars suggest, however, that
this atmosphere, and thus persistent surface ligpaigr, had largely disappeared by the end of
the Noachian, leading to the dry and low-pressarglitions observed on Mars today.

Models of formation, evolution and loss of the nartatmosphere are based for the most part on
the isotopic compositions of noble gagespin, 2000; Pepin, 2006}urrently available data on
some atmospheric components are fiansitu analyses by the Viking landers, but the isotopic
compositions of neon, krypton and xenon are exeollgi from analyses of the martian
meteorites, in particular EETA7900(see review by Swindle, 2002Yhe latter contains
unfractionated atmosphere in its impact shock glaable 3).
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Kr isotopes 5% for 78Kr meteorites  |isotopes: 0.2- |atmosphere above none 0.2% for 78Kr MAJOR SE-
15% homopause
Xe isotopes 2% for, major Isdtopes meteorites s 0.2- lﬂ::::::::r:;:us none 2015 MAIOR 2E4
10% for 124,126Xe . h ’ 0.7% for 124,126Xe
1.5% dominated by
Ne isotopes % meteorites Issues®1 diffusion, particles none 0.01% MAJOR 1E-
no data on 21Ne start to ionize due to
solar wind 0.01% 4AHe
He isotopes oatsr e irradiation, and i 0.3% IHe*5 Lo i
abund. 10£10 ppb several <1 ppb escape <1 ppb
methane 13¢/12C none 0.2% 15ppt not stable and reactive
DfH none TBD MAVEN data are not 4%
ethane abund. none TBD comparable with 5 ppt stable?
H25 none 10's ppb bulk atmosphere 0.5 ppb
Sgades 0Ccs none 1ppt molecules not stable
502 none 2ppt and reactive
i P none issues*3 7
H20 D/H 0.2% 0.6% <1%0 MINIMAL
delta 180 0.3% 0.10% <0.1%s MINIMAL
delta 170 0.5% not specified <0.1%e MINIMAL
*1 requires complex gas separation system
*2 Niles et al. 2011
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Table 3: Current and potential pre-2018 knowledge bgas chemistry of the martian atmosphere (EMTGO
is currently a proposed mission).

Important, but so far unsolved questions requigh Iprecision composition data of all noble
gases and their isotopes, which would be only aelie with a returned atmospheric gas
sample analyzed in terrestrial laboratories. Thqgsestions are: a) the formation of the
atmosphere: primordial versus volcanic outgasseigus late veneer (volatiles delivered from
outside, for example by comets); b) duration of tiieker warmer atmosphere; c) age of the
atmosphere: young (continuous outgassing) versligpoimordial); and finally d) the cause of
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the atmospheric loss: impact erosion during the laavy bombardment versus a steady
atmospheric escape after the disappearance obalgtagnetic field (Figure 3).

origin and evolution of the
martian atmosphere?

Loss of Age of Loss of water: Volcanic

Paleo- atmosphere atmosphere How, when outgassing
atmosphere (N, Ne, Arisotopes, | (escaperate:eg. | =climate evolution {e.g. radiogenic
129ya /132Ya) 1N /15N, 12¢/23C) (D/H ratio) isatopes *Ar, 12Xe)

QUESTIONS

Paleoatmosphere samples and
proxies

Present-day atmosphere sample
High precision data on atmospheric noble gases
+ other volatile elements

SAMPLES

(e.g. Xe isotopic composition)

Chemical

sediments
Mineralogy gives

Igneous rocks
Gas inclusions (noble
gases, CO,) > insight
to magmatic volatile

insight to volatile

content of planet content, outgassing

efficiency

Figure 3: Overall scientific objectives of atmosphec gas samples.

Atmosphere noble gas science is mainly based orAEEJ01 impact glass but interpretation of
meteorite data is complicated due to possible mgixaf different noble gas components.
Spallogenic products mask the light noble gases ée Ar) and the minor isotopes of Kr and
Xe, and a significant correction is required foe timore abundant isotopes. Krypton and Xe in
meteorite finds are also altered due to adsorgifaerrestrial atmospheric gases. Other martian
meteorites revealed the presence of multiple compisn martian interior, a soil component, and
a paleoatmospheric signature (see revievswindle, 2002

Futurein situanalyses by the MSL rover Curiosity and the 208N and the proposed 2016
EMTGO orbiters would analyze the trace gases,(G0, O, CH,, N, sulfur molecules, £He,
etc.) and their H, C, N, O, S isotopic compositianth high precision (written communications:
MSL: Paul R. Mahaffy 2010; MAVEN: Bruce Jakosky,120 EMTGO: Mark Allen, 2010).
Table 4 summarizes the strengths and limitation®ath in situ measurements and returned
samples. The former provide high spatial and temlpogsolution data of the atmospheric
composition and are also capable of analyzing nalbls gas molecules (e.g., sulfur molecules,
CH,, Hp). A returned gas sample, in contrast, would allogh precision analyses of all stable
components, including the minor, isotopes of thble@ases and other stable species (ag CO
and N). As a consequence of the limitations of the nréiedata and orbital measurements, the
analysis of noble gases would be a major objedtiwva sample return mission (Table 3).
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MSL ) . . No He, Ne, minor Kr and Xe isotopes
1 Capuure of scasonal and spatial : : .
\::ib'l;il\' e with large uncertainties, no spatial
_ . . - . resolution
n situ { 2 Abundances + isotopic composition 'V Y
p— } of non-stable molecules (as Sulfur  Cyyposition of the uppermost
Rl m},kculcs. ( H, (if it exists)) ~ atmosphere (ionized particles, escape)
3 High precision on abundant species
EMTGOMATMOS No noble gases
" : Significant cosmogenic contribution 1o
N fuiy, EgRR LK DN ol - - .
BB wersriins s e »
ample

All stable atmospheric species (noble  No spatial or temporal vanability,
MSR gases, CO,. N) Non-stable atmospheric species don't
High precision also for minor isotopes survive

Table 4: Strengths and limitations ofin situ and return sampling of Mars atmosphere (EMTGO is
currently a proposed mission).

FINDING #5. We will have at least a partial understandinthefgeochemistry of most major|
components of the martian atmosphere prior to tbpgsed receipt of samples on Earth. The
area in which we anticipate still having the magh#icant unresolved questions is in the noble
gas isotopes.

FINDING #6. The noble gases in Mars meteorites are oftenura@gtof different components
that introduce ambiguities in interpretation of s@@d data. A direct sample of the atmosphere
would remove this ambiguity.

Detailed open questionsrelated to martian noble gas geochemistry:

A better *°Ar/**Ar value would help to constrain models of atmosjghéoss. The martian
atmosphere is the only one in the solar system ghatvs a significant deviation from solar
3Ar/*®Ar. Presumably, this is due to atmospheric lostheflighter isotope, somewhat mitigated
by mantle outgassing. Resulting loss rates shdeldin conjunction with the Ne isotopic
composition, thé*N/*N and the"*C/*C in CQ,composition.

Ne and He isotopic composition (and abundancepistcain atmospheric evolution and mantle
degassing. Neon abundances and its isotopic cotigpos) the martian atmosphere are still
poorly known. Boti*°Ne and®*Ne are difficult to measure at Mars because obssef’Ar and
*CO, interferences. In martian meteorites isotopesrarsked by cosmogenic Ne. MSL will not
be able to produce high precision data due to #lck bf a gas separation mechanism. The
MATMOS instrument proposed for EMTGO would not m@&asnoble gases. Thus, all Ne
science would be deferred to MSR.
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The He abundance and isotopic composition in thetiamaatmosphere is unknown as it is
entirely masked by cosmogenic contribution in metesamples. The He isotopic composition
in fluid inclusions in igneous rocks not exposedtiie galactic cosmic rays would deliver
valuable information on the degassing history ofda

Combined atmospheric Kr and Xe signatures

Krypton and Xe and their isotopic compositions leeg in determining the starting composition
of the volatiles on Mars. However, modeling thelation of the martian atmosphere is seriously
affected by the absence or imprecision of critdzath. Xenon in the Mars atmosphere is either of
solar or of chondritic origin. However, whereas tA%e suggests significant martian interior
outgassing, missing heavy Xe isotopes relatetf*eu fission {****e) indicate the opposite.
Precise and accurate measurements of thé¥al&Xe and*?®*Xe isotopes would not only reveal
the extent of mass fractionation of the startingnposition but also the degassing history of
Mars (Pepin, 2006).

The Kr isotopic composition of Mars atmosphere nisy either solar Repin, 199} or
fractionated in favor of light isotope&é&rrison and Bogard, 19R8Presumably, atmospheric Kr
has been replenished by degassing after early ptrads loss. Additionally, elevated amounts
of 8%8%Kr indicate neutron capture by Br. However, it iclear whether this is a feature of the
rock (i.e., a soil component) the Kr was measunear ian atmospheric signature. It is clear that a
model of the origin and evolution of the martiamasphere has to include and coherently
explain the isotopic compositions and abundancedl abble gases and other volatiles.

FINDING #7. A key to understanding the origin and evolutiddthe martian atmosphere would
be to measure the isotope systematics of eaclteafdhle gases, and construct a model that i
consistent for all of them.

[7)

Seasonal variability of the present martian atmesgh The present martian atmospheric
pressure seasonally varies by about 20%, due toptiar CQ ice cap formation and
sublimation. Swindle et al. (2009proposed that a substantial fraction of Xe and tdsthe Kr
and Ar are incorporated into polar clathrates (@hpps also in ice). Accordingly, the seasonal
formation or dissociation of a small amount of lefates could change the atmospheric Kr/Xe
ratio, and probably has some effect on the isot@pimposition of Xe. Detectable seasonal
changes of C and O isotopic composition due toimation/condensation of CQce are also
considered possible (Mark Allen, personal commuroca 2011). Respective fractionation of
the Xe and Kr isotopes either due to €k or clathrate formation thus could not be rubed.

No further studies have been carried out (Tim Sien@&ob Pepin, Oliver Mousis, personal
communications, 2011). However, MSL may be abladdress this question by monitoring the
Kr/Xe and a Xe isotopic ratio (be¥t’Xe/***Xe) over one martian year. If significant variaton
are found,two atmospheric gas sampleshould be taken, one at pressure minimum and the
other at pressure maximum. The high-low pressuie quuld assess the extent of seasonal
clathrate formation (and the incorporation of X&¢condly, it could reveal differences driven by
other mechanism in the atmosphere (Bob Pepin, parssommunication 2011). Finally the
second sample would also mitigate risk by servisgaadackup if one sample is lost (e.g., on
Mars due to sealing failure).
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FINDING #8. There would be scientific value in collecting aspheric samples at two different
seasons; however, although this is consideredetkstris not required. If it were possible to
return more than one sample, we do not currentdggeize a need to collect such samples fram
more than one location.

2.2.4 Aim D. Prepare for Human Exploration

The eventual human exploration of Mars would regjinformation that could — and should — be

acquired by means of sample return. The primagstons to be addressed by analysis of the
first returned samples include the potential hagzandd potential resources to be found in the
surface and near subsurface.

2.2.4.1 Objective D1. Assess potential environmental hazards to future human
exploration.

For a_human mission to the martian surface, itoiss@lered impossible to break the chain of
contact with Mars (see, for exampl2rake et al., 2000 This means that uncontained martian
material would be transported back to Earth viaasteonauts and their equipment. Planning for
such a mission would be therefore critically depgridon prior information about potential
biohazards in the soil/dust. A sample of the uibagus airfall dust would indicate whether such
material constitutes a biological, mechanical, an@lectrostatic hazard to future exploration
(see MEPAG, 2010. A surface soil sample would demonstrate theemitdl hazard of this
widespread material, and demonstrate its capagisither harbor or destroy microbial life. A
sample of soil from the shallow (1-2 m) subsurfamaild show whether or not this environment
is significantly different from the surface as dqudial niche for life.

1. Airfall dust

Airfall dust is one of the most widespread surfagees on Mars. It is present, to a greater or
lesser degree, in virtually every region and it cenlifted, injected into the atmosphere and
transported locally, regionally and globally by rhaoisms ranging from local dust devils to
global dust storms. Human explorers to any locatio the planet would be exposed to this dust.
It could prove to be a biohazard, as well as a fihata equipment due to mechanical or
electrostatic interactions. Experience from Spand Opportunity shows that patches of pure
airfall dust of sufficient size and thickness tongde are present along both traverse paths. Such
natural deposits are more common along the Spavetse, which is in a dustier part of Mars.
Passive collection devices may be required to sapyre airfall materials (s€edEPAG ND-
SAG, 2008, rather than being dependent on encountering leaile geological deposits. In the
absence of easily accessible pure airfall dust slegpdor the purpose of this objective, samples
of soil with admixed airfall dust may be sufficiettt achieve the objective. Because the dust
circulates globally, a sample returned from anyatmn is thought to be sufficiently
representative of all of Martian dust (e @hristensen et al., 2004a, 2004b

2. Surface soil
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Surface soil has been analyzed by each of thequs\tander and rover missions. Results from
Viking and Phoenix suggest that much of this mat@ontains a strong oxidizing agent that may
rapidly destroy organic material. This chemicampmnent, in concert with the temperature
extremes, desiccation, and radiation environmediitate that the martian surface is extremely
hostile to life. However, analysis of a returnathple of surface soil would more closely define
the chemical and mineralogical composition as aelthe biohazard potential of this widespread
material.

3. Shallow subsurface soill

The logic of MEPAG’s Goal IV is that the martiangodith would need to be tested for
biohazards down to the expected depth of distudbdmycthe future human missioMEPAG,
2010. However, it is not clear what that depth shobh&l The maximum depth of wheel
disturbance by MER was approximately the diameft¢h@wheels (although when this occurred
it was unintentional and created significant mapithallenges for the rover). Given that a rover
designed to carry humans would be significantlyvieza the depth of disturbance could be
greater (perhaps as much as 50 cm?). The degtbnoén footprints would unlikely be more
than a few centimeters. If the human mission idetumining, road building, or some other
“mars-moving” operation, the depth could be a smathber of meters. These factors could be
considered when determining the depth from whisbhibsample should be collected.

Importantly, the physical and chemical conditiohattmake the martian surface extremely
hostile to life are significantly less in the slal subsurface (2 m or less). Such a finding would
have profound effects on future Mars explorationthbrobotic and human. The shallow

subsurface soil could become an important explomatarget for possible future life detection

missions. In addition, landing systems and surtgmerations could certainly reach this depth —
either intentionally or accidently — and would haweebe designed with possible forward and
backward planetary protection in mind.

Although a “deep” regolith sample would stratedigabe very important, and is highly
recommended by E2E-iSAG, the proposed 2018 rover moa have the capability to deliver
such a sample to the cache, which would be negekwat to be able to be returned to Earth.

2.2.4.2 Objective D2. Evaluate potential critical resources for future human
explorers.

One of the implications of NASA DRA 5.D(ake et al., 2009s that perhaps the single greatest
factor that would change the planning basis of @mal future human mission to Mars for the
better is the identification of recoverable hydnogesources at the martian surfaddEPAG
(2010)followed up by proposing several specific investigns that could contribute to this end
(see Investigation IV.A.2A). Although carbon andygen are important resources to support a
human stay at the martian surface, they could bdilseavailable from the Cg&rich martian
atmosphere. Hydrogen (or equivalently, water), énav, is not sufficiently abundant in the
atmosphere. Since water would be required foersé\purposes, it either would need to be
acquired in situ, or it would need to be delivefesim Earth—for the latter option, the masses
would be especially daunting for long-stay missiots order for a hydrogen/water resource on
Mars to be of practical use, it would need to bespnt at the surface or contained within the
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shallow regolith in order to be compatible withieipiated extraterrestrial mining and processing
technology.

Although water ice would be a valuable resourcehiynirogen, and certainly is present in the
mid- and high-latitudes (e.@oynton et al., 2002; Head et al., 2D0&nding site (especially
latitude), planetary protection, and sample prest@ considerations all make the return of ice
samples impractical for the first sample returnsiois. An alternative comes from minerals that
contain HO and/or OH, which have been recognized both frooit and on the surface such as
within phyllosilicates, zeolites, and hydrated atds (e.g.Christensen et al., 2004Bjbring et
al., 2006; Murchie et al., 20D9In most cases, the areal extent of these mgeppears limited
to relatively small portions of the planet. Howevbecause such places would be of high
scientific interest due to their association withispwater, it is likely that they would be an
attraction both for returned sample science anduture human explorers. But it is also likely
that the concentrations of hydrated minerals reizeghfrom orbital remote sensing occur in
rocks or outcrops, making extraction more challeggi Ideally, a regolith source of hydrated
minerals would be found.

Airfall dust is known to contain one or more®tbearing phases (e.dMurchie et al., 2000;
Ruff, 2004; Christensen et al., 2004aGiven its ubiquity across the planet, estallighthe
abundance and extractability of water from suchrape would be important. Hydrated mineral
phases have been recognized in light-toned soilSusev crater (e.gYen et al., 2008and
probably exist in many other locations. Generikkdaned soils likely contain some fraction of
airfall dust with its hydrated component, but inlpwappear to be much less hydrated than the
dust in isolation as well as light-toned soils (eYgn et al., 2005; 2008

2.3 Prioritization of Scientific Objectives

A key part of the E2E task was to “prioritize aemeince set of “campaign-level” science
objectives”. Given the science objectives desdrilbove, the E2E team developed a top-level
criterion and a set of sub-criteria to guide thienttization (Table 5). Since the chief aim of the
proposed MSR Campaign would be to return martiampées to Earth for detailed study, the key
criteria for prioritizing objectives is the valud the incremental knowledge to be gained by
returned sample analysis. This value is judgedhieydegree to which sample analysis could
address the highest priority questions in Marsre@eas most recently summarized\bgPAG
(2010)andNRC (2011). The value of returned samples is highest if thegress questions for
which little progress could otherwise be made daeirtstrument or sample preparation
complexity, or to the scale of the investigatiohaboratory analyses generally have notable
advantages oven situ analyses in terms of precision and accuracy, amordory results could
be confirmed by alternate methods. In additiohptatory instruments and techniques could be
adapted to discoveries much more easily than im&nis that are locked into a spacecraft
payload.
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Top-level

Criterion:

Prioritization

Ways in which returned sample analysis
adds value (sub-criteria): Examples:

The value of the
incremental
knowledge to be
gained by returned
sample analysis

1.Addresses science questions of high intrinsic
priority (e.g. as judged by MEPAG, NRC, SSB,
NASA & ESA Strategic Plans, etc.)

2.Address questions for which little
meaningful progress can be made without
sample return

a)lnstrumentation hard/impossible to
miniaturize or make robust enough
for interplanetary flight

b)Scale of investigation not amenable
for in situ

c)Sample prep impossibly complex

3.Answers have higher definitiveness b)Results confirmed by alternate

a)Better accuracy, precision

methods

4.Addresses questions for which there is an
advantage if the analytical approach can be
discovery-responsive (analysis pathway not
limited by instrument payload).

Table 5: Criteria used by E2E-iSAG to prioritize séence objectives.

Using these criteria, the science objectives waniked in priority order (Table 6).
noting that as a multidisciplinary team, the memshmrthe E2E committee have diverse interests
and perspective, and there was a certain amouwmérition in how scientists from different
disciplines viewed these priorities. However, diesfhat, the placement of objectives Al (life)
and C1 (planetary evolution) as the top two priesit(in that order) was strongly felt by the

scientists from almost all disciplines represeriedhe team.

It is worth

Objective
Priority = Reference # Objective Description
1 Al Critically assess any evidence for past life or its chemical precursors, and place detailed
constraints on the past habitability and the potential for preservation of the signs of life
2 ci Quantitatively constrain the age, context and processes of accretion, early
differentiation and magmatic and magnetic history of Mars.
3 Bl Reconstruct the history of surface and near-surface processes involving water.
4 B2 Constrain the magnitude, nature, timing, and origin of past planet-wide climate change.
5 D1 Assess potential environmental hazards to future human exploration.
6 B3 Assess the history and significance of surface modifying processes, including, but not limited to:
impact, photochemical, volcanic, and aeolian.
c2 Constrain the origin and evolution of the martian atmosphere, accounting for its elemental and
isotopic composition with all inert species.
D2 Evaluate potential critical resources for future human explorers.
ADDI-
TIONAL A2

Determine if the surface and near-surface materials contain evidence of extant life

Table 6: Summary of science objectives defined by2E-iISAG in priority order.
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As per the arguments discussed above in Sectiofh.?,2Zhe search for evidence of extant life
cannot be effectively prioritized using the samigeda. The importance of this objective is
superimposed on all the others.

3. Achieving the Scientific Objectives—Some Conside  rations
Involving Collecting Samples from a Field Area

3.1 Relationship between Field and Sample Science

For some laboratory studies of samples, an assdcfald context is available, and for some
studies it is not (e.g., meteorite studies). Térenkr is always better constrained and therefore
more useful than the latter, and for the kindsarfiplex astrobiology/geology questions posed in
this report, field context would be required. Aspked to MSR, this is what distinguishes a
“grab-and-go” version of MSRMEPAG, 2002)from a selected-sample version of MI¥RC,
2011). Robust interpretation of even the most sophistdaboratory analyses of geological
specimens ultimately relies on the quality and mixtd observations of the field relationships
used to select samples. This fundamental insighs aptly summarized by the legendary
sedimentary geologist, Francis PettijohrfFor only by a firsthand acquaintance with the
primary phenomena of geology, obtainable only dfistudy, can significant research be
distinguished from the trivial’(Pettijohn, 1984, p. 248)Accordingly, in order for the MSR
Campaign to obtain the greatest information, itassidered crucial that samples be collected
such that their geological context is well undesgtdSome of this context could be characterized
from orbital data obtained prior to landing but matetails would only be obtained ly situ
study at and around the sites of collection.

FINDING #9. The integration of field and sample science wdaddritical to answering
complex geological/ astrobiological questions.

3.2 Information Hierarchy

Figure 4 illustrates the time-honored approachnner scientific questions that involve the use
of both a selected field site and laboratory analglata—such studies are extremely common in
the natural sciences. It begins with well-poseédrdidic questions and selection of a field site

for sampling that best addresses those questiopslo@cal relationships of the site are

characterized through a variety of approaches, (lgplogical mapping, stratigraphic traverses,

textural observations). Appropriate sample suitesthaen collected on the basis of those field
relationships. Ideally, this is done in a sequémtianner but on Mars (and most investigations
on Earth) logistics would impose a more iterativecess between characterizing geological
context and selecting samples. Samples returned fhe field are examined and analyzed in
laboratories and finally results from both the dignd laboratory are then integrated to obtain
“answers” that respond to the original questions.
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Science questions

v
Select field site
¥
Understand field —— Select Samples
relationships, ¥
geology of site to Analyze Samples
be sampled \ cln/Earth

INTEGRATE

\

Science answers

Figure 4: Schematic flow chart outlining the rolesof samples and geological field characterization ithe
evaluation of scientific questions.

It is virtually axiomatic to science that any intigation of a scientific question will lead to new,

unanticipated questions and to new ways to poseotlggnal question that provides better

insights. Accordingly, another advantage of chamdzing geological context as thoroughly as
practicable during sample selection is that it wlaallow for unanticipated and revised questions
to be addressed without necessarily returning e¢ostempling site, a critical asset for planetary
missions.

FINDING #10. Putting together effective sample suites wougpuine collecting information in
the field on many more geological targets thamiin@ber of samples eventually collected.

3.3 Collect early, exchange later

In addressing geologic questions that involve cedigleld work and sample-based laboratory
studies, there is commonly a tension between doligpotentially valuable samples when they
are encountered and waiting to understand the ggdietter before starting to fill up the sample
collection. In principle it would be ideal to comefg all geologic mapping first, then use that
information to decide which samples would be mogiartant. However, field studies are rarely
carried out this way because of the extreme inefiicy of returning to localities a second time
in order to sample. Therefore, samples are typicalllected as the field survey is being carried
out. Some of the earlier samples will inevitablyntwout to be less valuable than those
encountered later (especially because the geoldyeiter understood), but the time-honored
way of solving this on Earth is to toss the earliess valuable samples out of the backpack and
replace them with later-collected more valuable appropriate samples. This capability greatly
reduces the pressure on sample collection decmmking early in the traverse and allows the
geologist to benefit from their increasing knowledss fieldwork progresses.
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On Mars, the inefficiency of returning to outcragpsecond time to collect samples would
be unacceptable given the limited lifetime and @rae capability of a rover. Thus, the
importance of building the collection “as you g& even higher on Mars than on Earth.
Therefore, as discussed above, in order to sumbtattive decision-making, the capability to
swap out samples is judged to be extremely impbrtém the collective wisdom of The E2E-
ISAG team estimates that an excess sampling céyafil25% should be sufficient to address
this need. That is, 25% of the core tubes couldepdaced with cores of higher value for the
final suite that would come back to Earth.

FINDING #11: The scientific value of the collection would bgrsficantly enhanced if the
sampling rover had the capability and lifetime rexktb replace at least 25% of samples
collected earlier with samples of higher value ectiéd later.

3.4 The Importance of Rock and Soil Sample Suites

It is possible for individual, unrelated samplespt@vide useful data. However, most rocks
record the effects of multiple geologic processa®]l these effects can only be unraveled
uniquely by studying multiple samples in which tbiects differ. Single samples could be
likened to individual snapshots that do not providermation about gradients of change in time
and space. It is common with such single datunpgssmot to know how they are positioned in
the evolution of time and within the variability ehvironments. They provide limited help in
identifying the geological and environmental comtebhe evaluation of complex systems like
those anticipated for the MSR Campaign would bé&qadarly context-dependent. It is critical to
decipher the geological changes that remain imptessthe stratigraphic record of outcrops and
other terranes by analysis of a series of samflesrefore, it would be necessary to collect
suites, comprising a series of samples that aretgafly connected in order to build a vision of
planetary environmental evolution through time. sTHinding reinforces a key conclusion
previously made by thelIEPAG ND-SAG (2008).

FINDING #12. Sample collections organized around one or reaneple suites, designed using
key geologic relationships, maximize their potdrfba answering scientific questions.

4. Achieving the Proposed Scientific Objectives—Sa  mples
Required/Desired

4.1 Integrated Priorities for Rock Samples
Rock sample types are listed below in priority ordesing a single prioritization criterion:
Potential value to achieving the objectives in €abl Category 1 samples are given the highest
priority because of their importance for addresshng possibility of past life and issues related
to climate change and the history of water. Cate@osamples (fresh igneous rocks) the next
highest in priority are important for absolute dgtiand for understanding the evolution of the
interior of the planet.
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Category 1A. Subaqueous sediments or hydrothermakdiments.

These primary sample target types were rated dfelsigpriority in the search for life due to the
fact that these have the greatest potential fosguwation of biological signatures, as well as
prebiotic chemical signatures and observationshbht establish an abiotic baseline. In addition,
subaqueous and hydrothermal sedimentary deposits tiee maximum potential to provide
contextual information on the depositional envir@mt) habitability and preservation potential,
based on the preservation of information in orded sequence (clearly recording past spatial-
temporal relationships) in the outcrop. They weated of equal priority primarily in order to
ensure a sampling of multiple environments thathinigave suitably hosted a broad spectrum of
possible modes of life was captured. This includesonly a focus on sedimentary formations
formed sub-aqueously that may preserve surfacedbhfee but also includes sample types
encompassing the possibility of life based on chamarophic principles (similar to those
discovered at hydrothermal vents, hot springs andrging subsurface groundwaters on Earth)
(Chapelle et al., 2002; Kelley et al., 2005; Lirakt 2006; Chivian et al., 2008; Proskurowski et
al., 2008.

Category 1B. Hydrothermally and Low-temperature fluid-altered rocks

The distinction between these is described abov8eiction 2.2.1.1. As with the samples in
Category 1A samples, these fluid-altered rocksatse relevant to Objectives Al, C1, C2, and in
a minor way to B2 (for fluid inclusions). Categdbj are of higher priority than Category 1B
due to the inherently higher potential for presaoraof both biotic and chemical signatures as
well as for the higher potential for preserving otual information regarding the timing and
paleoenvironmental sequence and context for life.addition, a sample suite derived from a
sedimentary record would be more useful to Objesti@1 and C2 because of the added value of
good temporal context.

Category 2. Unaltered igneous rocks

This sample type is required to achieve Objectile tie second-highest priority objective in
Table 6. In contrast to the Category 1 samples,lélss altered the sample by water related
processes, the better. It is strongly preferred tine sample would be free of shock effects, and
so should be sampled in place rather than front,flmat the sampling rover could encounter
lithologic exotics on the martian surface that héeen blasted in from somewhere else that
would be well worth sampling. Although this samplpe is crucial to Objective C1, and is of
minor importance to C2 (because of fluid inclusjoitsis of little importance to the other
objectives.

Category 3. Regolith samples

These are vital for understanding the hazards shiatace material may present to human
exploration (Objective D1), and the opportunitirattmay exist for human resources (Objective
D2). Regolith samples are also of scientific inséréor insights into surface/atmosphere
interactions and interactions with the space emvirent (Objective B3). Finally, if the regolith

46



samples contain exotic fragments of rock that inpréhe diversity of the returned sample
collection, they could be of great value to Objesti A1, B1, B2 C1 and C2.

Category 4. Atmosphere

This sample type is definitively required to acl@e®bjective C2, which is important, but in a
relative sense is ranked priority #7 of 8 (Table &ortunately it would be an easy sample to
acquire—no sample selectivity would be requiredher€ is no value of this sample type to the
other objectives.

4.1.1 Considerations in designing the suites of roc k samples

It is not a general principle that all geologic gtiens would require sample suites. Some kinds
of questions could be addressed with single sample®wever, the four highest-priority
scientific questions posed for the MSR CampaigrctiSe 2) are at a level of complexity that
could not credibly be approached without analy$isioltiple samples organized into suites that
represent the geologic relationships present irighe area. For these questions, the differences
between samples could be as important, or moréhan,the absolute character of single samples
(also reinforcing the findings of tidEPAG ND-SAG, 2008

4.1.2 Possible/Probable Variations in Rock We Need  to be Prepared to Detect and
Sample

It is not possible in advance to describe the et optimal sample suites that need to be
collected because this would depend on the kindsocks that are available to be sampled,
which, in turn, would depend on the landing sitee traverse plan, and many other factors.
However, it is possible to predict the kinds ofurat variation that we would encounter that are
of direct relevance to the objectives. The abiiitybserve and measure these kinds of variations
is crucial for interpreting the site geology anddbing the optimum suites of samples at that site
for achieving the science objectives. In the sdienbbjectives discussed above, there are some
clear commonalities in terms of the kinds of sampleat would benefit each of the objectives
(Section 2.3) and it is important that we have adeustanding of the possible variations that we
may encounter related to those objectives as ibgep constraints on the rover capabilities at
any realistic landing site and traverse plan. o reason, we list here some of the possible
geologic variations that may be encountered and odrélirect relevance to the proposed
objectives, and some possible ways to configureptasuites to capture those variations:

Possible/Probable Natural Variations on Mars Rethte Sedimentary/Hydrothermal rocks:

. Facies and microfacies in a sedimentary deposit

. Physical variations in a mineral phase: texttabric, crystal habit and residence of the
mineral in veins, layers, cement, clasts, concnstietc.

. Physical variations in clast size, shape, digtrdn and spatial arrangement

. Inferred paleo-salinity gradient in a salt minessemblage

. Variations in organic matter: host mineralogyncentration, spatial arrangement in
relation to context

. Sedimentary structures and textures, and coeetlaineralogical variations

. Mineral transitions across a zone of alteration

. Sequence of vein-fill deposits and/or changdsacture density
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. Proximal-distal trends (laterally and verticallg)mineralogy and/or cement at a
hydrothermal vent

Some initial sample selection factors for sedimeiteydrothermal sample suites

. Rocks that have high potential to preserve oarolecules, including biological
remains

Rocks that enable interpretation of paleoenvirental conditions

Rocks from different stratigraphic positions tepain potential changes in past climate;
Rocks that exhibit mineralogical or textural cheteristics that may be microbially
influenced or have high probability of supportiriglbgic activity (e.g., chemical
gradients) and preserving it (e.g., rapid depasjtio

Rocks whose compositions are likely to providaestmaints on the composition of ancient
surface or subsurface waters

Rocks that represent essential variations wihitydrothermal system, such as
water/rock ratio, temperature, and fluid chemistry.

Possible/Probable Natural Variation on Mars Relatedgneous Rocks

. Petrologic character: range of compositions (eltyamafic to mafic), variation in
mineralogic and/or trace element properties

. Age (although in the field this could only be loyipesized based on context)

. Type and intensity of agueous alteration and eéegf weathering

. Igneous setting: intrusive, extrusive; local isgttwithin the igneous body
. Grain size, chemical variation in minerals

. Degree of impact shock metamorphism, includirecbiation

Some initial sample selection factors for ignecmsle suites

. Rocks of probable Noachian age having knownigtagthic context

. Rocks that best preserve primary igneous chardetest affected by alteration,
weathering, or impact shock metamorphism

. Rocks that span potential variations in bulk cosifon

. Rocks that contain xenolithic clasts

. Rocks that exhibit mineralogical or textural chaeristics that suggest rapid cooling

from a melt (e.g., quenched flow margin)

FINDING #13. The proposed rover would need to be equippell saientific capabilities to
observe and measure the kinds of geologic feataresvariations therein) that would enable us
to recognize the geologic settings and samplingetarthat are needed to meet the science
objectives.

4.1.3 Scientific value of a subsurface rock sample

The capability to return one or more samples fromm+-2lepth would be extremely valuable.
Modeling (e.g.Dartnell et al. 200)/shows that subsurface rock would have been pgestdoom
galactic cosmic rays by overlying rock/regolith fdrleast some of its history. The same is true
for the potential role of solar UV on organics ledrby ejecta from impact eventSqckell et al.,
2002 or in the martian soilStalport et al, 2009 Organic matter therefore has a much greater
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chance of being preserved in subsurface mateiials in surface samples. In addition, UV
oxidation of F&" to F€" (e.g.,Burns, 1993; Morris et al. 201Would be less prevalent at depth.
Moreover, since subsurface rocks are protected ftoemic rays any fluid inclusions would
potentially have better-preserved noble gas isotampositions. Therefore, subsurface
igneous fluid/melt inclusions could provide infortima on Mars’ degassing history, and fluid
inclusions in sedimentary or aqueously altered samuld provide clues on the aqueous history
of Mars.

the capability to return subsurface samples frate@th of up to 2 meters would be scientific

FINDING # 14. While the MSR Campaign could be justified usingmsurface samples alone
Iy
valuable because of the possibility of enhancedguuation of organics.

4.1.4 Number of rock samples desired/required

In any geological study, the number of samplesirequo address a well-defined problem is
always a difficult issue — depending on the questtbe number may lie anywhere between a
single sample (e.g., an internal isochron of aneayws rock) and many hundreds, if not
thousands, of samples (e.g., high resolution ckn@iange records). What are appropriate
numbers of rock samples to address the sciencetogie (Table 6) and sampling priorities

(Section 2.3 of this report) of the MSR Campaign?

Considerable insight has been gained from the eqpe¥ of the MER mission (see references
below). The Spirit rover operated for more thanysars in a target rich environment in Gusev
crater and examined more than 75 roicksitu. Within this extended period of time, the rover
carried out a number of reasonably well-definedrpaigns’, lasting on the order of weeks to
months, designed to investigate, in detail, majscaleries. These campaigns in turn provide
some guidance to the number of samples that mgheduired for MSR.

Four relevant Spirit campaigns bear some broadlagiityi to the science objectives defined for
the MSR Campaign:

1. A hydrothermal system defined by the exposuregadine silica-bearing rocks and soils in
the Eastern Valley near Home Pldf&quyres et al., 2008; Ruff et al., 2011

2. An alkaline igneous province defined by alkalm&anic rocks in the Columbia Hills of
Gusev crater that had sources similar to the Aditack class volcanic rocks found in the
Gusev plainsNicSween et al., 2006

3. The Home Plate deposit comprising a 2 meterréd/section of poorly sorted pyroclastics
debris overlain by well-sorted sandstones thoughiepresent aeolian reworking of the
pyroclastics $quyres et al., 2007

4. The ascent of Husband Hill during which the Bpaver traversed a target-rich geological
setting of layered rocks and encountered numerthusidgies that could be considered as
‘targets of opportunity’ Arvidson et al., 2006; Squyres et al., 2R06

Table 7 summarizes the details of these campaigthshee number of samples each examined in
some detail in order to address the hypothesisittitetted the detailed study. Also shown is our
best estimate of campaign durations. Durationddfieult to estimate because in many cases,
campaigns were initiated some time after the intiaservations, multiple issues were being
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addressed simultaneously, unrelated traverses wenespersed, and so forth. Nevertheless, an
overall conclusion from this analysis is that oa trder of ~30-35 mixed rock and soil samples
would be sufficient to achieve the major sciencgedives of the MSR Campaign and that the
time required to obtain such samples would likeketon the order a martian year or less (Figure
5).

Campaign Description Duration | Samples

Exposures of opaline silica-
Hydrothermal System bearing rocks and soils in the | ~100 sols ~10
Eastern Valley

Igneous rocks preserved on
the Gusev plains and ~60 sols 7
Columbia Hills

Alkaline Igneous
Province

2 m Home Plate section of
Pyroclastic Deposit altered pyroclastics and ~30 sols 7
reworked aeolian sediments

Examples of distinctive rock
Targets of Opportunity classes encountered during ~200 sols ~8-10
ascent of Husband Hill

TOTALS ~390 sols ~32-34

Table 7: Approximate duration and number of rocks/®ils studied in detail during various science
“campaigns” of the MER Spirit rover.

Number

samples ~30-40

/ *See slide 20
Which ones to sample?

Contact
observations 73-124
Which ones to touch?
Unique targeted _
mast observations ! 598

Which ones to focus on?
Rocks and soil targets within reach
L ~20,000°
Figure 5: Schematic diagram, based on lessons leaughfrom the MER Spirit rover, illustrating the

hierarchical nature of obtaining sufficient geologtal context information in order to select the best
samples for return to Earth.



FINDING #15. For the kinds of landing sites of interest te MSR Campaign, the number of]
high-priority rock samples is estimated to be ~30-3his reaffirms a key finding of ND-SAG,
who recommended 28 rock samples as a minimum number

4.2 Considerations related to the number and type o f regolith samples

4.2.2 Regolith - Sampling implications

Evidence from MER and orbital surveys suggests sbdt(i.e., the fine component of regolith)
has some attributes that are similar everywherklars, either as a result of global dispersion or
common formation processesen et al 200k Though approximately 25% of soil is reported to
consist of alteration products, it is nonetheldssught that martian soil is primarily abraded
rock, with altered rock being overrepresented dua greater probability of abrasioM¢Sween

et al. 2010. Nonetheless, there are reasons other than radapdio select samples from
multiple locations, including an expectation of pfahemical products such as perchlorate in the
near surface Hecht et al 2009 and the fact that the likelihood of finding biarkers is
significantly different within and below the diulrthermal skin depth. Depending on the nature
of the landing site, and the sampling capabilitgikble, it is possible that as many as 3-4
samples could be useful for the different kindsnsestigations, and in any case, at least one
regolith sample is considered essential.

A surface soil sample should be obtained from ¢ipe5t cm. The sampling should be performed
at a distance from the lander sufficient to avaigt physical effects (e.g., erosion or removal of
fines) or chemical contamination due to the landself or its thrusters and landing gear.
Although a single sample of generic soil may bdiceht to satisfy most objectives, airfall dust
may not be distinguishable from the soil’'s finasiction. Ideally, airfall dust would be sampled
separately from soil. The MER rovers demonstr¢hed relatively thick accumulations of airfall
dust (several mm thick) are present at both sitesmobility was required to reach them. 1t is
unlikely that such accumulations would be accessfldm the MAV lander and its descent
rockets would likely winnow out the finest fractio herefore we suggest that within the MSR
Campaign, such samples must be collected usincgittang rover.

Other regolith samples like light-toned soils aomsidered samples of opportunity enabled by
mobility. Such samples could be identified witmie sensing and in-situ instruments on board
the rover. In all cases, identifying regolith saagplof interest would require no additional
measurement capability beyond that needed to samples. However, the generally loose,
particulate nature of regolith material may pladéedent demands on the sampling method.

A key point is that the diversity and degree ofatific interest of different kinds of granular
samples at the 2018 landing site would not be knowntili the proposed mission lands and gets
into its exploration. By far the most useful implentation would be one in which the sampling
and caching capability could be used for eithek rmcregolith, and then allow the science team
of the future to decide based on what is availablthem the relative proportions of these two
sample types.
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FINDING #16. Multiple regolith samples collected from the 2Gd8er would be significantly
more valuable than 1 or more regolith samples ctdtkfrom the immobile MSR-Lander (MSR
L).

FINDING #17. No measurement capability beyond that requinezbtect and document the
rock samples would be needed for regolith samplesiever, the physical acquisition and
packaging of a granular sample may have importaptications on the sampling/packaging
system.

4.3 Considerations related to the number and type o f gas samples

4.3.1 Integrated Priorities for Gas Samples

The most important priority is at least one samgleatmospheric gas of sufficient size (see

Section 6 for sizing analysis). |If it is possidie do so, a second gas sample would be
scientifically useful, and is considered desirdfidwo atmospheric samples are taken, one should
be collected at the atmospheric pressure minimuehtla@ other at the pressure maximum (see
2.2.3.2).

4.3.2 Atmospheric Gas - Sampling implications

Atmospheric temperature and pressure should beurezhst the time of sampling. The gas
container should maintain a gas-tight (ultra-higttwum (UHV) — quality) seal. Additionally, a
double valve (both UHV) would be scientifically uable in order to be able to assess the quality
of the sample at the time it is received in the Khving two valves would also simplify later
sample handling.

4.3.3 The importance of rock/mineral samples with f  luid or melt inclusions

Noble gases (particularly radiogenic isotopes) el as the other volatiles (e.g.,®l, CO, Ny)

in fluid inclusions in igneous rocks could revelaé tmagmatic volatile content of the martian
interior and test postulated contents derived froamtian meteorite studies (e.lylcSween et al.
2001; Filiberto and Treiman, 200®tcCubbin et al. 2010jones 200)¢ Analysis of these gases
thus would allow for assessment of the planet’'sgasging efficiency, which in turn has
implications on the formation and evolution of @ienosphere. Fluid inclusions in sedimentary
rocks could reveal the composition of water fromakiithe sediment was deposited.

However, due to the missing magnetic field, the @imosphere and a low erosion and crustal
recycling rate, many surface rocks have been morkess continuously exposed to galactic
cosmic rays (GCR) for much of martian history. Rbis reason, apart from “fresh” crater
excavations, the light noble gas content (He, N®,iA surface rocks on Mars is presumably
completely masked and the heavy noble gases (Krs&eerely altered. For comparison, a 90%
correction has to be applied to the light Xe ise®m the Nakhla meteorite due to irradiation by
GCR during its 12 Ma journey in spadddthew and Marti, 2002 A drill sample (~2m) would
be of advantage to facilitate data interpretatieven though it would not solve the problem
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completely when not drilled into a solid piece otk. (Any particle of the regolith can be
considered as being within the upper one or twcersethe penetration depth of GCR, at some
time).

FINDING #18. Gas geochemistry objectives would require tredyais of a dedicated martian
atmosphere sample. The analysis of the fluid inchssin solid samples would provide
additional valuable information on volatile cont@mmartian interior and outgassing efficiency.
However, the noble gas composition could be maskagverely altered by GCR irradiation,
thus either freshly excavated crater material ©2 an drill core sample would be required.

5. Where on Mars Might it Be Possible to Obtain the =~ Samples Needed
to Achieve the Proposed Objectives of MSR?

5.1 Establishing a Reference Landing Site Set

Meeting the scientific objectives of the MSR CangpafTable 6) is dependent on whether there
are places on Mars that host the desired matdaasampling and whether a rover could access
and sample them. In order to establish the poteiaticat least one site on Mars to both satisfy
the highest priority MSR science objectives andabé to land, we conducted a process to
identify potentially viable candidates. Our goahsnvto produce aeference landing set
consisting of severalréference landing_site§ each of which could potentially meet the
objectives of Table 6, and that illustrate a raofyscientific and engineering attributes that span
the trade space of interest, and that could betijatively evaluated.

The search for reference landing sites began wigtvigw of the ~60 landing sites proposed for
the MSL mission Grant et al. 201)Land ~25 additional community-proposed landingssite
identified for possible future missions (originatithrough a 2010 Future Landing Sites call).
Although the overall objectives for the MSR Campaigould differ from those of these other

missions, they were viewed as a good starting pbatause of some overlap in science
objectives and because many of the sites consideredther missions are partially to nearly

completely covered by high resolution spatial apdctral resolution data (e.g., from MRO,

MEX, and Odyssey). We chose sites with an eye tdwwaoviding a range of characteristics for

both science and engineering that could be uséélfpdefine landing and roving requirements.
Sites with substantial existing image coverage wtreored because such data enable
meaningful engineering studies of the MSR Camp&bh system requirements for accessing
the eventual landing site.

FINDING #19. In order to end up with at least one acceptabéeadter science and engineering
constraints are evaluated, it is necessary to kibgiscientific selection process with a
reasonable array of candidates.

To screen candidate sites for the MSR Campaignuseel the four threshold criteria listed in
Table 8. These threshold criteria relate primatdlythe inferred depositional setting and age of
the rocks considered to be of highest prioritydample return and include the strong desire for
the presence of igneous rocks. Although additiopedliminary qualifying criteria were
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identified, ranging from morphologic evidence oftissg to the age of volcanic units to be
accessed (Table 9), these were not used in theaBaBysis process. (The job of prioritizing
candidate landing sites needs to be done throwghmenunity-based process, separate from the
E2E process). Because the reference sites aiatantled to serve as a short list for the actual
mission, the more relaxed constraints allowed udetiine reasonable science and engineering
criteria for the proposed mission. A more rigor@ml open landing site selection process is
expected to follow. We anticipate that once foreréteria are defined, a call for candidate sites
would be made to the science community, initiaBngpmprehensive site selection process based
on those employed for MER and MSL (e@rant et al., 2004; 20)1

Threshold Geological Criteria

1.Presence of subaqueous sediments or hydrothermal sediments (equal 1 priority), OR
hydrothermally altered rocks or Low-T fluid-altered rocks (equal 2nd priority)

2.Presence of aqueous phases (e.g., phyllosilicates, carbonates, sulfates etc.) in
outcrop

3.Noachian/Hesperian age based on stratigraphic relations and/or crater counts
4.Presence of igneous rocks with known stratigraphic relations, of any age, to be
identified by primary minerals.

Starter List of Qualifying Geological Criteria

1.Morphological criteria for standing bodies of water and/or fluvial activity (deltaic
deposits, shorelines, etc.).

2.Assemblages of secondary minerals of any age.

3.Presence of former water ice, glacial activity or its deposits.

4.1gneous rocks of Noachian age corresponding to unaltered primitive crust, better if
including exhumed megabreccia.

5.Volcanic unit of Hesperian or Amazonian age well-defined by crater counts and well-
identified by morphology and/or mineralogy.

6.Probability of samples of opportunity (ejecta breccia, mantle xenoliths, etc.).
7.Potential for resources for future human mission

Table 8: Threshold and qualifying criteria for Reference Landing Sites.

For reference landing set, the E2E-iISAG chose dheviing (Table 9): five candidates studied
extensively during the MSL landing site selectisogess; the MER landing site in Gusev crater;
and an additional site at a relatively high nomhéatitude. We assumed a landing ellipse
comparable to that of MSL (~20 x 25 km). Each of $ites appears to encompass all of the
threshold science criteria and define a latitudeyeaof approximately 35°N to 15°S, elevations
ranging from ~-0.5 km (MOLA) and lower (Figure @&nd a variety of relief (much of which
was viewed as unacceptable for MSL touchdown caiteglating to hazard probability). A
description of each of the reference sites follows.
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Center of Proposcd Ellipse
B
ZE|2
el =g
Site S|S|c The Sedimentary/hydrothermal story The igneous story
Eastern
e In the channeled Noachian uplands south of Meridiani Planum is a small, shallow basin
Marga ritifer 5.6 (354 |-13 with an exposure of possible chlorides stratigraphically overlain by an eroding unit with |The rocks appear to be capped by a basaltic unit of Noachian
Terra very strong CRISM and even TES signatures of phyllosilicates. age.
The Noachian-aged Columbia Hills contain outcrops of opaline silica likely produced Extensive unaltered Hesperian olivine-rich basalts embay the
-14 | 175 | -1.9 [from hot springs or geysers and outcrops rich in Mg-Fe carbonates likely precipitated Noachian Columbia Hills. Also present are several different
Gusev Crater from carbonate-bearing solutions. Sulfate-rich soils and outcrops also are present. igneous rock types with minimal alteration.
The crater floor has a more recent unit likely Hesperian that
18.4 | 77.6 | -2.6 |Delta with incorporated phyllosilicates and carbonates along west margin of crater. The [looks like fresh volcanic flows. Would land on volcanic and
Jezero Crater crater formed in Noachian olivine and pyroxene-rich crust. traverse to delta.
Mawrth 24.5(339 | -3 |Layered Aland Fe/Mg Phyllosilicates in poorly understood setting. Possible mud volcano (Mafic material present in ellipse, but may be partly altered.
Valles Site 0 in the vicinity of ellipse. Land on science for exobiology. Unaltered Hesperian volcanic at ~30 km.
NE Syrti Extensive and diverse mineral assemblages within ellipse in Hesperian Syrtis Major
yris 16.2 | 76.6 | -2.1 [volcanic region. Maybe water-lain deposits or in situ alteration. Likely go to required for
Major all materials of exobiological interest. Hesperian Syrtis Major volcanic region.
Nili Fossae 21 |74.5| -0.6 |Widespread altered materials, as ejecta at eastern side of ellipse, in place to west of
Trough ellipse. Land on unaltered Hesperian volcanic plain.
| . Single site to combine clay-bearing paleolake sediments and current glacial deposits.
smenius 33.5| 17 | -~3 |Three deltas at the same elevation confirms paleolake interpretation. Great site for Unaltered material may be limited to dark sand, unaltered
Cavus both geological "field work" and sampling. bedrock outcrops to be confirmed.

Table 9: Potential landing sites identified by theE2E-iSAG.

5.2 Brief Descriptions of the Reference Landing Sit  es

The Nili Fossae Regionincludes a diversity of hydrated minerals rardbyained on Mars (e.g.,
Ehimann et al., 20Q09Three sites are proposed in this broad regiach evith a different context
and the presence of igneous rocks at each of tNdnf-ossae Troughis located on Hesperian
volcanic flows on the floor of the Nili graben. latons favorable to astrobiology contain
phyllosilicates in both layered and massive uniktugtard et al., 2009 More diversity is
accessible east of the ellipse within the ejectecda of the crater Hargraves, which would
enable a sampling of crustal rocks both alteredwaradtered, although not in place. About 200
km east of Nili troughJezero crateris a paleolake identified by two delta farisagsett and
Head, 200k The fans contain hydrated minerals and possdaifponates and would have
collected material from the altered highlan&hl(mann et al., 2008a, 2008brhe crater floor
contains mafic minerals showing rough textures istexst with Hesperian age volcanic flows.
South of Jezero, the contact between altered mgksland unaltered Syrtis Major plains is very
straight with a small scarp of lava flows domingtialtered highlandsMangold et al., 2007
Landing on the plains at thiNE Syrtis Major site would enable sampling of a well-defined
volcanic unit with a go-to astrobiological objediinside the layered material beneath the lava
flows and in the altered highlands. Sulfates magterside the layered material and carbonates
are present on this olivine-bearing unit of thei Ribssae regionghlmann et al., 2008a, 2009,
Mustard et al., 2007, 20D9

The Mawrth Vallis region is another area displaying evidence fostartial alteration, mainly

in the form of phyllosilicates (e.gRoulet et al., 2003,0izeau et al., 2007, 2018jshop et al.,
2008, which is considered of high interest for undemnsting the early Mars environment and its
astrobiological potentialMichalski et al., 201pD The site proposed is located NW of the one that
was under consideration for the MSL site selectiothe final four list. In addition to layered
materials containing Al-clays and Fe/Mg-clays tbaip out inside the ellipse, it also contains
igneous materials, some likely being present intheeellipse, and some Hesperian age volcanic
flows in the western side of Oyama crater thatraaehable after a 20-30 km long traverse.
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Eastern Margaritifer Terra is located in the channeled highlands of Noaclaige, south of
Meridiani Planum. The small basin where the edlips located contains phyllosilicates and
possibly chlorides@sterloo et al., 2008 The sequence of units exposed by erosion inbidwssn
has an unaltered, basaltic unit at the top of #rpuence that overlies a phyllosilicate-bearing
unit, which in turn overlies a chloride-bearing tuai the baseQhristensen et al., 20R8These
units would be reachable inside the ellipse aftenat traverse out of the ellipse to the east.

Gusev craterhas proved to be mineralogically diverse despit@gparent lack of evidence for
the paleolake that motivated its selection as a NH#gfiding site. Within the Columbia hills in the
center of Gusev, Spirit encountered soil and optrof nearly pure opaline silica, a clear
manifestation of hydrothermal processes (&guyres et al., 200&nd entirely consistent with a
hot spring and/or geyser origiiff et al.,, 201L Outcrops containing as much as 34% by
weight Mg-Fe carbonate were identified, perhapsrasgnting another manifestation of
hydrothermal processeM6rris et al., 201 Sulfate-rich soils are yet another indicationtod
role of water. In addition to a range of igneouskso within the Columbia Hills, they are
surrounded by early Hesperian, olivine-rich flocasalts similar to lunar maré&(eely et al.,
2005. Gusev crater provides both well-defined igneoogs and a diversity of mineralogy and
rocks formed in environments of astrobiologicaknest.
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Figure 6: Map showing landing sites considered byhe E2E-iISAG analysis. Those proposed as candidate
reference sites for the MSR Campaign are highlighté

Ismenius Cavusis a 60 by 90 km elliptical trough located in Ismes Lacus region. It is the
most challenging site proposed here, becauseait & high latitude (34°N) and because mafic
minerals are currently only observed as sands, @veoicanic plateaus surround the circular
trough. The interest in this site is that it shates presence of a paleolake attested to by three
delta fans at the same elevation, phyllosilicatedayered deposits on the floor of the trough,
and mid-latitude glaciers on its sidBghouck et al., 2000 The latter may open a unique
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opportunity to collect material from the Early Marsriod and from Amazonian ice deposits in
the same mission.

The seven sites identified here, in addition totaming reachable igneous rocks, have been
chosen to be complementary and representativeffefeht types of astrobiological interest: two
paleolakes (Jezero and Ismenius Cavus), one artmsitt (E. Margaritifer), three hydrothermal
sites (Nili Fossae trough, NE Syrtis Major and Giisand one altered crust (Mawrth) with a
variety of alteration and/or secondary minerals/{jplsilicates, sulfates, chlorides, carbonates).

FINDING # 2C: Among the ~85 candidate landing sites that haea Ipeoposed by the
community to date (for MSR and a range of posdilitigre missions), at least 7 potentially meet
the preliminary list of MSR science criteria. Hoxee, further analysis of the sites would be
needed to better evaluate their potential to nteettiteria.

5.3 Implications of the Reference Landing Set fort  he Major EDL and Mobility
Parameters

The reference landing set (Table 9) has some irmpblessons for thinking about landing site-
related planning.
e Itis not easy to find sites where relatively uaedt igneous rocks are found close to sites

selected for astrobiology where the rocks have Is¢emgly altered by water. Retaining
the igneous rock objective in the threshold critetherefore, likely would require rover
mobility and lifetime to be large enough to accesgets outside the landing ellipse. For
example, among the seven reference sites proposest, are likely “go to” sites either
for igneous rocks or astrobiology, therefore reggirsignificant driving distance (i.e.,
~20 km) and rover lifetime on the surface (assurdtktat least one Mars year, although
not evaluated in this study).

e Landing and/or traverse hazards identified previofduring the MSL landing site
selection process) might in some cases be mitigagethcorporation of terrain relative
navigation (TRN) and hazard detection and avoidgiti2A). This could allow us to
land directly on the scientific targets at somedha reference sites. The ability to “land
on” sites that are otherwise “go to” and where nmmsall science objectives could be
met, could shorten the required traverse distaaogsmission lifetime—an extremely
valuable benefit.

e Improvements in EDL that would narrow the diametérthe landing error ellipse
(communicated to us by Chad Edwards, pers. con®il)2could also have the effect of
shortening drive times and possibly overall lifetimOpportunities in this area should be
pursued at a high level of priority.

An important caveat is that the seven referenes site not known to be safe for the engineering
criteria of the MSR Campaign (which would involweot landings at different times). The total
number of potential sites would depend on how mahyhe sites in the reference set are
ultimately judged to be acceptable to both sciesmo# engineering, and the reasons that any of
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them are rejected. However, the number of poterdiles may never exceed 20-25.
Consequently, all capabilities that could be addetthe landing system to access additional sites
should be considered.

Lastly, latitude limitations on the landing siteich as the -5°/+25° constraint on the original
ESA ExoMars rover (and the E2E-iISAG Charter), woallsb impact the number of potential
sites that are responsive to all proposed objextiMany southern latitudes below -5° display
considerable evidence for aqueous alteration anatipe lacustrine landforms including sites
such as Gusev crater (-14°) and two of the finaf dMdSL sites (Eberswalde and Holden at about
-25°). Northern latitudes in excess of 25 degr@és-¢0°) would also be of interest, but may be
less important than an opening of southern latgu@specially because of the limited area of
highland terrains above the +25° latitude. Thusg@argement of the southern latitude range, at
least to -15° and perhaps to -25°, would help taduce a more significant number of candidate
landing sites into consideration.

FINDING #21. Three EDL/mobility factors would play a majoreoh the quality of the sample
collection, and therefore in determining the ultienacientific return of the MSR Campaign:
*Whether the landing system could allow ellipsecpraent over terrain that is more hazardous
than permitted for MSL

*Whether the ellipse could be reduced in sizeltmaplacemenbetweerhazards.

*Whether the rover would have the capability tod¢rae to rocks outside the landing ellipse.

6. Measurements on returned samples required to ach  ieve the
proposed objectives

First of all, it is important to point out that e capabilities and priorities of laboratory scien
on Earth improve with time, the specific measureimgoportunities and requirements will
evolve. It is not our intent that this report I tfinal word in returned sample measurement
planning. Our goal is to document the currentestdtthe art, with the presumption that any
changes in the future would be an improvement ah th

As discussed above in Section 4, three generastgpsamples would be needed to achieve the
scientific objectives in Table 6: Rock samplegjolgh samples, and one or more atmospheric
gas samples. These three sample types would lpcsadto different analysis pathways.

6.1 Analysis flow for Rock and Regolith Samples

As per experience gained by the global curatoriammunity through processing of
extraterrestrial samples returned by Apollo, LuB&rdust, Genesis, and Hayabusa, the analysis
of rock and regolith samples returned from Mars Mdoe expected to follow a four-phase
process:

I.  Preliminary Examination

ll. Planetary Protection Assessments

. Current allocations for scientific research
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Iv. Future allocations for scientific research

A significant part of the scientific interest in rtian samples is because of their potential to
contain evidence of past or present martian biologygr this reason, the second category above
is far more important than it was for Stardust, € and Hayabusa. Steps | and Il would
therefore need to be done in a suitable containrfaility, which for planning purposes has
been referred to as the Sample Receiving Facltyn{mel et al., 2002; Beaty et al, 20@&d
references therein). Depending on the outcoméeptanetary protection assessments, it may
be desired or required that Steps Il and IV waalkb need to be done in containment. Another
possible way to set up this planning, if the samgémands of the planetary protection
assessments are too large, is to bypass Stepdlitoatarry out Steps Il and IV in containment
treating the samples as if they were hazardousaiadh this approach likely restrict the scope of
experiments that could be performed, which wouldehsignificant negative consequences for
the scientific investigations).

6.1.1. Preliminary Examination

The aim of this phase of the analysis is to asitettee external and internal characteristics of
each returned sample by non-invasive and non-d#steu techniques. The E2E-iISAG
recommends that initial assessment utilize CAT (@ai@r-Aided Tomographic) Scanning, the
advantage of which is that it would be possibledan the specimens whilst they are held within
the returned sample capsule. Some CAT scanneesdubstantial magnetic fields which could
partially remagnetized the samples, so care woeélno be taken to avoid this potential issue.
The sample capsule itself would be scanned, anu dpened under conditions such that any
evolved gases are collected. Each sample, stillsirtontainer, would be removed, and then
scanned again. Results from the scans would reéledieterogeneity of each sample, including
any layering, veins, clasts, pore spaces or frasfugtc., and their gross mineralogy. Decisions
could be made at this stage, even before the sangderemoved from its container, about the
sub-sampling strategy.

Following scanning, the samples would be removenhftheir containers. These samples would
be weighed, photographed at a range of resolutenms,assigned unique designators for further
tracking. The environmental conditions to whicle ttamples would be exposed (T, P, gas
chemistry, etc.) need further discussion. Expaaethces all samples would be scanned using
multi-spectral imaging and other non-destructivehteques to highlight regions of particular
interest. Based on these examinations, sub-sampglelsl be separated for Planetary Protection
analyses (Section 6.1.2). The remainder of eadhpleawould be stored in clean, sealed
containers pending the outcome of these analyses.

6.1.2 Planetary Protection

The aim of this phase of the analysis is to deteemwvhether there are indications of extant life
in the samples and to assess any other biohaz&dt@b of the sampled materials prior to their
being made available to the research communityh S8etermination of potential hazard must be
defined within internationally devised and acceppéghetary protection (PP) protocolNRC,
2009; Rummel et al. 2002; COMPLEX 2002)andated by international treaty (elgnited
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Nations, 196p and implemented by international agreeme@O$PAR, 2011; Rummel et al.,
2002.

A series of measurements would be carried out $essstwo classes of potential hazard: 1) the
possibility of replicating organisms, and 2) thesgbility that such organisms present a hazard
to people who come into contact with the samplegoothe Earth’s biosphere. These are

commonly referred to as life detection and biohdzZ&aD-BH) assessment. In addition, there

would be a need to use the information learned fretarned sample analysis to keep Mars-
specific planetary protection policy (including bdbrward and backwards protection) as up to
date as possible.

The first draft of a Mars Sample Return test protacas prepared blrRummel et al. (2002 and

it incorporates both destructive and non-destreatnethodologieRummel et al. (2002)id not
estimate the quantity of sample material needezhtoy out the tests they described. However,
they proposed a figure of 10% as a reasonablergfgotace to guide discussions (the same
figure had been used earlier BgVincenzi and Bagby (1981)For the present sample sizing
calculations, we have therefore assumed 1.5 gadi sample) would be required for PP-related
testing, and that this material would not be avwddaor suitable for scientific investigations after
that (Table 10). When the next version of the pstocol is written, it may contain more or
fewer tests requiring more or less sample matdral the 2002 test protocol. As pointed out by
Farmer et al. NRC, 2009, the development of improved, less destructivenan-destructive
methods for LD-BH testing would be highly desirabled could reduce the amount of sample
mass consumed.

SEDIMENTARY IGNEOUS
Mass (g) Mass (g) Goal Technical notes
total [ meas. total ] meas.
Phase | Initial E inati
0.00 0.00 Get enough info. to make decisions about Preliminary examination using stand-off instruments only: non-
. ) what to do with sample. How heterogeneous? |destructive
0.00 0.00 How to sub-divide? Large scale mineralogy Preliminary examination using stand-off instruments only; minimally
and surface organics destructive

Phase Il PI ary Protecti
1.50 [ | 150 |Assess life and biohazard
Phase lll. Research

Microanalysis of polished surfaces Inorganic chemistry, organic chemistry, mineralogy, petrology, isotope
1.85 1.21 Fluid inclusion analysis. Demountable thick geochemistry. Assume a need to prepare 5 thin sections and 1 thick
sections (100 mm thick) section from each sample.
0.15 0.05 0.15 0.05 IMicroanalysis of individual subsamples - Inorganic chemistry, organic chemistry, mineralogy, petrology. isotope
= i ; | number depends on heterogeneity geochemistry
3.00 1.00 3.00 1.00 Soluble & insoluble organic analysis
2225 0.75 Internal isochron geochronoclogy, multiple isotopic systems.
1.50 0.50 1.50 0.50 |Bulk Analyses Bulk composition; stable isolope geochemistry

Gas extraction by crushing and heating to gel major fluid phases
(CO2, H20, perhaps some noble gases)

0.30 0.10 0.30 0.10

% % number of grains analyzed (2100} and number of dislinct componenls
0.60 : / Clastic sediment component analysis (e.g., lithic, phosphale, plagioclase grains). Individual lithic grains of
/% % 21 mg required for analysis

1.00 1.00 Follow-up for unexpecled resulls
Phase IV. Sample Mass held for Future Researchers

6,00 m’ 6.00 V//////AFulure research Pristine storage for fulure researchers
" 158 [ 169 |Subtotal

59, 59% Factor for sampile re-use and fulure Current figure is a conservative guess. Needs detailed sludy by a

improvements in efficiency fulure science planning team

15.1 16.1 Total sample mass

Table 10: Summary of potential rock measurement pla (igneous and sedimentary) used to estimate
optimum sample size.
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It is important to recognize that some or all o€ tmeasurements designed to fulfill the
requirements of planetary protection would alsoobextremely high interest to the scientific
objectives of the MSR Campaign (including the prapan for future human exploration,
Objective D1). Some examples might include orgariemical analyses, pH measurements,
characterization of any corrosive or other aggwessihemistries, determination of grain/dust
particle sizes and distributions, and measuremieother petrographic properties. We also note
that the use of material for planetary protectionppses does not necessarily preclude its use in
later analyses for other purposes. Clearly therthe opportunity and need to plan for these
measurements in as coordinated a way as possible.

Sample and collection heterogeneity/diversity

An additional consideration is that it is possibiat the quantity of material required for PP
testing would increase relative to tRaummel et al. (2002guideline due to considerations
relating to inter-sample and intra-sample heteredgnand diversity. There are two issues
related to the heterogeneity of the returned sammglection. As discussed in Section 4 of this
report, the Mars surface operations team wouldrbesnl to maximize diversity of the samples
that make up the collection. The greater the dityepf the collection, the greater the chances of
scientific discovery, and the greater the collet8ovalue. Since the MSR Campaign has a
discovery-driven purpose, this is crucial. Howeueeterogeneity within individual samples
could cause difficulties. Since all geological gées are heterogeneous, the proper question
here is the scale and character of that heterogye(ret the existence of heterogeneity itself).
The issue is that cm-scale heterogeneity in a ®h0sample could lead to challenges in
subdividing the sample and in having enough massach sub-sample type to carry out an
integrated program of analysis. This may be esgfigcproblematic for planetary protection
testing. While recognizing that some of the samppes of very high scientific interest (e.qg.,
layered sedimentary rocks, hydrothermal rocks, di@@acommonly show heterogeneity at this
scale, to first order, collecting samples thatratatively homogeneous at the scale of the sample
may be preferable (and needs further discussion).

Given the above considerations, we arrive at tHeviing assessment:

i.  Because of the hoped-for collection-level diversitys prudent to assume that at least
one split from every sample would need to go thhouD-BH testing. The necessary
sample mass must be planned for.

ii. If extant martian life is present in any of the gdes, its spatial distribution may be
heterogeneous, which would present a significaaliehge to subsampling for PP
purposes (sedRC, 2009. However, we do not see a credible way to fasettas
distribution, or to understand the factors thattiaant, until the samples are studied on
Earth. Different kinds of terrestrial life formfer example, respond in different ways to
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the heterogeneity available to them in rocks arigd.s®We cannot predict whether
differences such as these might be characteristiaatian life.

iii.  Strategies for splitting the samples could be aersid in the abstract, and this may
provide some guidance to the sample collectionaifmers of the proposed 2018 joint
rover. However, a large part of this problem isigke-dependent—it matters what kinds
of samples would be placed in the cache, and dpeicific character. Information at two
levels of fidelity about the samples would be aafal# for subdivision planning in two
different time periods: 1) at the time the samplesselected, acquired, and cached, and
2) at the time of preliminary examination in theFSRSample subdivision strategies
certainly should not be finalized before the latterd these strategies should be reviewed
and modified as testing proceeds in the SampleiRageracility. The importance of
real-time decision-making was also emphasizeRlymel et al. (2002).

We note that if at least one of the life-related t@Bts proves positive, then obviously the
priorities for how the sample mass would be usedlvohange dramatically. This could be the
most important scientific discovery of our lifetimeThis position was clearly put forward by
COMPLEX (2002)

As most recently articulated by Farmer et &lRC, 2009, detailed protocols for sample
containment, handling, and testing, including ci@dor release from containment, should be
clearly articulated in advance of Mars sample returhe protocols should be reviewed
periodically as part of the ongoing oversight psscén the SRF that would incorporate new
laboratory findings and advances in analytical rméth and containment technologies.
International partners involved with the implemeiota of a Mars sample return mission should
be a party to all necessary consultations, delilmers, and reviewsNRC, 2009.

6.1.3 Scientific Research

Phase Il of the sample analysis workflow is thee an which the samples in the returned
collection would be sub-sampled and allocated iensific researchers for measurements using a
variety of different analytical methods. In MEPARZE-ISAG (2011), we present an analysis of
the kinds of measurements that would be neededhie\ge the proposed scientific objectives of
the MSR Campaign (Table 6), using instruments @mipée preparation procedures available in
2011 and known to the authors of this report. Aswbksed above, analytic methodology will
assuredly evolve between now and proposed recéipamples, so the current analysis is a
snapshot in time.

6.1.4 Requirement for replicate analyses

A fundamental principle of the scientific methodt&t measurements and other results need to
be reproducible, including by different investigatand, if at all possible, by different methods.
This is the primary means by which scientific disedes are validated. Results in one lab that
cannot be reproduced in another lab become suspickonr example, disparate results may be
due to error in one or both measurements or majcatel some unrecognized (possibly
important) complexity in the samples. A second kewciple, rooted in human nature, is that
extraordinary discoveries require extraordinarydewce (attributed to Carl Sagan). In the case
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of MSR, we have high expectations for major disc@ge (which is why the proposed MSR
mission Campaign would be worth its cost), and tsawauld be prudent to plan for enough
sample material to demonstrate that the resultsegm®ducible. Finally, the conventional “gold
standard” for reproducibility in laboratory measuents is three independent determinations,
both to ensure confidence in the results that agneleto provide some opportunity for evaluating
any results that may differ between labs. The pedeence in such measurements is thus
defined both by different scientific investigatoes well as different laboratory facilities (and
where appropriate, by different analytical methodBjscoveries obtained and validated by this
process hold the greatest promise of being mostlwidccepted by the scientific community.
The implication for the MSR Campaign is that theumeed samples should be sized so that all
critical measurements could be done in triplicate.

FINDING #22. The samples should be sized so that all high-pyisgientific measurements
could be done in triplicate, in different laboraés; under the leadership of different principal
investigators and, if possible, using different noets.

6.1.5 Reserve samples for future research

The preservation of material for posterity is aseggial component of any curation policy. In
this way, samples are kept for future generatidrssientists to investigate, employing analytical
techniques that have become more sensitive, or Wgher spatial resolution, etc., than the
methods available at the time samples were retutmdtearth. Continued requests for Apollo
material, over 40 years since it left the Moon,vghtbe importance of this policy. A recent
spectacular example of a new discovery made on @olldA 16 sample is that dBorg et al.
(2011).

e The Hayabusa team has specified that 45% of thelsdme held in reserve (Zolensky,
2010, pers. comm.).

e Allocation of Apollo lunar rocks and soils is rasted to 50% of any specific sample.
Allocation of additional material is possible orfiflowing very detailed (and skeptical)
CAPTEM review (Lofgren, 2010, pers. comm.).

e Current policy in Stardust is to hold 50% of thenetary sample in reserve (Zolensky,
2010, pers. comm.)

e For all meteorites the long-standing rule usedhgyBritish Natural History Museum is
no more than 1% of total holdings per request anthare than 10% in 'curator's
lifetime' (Grady, 2011, pers. comm.)

e In Dr. Penny Boston’s work collecting and analyzprgcious cave samples, she uses the
rule that 33% of the sample needs to be held foréuresearchers.

In the case of MSR, the E2E team has mixed viegardeng the fraction of sample material to
hold in reserve, and this diversity of thoughtikely also reflected in the community at large. It
IS unanimous that at least 25% of each sample dHmuket aside to support future science, and
some team members feel this should be closer ta 3886 the purpose of long-lead planning of
sample mass, we have adopted the figure of 40%.

| EINDING #23. Not less than 40% by mass of each sample showudétmside as a reserve to |
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| support future science.

6.2 Implications for Sample Sizing: Rock Samples

The size of individual samples is a key parameteany sample return mission. Requirements
for sample mass, volume, shape, and dimension deedtly into the design of the sampling
system(s). Sample dimensions and quantity consth@ design of the cache and the attributes
of the return flight system. Total sample massnglwith the mass of containing and supporting
hardware, imposes stringent constraints on the Macent Vehicle and the flight elements that
would return the samples to Earth.

Numerous studies of MSR over the years have adeltdbe issue of sample mass, with varying
degrees of scientific rigor. The most recent asialyby theMMFEPAG ND-SAG (2008oncluded

“A full program of science investigations wouldéily require samples of >8 g for bedrock, loose
rocks and finer-grained regolith. To support regdiibiohazard testing, each sample requires an
additional 2 g, leading to an optimal size of 10 Although Table 4 ofMEPAG ND-SAG
(2008) did include the concept of a reserve sample,dtrt explicitly account for replicate
analyses, and the amount of sample mass neededryoout certain high-value investigations
was underestimated.

Rock sample sizing was estimated using the follgnassumptions, and summary results are
shown in Table 10. The interested reader is refeto MEPAG E2E-iISAG (2011Yor more
details. Because returned sedimentary and ignemks would be used differently to achieve
the proposed scientific objectives, the investmaiand sample mass/investigation are presented
separately in Table 10 for these two rock typehis &nalysis shows that sample sizing of 15-16
grams/sample is optimal.

All required analyses may be done on any sample

All samples would be tested for evidence of exlié@t@and biohazard (Planetary Protection)
All high-priority analyses would be performed iipticate

A portion of every sample would be retained fotdal-up analysis in the event of
unexpected results

e A portion of every sample would be retained foufetresearch

e Sample re-use and future improvements in efficiemoyld reduce the demand for sample
material

FINDING #24. The recommended mass/sample for rock samples 16 g. The needs for
sedimentary and igneous rocks are slightly differen

FINDING #25. There would be significant scientific consequento returning a sample that |s
significantly undersized (determination of the 8ireld size would require additional discussion
by a future science planning team). An importandrsce priority is to be able to recognize such
cases early enough on Mars that faulty sampleataile attempts could be rejected, and the
samples reacquired.

64



6.3 Implications for Sample Sizing: Regolith Sampl es

For each regolith sample, investigations in eachthef following areas are thought to be
necessary to achieve the scientific objectives gsed (key input acknowledged from Mike
Hecht and the Granular Materials Focus Group; EseMEPAG E2E-ISAG, 2011Section 3).

e Physical properties (Shape, texture; Size distiobyDiffusivity, tortuosity, permeability;
Surface area & porosity)

Chemistry (Soluble ions; pH, Eh, trace metals, &tolatiles and organics; Surface analysis)
Mineralogy (Distributions; Crystal structure; Elemt& composition; Magnetic properties)
Origins (Age; Stable isotopes)

Spectroscopy (Color; Raman)

Biology (Viable microbes; Dead microbes; Biomark@mino acids); Organic/inorganic carbon)
Human safety (Toxicity- Chemical; Toxicity-inhalai; Electrostatics; Adhesion)

While there has been great progress in analysisigges for minute samples, grain diversity
and handling considerations suggest that a minimtiBto 25 mg would be necessary for each
investigation described above except the searchidbite microbes, which would require at least
300 mg per sample. As discussed above in Sectiod, 6t is high priority that the samples be
large enough to support 3 redundant measurementsaith investigation. The amount of
regolith sample that would be required to supptamgtary protection testing is hard to estimate,
but should not be assumed to be less than 10%eraarguments discussed above in Section
6.1.2. Maintaining soil samples in a pristine etdtring transport and analysis by different
laboratories would be more challenging than forkrand gas samples, and greater loss or
compromise of samples is expected. Accordinglyrégolith samples, it is recommended that
67% of the sample be retained for future analysis.

Adding up all of the above factors leads to a mimmrecommended sample size of about 7.5 g.
Some reduction of this total may be possible bygisi carefully structured program of sample
re-use (Finding #2626). Granular materials haweetodensity than rocks, particularly after it
has been disturbed. For example, the averagetderfishe lunar regolith is 1.5 g/chin the top
15 cm Heiken, 199). The bulk fines delivered to the XRFS instrumemntViking had a density
of 1.10 + 0.15 g/crh(Clark et al., 197) Dust is deposited on the surface with an eséchaulk
density of 0.95 g/cth(Moore, H.J., 1991 Assuming a density of 1.15 g/2rior disturbed soil, a
7.5 g sample would need a sample tube with a voloitae least 6.5 cth If collecting samples
of this size were overly difficult, in the judgmeat E2E-ISAG, useful science could still be
achieved with samples as small as T ¢by reducing the archived fraction to 40%, redgcin
redundancy to 2, using the minimum quantity for heaseasurement, etc.), but this is not
recommended.

FINDING #26: A relatively full program of scientific analysis alol be done on a regolith
sample of about 7.5 g (which would have a volumatmfut 6.5 cr¥).
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6.4 Implications for Sample Sizing: Atmospheric Ga s Samples

A detailed analysis of how the gas research comiyumbuld process a returned martian gas
sample is presented in Section 4AMEPAG E2E-ISAG (2011) The minimum quantity of gas
needed to achieve all high priority objectives vebbe 1.9 x10° mole, which is equivalent to
~50 cnf at Mars ambient temperature and pressure (seéoSettof MEPAG E2E-iSAG,
2011). This calculation is based on the following asptions:

e 50% of the returned gas would be saved for thedutu

e Then-current allocations would be made to threeriaories, each of a size necessary to
make three determinations. Thus, each aliquot dvdad 1/9 of 50% of the original
sample.

e The mass spectrometer is of the type used in the I& in Zurich, which is capable of
measuring all of the noble gases in a single Nate, however, that a mass spectrometer
dedicated to Xe only (e.g., RELAX, J. Gilmour, Uaisity of Manchestei@Gilmour et al,
1994) would require a lower gas quantity for a preasalysis of just the Xe isotopes.
Also new multi-collection noble gas mass spectremsetinder development may allow
Xe analysis with a gas amount lower than presetieck (Alex Meshik, personal
communication, 2011).

e The least abundant high priority components in d@iaraatmospheric gas sample, which
drive the minimum sizing calculations, would ¥&e and***Xe. For'*)Xe, a quantity
of 2.4 x10'" mole of***Xe is required to generate a signal with a statistounting error
of less than 1% (ETH noble gas mass spectrometer).

e The measured Ar fraction in Mars atmosphere is 1(&4king). The *°Ar/**Xe is
thought to be between 350 and 900 (VikiRgpin 1991, Bogard & Garrison 1998or
these calculations, we used the most conservasitimate of 900. Thé*Xe/**Xe is
currently believed to be 0.0038 (meteorite d&waindle et al., 1986, Garrison & Bogard
1998. In summary, the fraction of Xe in the martiamasphere is ~3E-6% (32 ppb) and
the fraction of***Xe of total Xe is ~0.07%. Using these assumpti@nsx10-17 mole of
124 e would be contained in an atmospheric sample®k10° mole

e Using PV=nRT, with P = 700 Pa and T = 223K, wevarrat a calculated volume of 50

cm’

If it were not possible to return enough gas to snea*Xe and'*°Xe, the next least abundant
species of high scientific interest would 5&e and’®Kr. The minimum sample size needed for
those determinations (as well as all species mdmendant than this), using the same
assumptions as above, would be about 1.DatrMars ambient temperature and pressure, which
is a factor of 50 reduction from the above. Howev&Xe and!?*Xe are important for the
following reasons. Xenon is one of the most imaoirtelements for interpreting martian
atmospheric formation and evolution. Its nine ige® would allow us to unravel the starting
composition of the atmosphere and processes tteatdtiered its composition. The importance
of **Xe and'®*Xe is i) they are the rarest isotopes - and therefore haes measured in
meteorites with the largest uncertainti®sIn meteorites there are large cosmogenic effeqis (
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to 90%) because of their time spent in space, duarticreasing the uncertainties) Many other
Xe isotopes have other sources : &Y. --> **Xe, ?**Pu fission --->*1"13e, etc., (see review
by Swindle et al. 2002 **'*Xe have no other contribution (apart from cosmogemnihich
however should be negligible in the atmosphere)waodld therefore be valuable to reveal the
extent of mass-fractionation of the starting conmpws and thus the degassing histoBepin,
2009.

The development of multi-collection mass spectrarsetor noble gas analysis should reduce the
required gas amount for a precise Xe analysis taréu Note also that making gas sample
allocations to only three laboratories would be @imum credible plan—returning a
substantially larger sample than this would be tlye®elcomed by the science community. If a
simple compressor were included, this quantityasf gould be packaged in a volume of 5 an

a pressure of 10x Mars ambient or a volume of h%at a pressure of 100x Mars ambient.

FINDING # 27. We find that returned martian atmospheric gaspdasrshould have a size of a
least1.9 x10° mole, which is equivalent to ~50 ¢nat Mars ambient temperature and pressure,
in order to support a full range of high prioritientific investigations.

7. Capabilities on Mars needed to select, acquire,  and preserve the
samples

In order to be able to establish the field contiedcribed in Section 3 of this report, to recognize
the kinds of samples described in Section 2 and t#is report, and to be able to access and
acquire them at the kinds of sites described irti@e& of this report, certain field capabilities
are implied. These capabilities are described e fthlowing sections. In particular, certain
kinds of instruments and a sampling and packingesysnust be present. Some attention must
be given to the preservation of the scientific eatf the samples in the time interval between
when they were acquired and when they are analyzleidh could be several Mars years).

7.1 Observations Required to Understand Geologic Co  ntext

As described in Section 3.2, to obtain the mars@mple suites most suitable for further analysis
on Earth, it would be necessary to make a wide gaof field observations. These field
observations would be essential not only to guigegampling process, they are also critically
important when it comes to interpreting the resaftsample analyses on Earth. For example, in
a sedimentary sequence on Earth, a field geologpstally acquires an overview of the area
examining rock types, textural features (e.g., rgrsize and sorting), bedding characteristics
(contacts, lateral and vertical variations in timeks, extent geometry), stratigraphic
relationships, and so forth in order to interpted tocal geology. On this basis, a sampling
strategy could be devised to answer particular Iprob. Such observations are essential to
understanding what a sample represents. Fieldoggabn Mars would be no different, as
demonstrated by our experience with the Mars Exagilon Rover mission (e.gSquyres et al.,
2004a; Grotzinger et al., 2005; McLennan et alQ520Accordingly, it would be necessary to
analyze the geological setting at the landing siterder to identify where to sample and to
establish the geologmontextof the samples to maximize their science value.

67



Accordingly, in order to successfully acquire the@smimportant available samples within a

reasonably well-defined geological context, anddquire the necessary contextual information
to enable the highest priority returned samplerageobjectives to be met through future sample
analyses, the following field capabilities wouldreguired:

1. Ability to detect and correlate variations in mialegy, chemical composition,
textures/structures (at micro-, meso-, and macate¥a outcrops.

2. Capability to make a sufficient number of interrbgas, by the on-board instruments, of
the outcrops to adequately understand the geotmgitext.

3. Ability to “see” the rocks below their coverings aidist and surface weathering products.

4. Mobility range and lifetime sufficient to conduckporation outside of the landing
ellipse.

Organic Geochemistry

In addition to the measurements listed above, viselade that the capability to detect organic
material is highly desired. This reaffirms previduglings. ND-SAG (2008; Sections IV-E, IV-
F) indicated that the data would be of high scfengiriority for sample selection, but also said
that color imagery, remote spectroscopic obsermatand contact geochemical/mineralogical
analyses constitute the minimum set of technigo@swould be needed to optimize sample
selection, thus indicating that organic detectiauld not be mandatory (i.e. “required”). MRR-
SAG (2009) presented a mission vision based oprtrmise that the information to make
effective sample selection decisions could be nwedie using fast, relatively light, arm-mounted
instruments. They recommended a suite of measunterapabilities (see their Section 6),
including organic geochemistry, but without distighing “required” from “desired”. The
MRR-SAG (2009) study flowed into the NRC (2011) cept for MAX-C, which included a
potential deep-UV instrument (for detecting orgaiitut this was a single point design not
based on requirements.

Samples that may contain organic material wouldftdggh interest to Objective A1. Thus,
information about the presence or absence of ocgaatter would be valuable to the sample
selection process. However, i) since there aneyrogher reasons to justify the return of
samples, and ii) we don’t know that martian samplesh would be accessible to our sampling
systems contain organics in a concentration or atedrform that is detectable by in situ
instruments, establishing the detection of orgaagca prerequisite to caching a sample is both
unjustified and unwise. By analogy with hydrocartisource rock” studies on Earth, collecting
materials that have a high likelihood of preservanganic compounds or any kinds of potential
biosignatures is a viable strategy. Examples o sacks include carbonate, phyllosilicate or
silica-rich materials. Colour and textural featyrgsch as laminae or stromatolite-like layers,
would also inform recognition.

If organic detection equipment was included inrttission, then it should represent an analytical
step intermediate between in situ visual inspeciot ex situ comprehensive analysis. Such a
step would inevitably reduce risk in successfujg¢arock selection for astrobiological purposes.
Yet, as an intermediate stage of analysis, thed&cknclusive organic matter detection by an in
situ instrument on an apparently otherwise suitadst& would not preclude sample selection
given that more exacting tests would await backarth.

68



7.1.1 Scale of required field observations

In order to derive the greatest scientific benkefitn returned samples, it would be necessary to
acquire sufficient relevant contextual informatierhilst on the martian surface, so that a
complete picture could be built up of the geolofiistory of the materials. Contextual
information must be integrated across multiple examacroscopic (e.g., regional scale, such as
observable from orbit or across multiple outcropsreined by the rover), mesoscopic (e.qg.
outcrop scale features such as bedding, largetsclbasalt pillows, veins, etc) and microscopic
(e.g., sand grains and mineral crystals, laminatioroids, veinlets, etc). Observations and
measurements of visible and compositional featwesld need to be correlated across these
different scales.

On the macroscopic scale, collection and synthafstee types of orbital imagery and spectral
data that are needed to define regions of intérast which the final MSR landing site would be
chosen. The analysis of orbital imagery is an omgagprocess that, for example, enabled
definition of the MSL landing site (e.gRogers and Bandfield, 2009; Golombek et al., 2011
Such datasets would provide the overall morpholigimd mineralogical information required
to select the most appropriate landing site to rtreescience objectives. Orbital data would also
enable planning of general and specific operati@egjuences that would produce the most
valuable science outcomes and the most effectiwsion operations. The datasets would also
need to be correlated and compared with obsensatoadein situ during the mission to aid
interpretation of the local geology. This lattemswmleration highlights the need to be able to
make correlations between measurements (such aeralogy) acquired from orbit with
measurements madesitu.

Mesoscopic-scale observations are remote measureme&de by instruments located on the
rover, and, as for the macroscopic-scale obsengtiare needed to provide an integrated set of
morphological and mineralogical information. Ingluiase, however, the observations would be
at outcrop-level, to survey and characterize festun the vicinity of the rover. Initial imagery
acquired by a mast-mounted camera would be aimedeatification of general areas where
further examination should be carried out. Exampleguestions to be addressed include: is the
outcrop layered? What are the extent, geometrydastdbution of the layers? Do they differ in
internal structure, texture, and the nature of actst with surrounding units? Are additional
features, such as pillow lavas, chilled lava flowrgins, pyroclastic bombs, concretions, clasts,
cross-bedding or veins present? Is there any itidicaf size-sorting or crystal settling? And so
on. In addition to imagery, compositional analy¢eg., mast-mounted spectroscopy) would
need to be acquired and correlated with visual anagn order to constrain the nature and
significance of features seen in the images. Tkesgined measurements would be needed to
enable efficient, effective targeting of the maaportant features in the vicinity of the rover for
more detailed analysis and potential sampling. $tratigraphic investigation of the Burns
formation at Meridiani Planun3fotzinger et al., 2005, 20P&nd pyroclastics at Home Plate in
Gusev crater §quyres et al., 2007; Lewis et al., 20pgirovide good guidance for such
approaches on Mars.

Once a specific outcrop (or section within an oapgr has been identified for close-up
examination or potential sample collection, a $aneasurements would need to be made at the
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outcrop surfaces. These measurements would be chéedietermine the physical appearance,
arrangement and composition of centimeter- to sulmmeter-scale structures and textures.
While a few measurements may be carried out onstuntbed (weathered or dust-covered
surfaces), in most cases it would be necessaryetaove any adhered dust and surface
weathering rinds or features before analyses ameedaout, so that fresh, unaltered material
could be examined. Investigation of rock surfacetha microscale would be needed to allow
direct, in-context evaluation of small scale stuwes, fabric and texture, including the size,
shape and heterogeneity of sedimentary grainsnaoigs crystals, the presence or otherwise of
voids or concretions, porosity, cementation, vesidh lavas (and any associated infills), the
presence or otherwise of clasts (and their shapesae distribution), the existence of flow
structures or sedimentary structures, etc.

Along with imagery, compositional data (i.e., chstry, mineralogy) would need to be acquired
in such a way that the composition of the differgdtures observed could be distinguished.
Investigation of the Burns formation with the ME&ret instruments provides an example of
small-scale analysis (e.@dcLennan et al., 2005However, the MER experience also highlights
the need for additional capability so that the cosmpon of microscale features (e.g., grains,
laminae, concretions) visible in close-up imagesldde differentiated. In the MER case, the
inability to confidently identify non-iron bearingninerals and to correlate micro-textural
features with mineralogical and chemical informatiwas a significant shortcoming in fully
interpreting the dataMEPAG MRR-SAG, 2010 To meet the high priority science objectives of
the proposed MSR campaign, it would be essentidlame access to this kind of contextual
informationin situin order to select the samples, as well as to@tipipe interpretation of future
sample analyses.

All three sets of measurements — macroscopic, mepas and microscopic — should be

integrated so that fine-scale features could besxgtdod within their larger scale context, and so
that large scale observations could be ground€tuthith higher resolution measurements. Once
samples are returned to Earth, the wealth of coméxnformation so acquired would be

essential for confident interpretation of the evoloary history of the site and samples.

Contextual detail would also enable conclusionsvdrfom measurements made at a local site
(single sample or suite of samples) to be extrapdl@ao regional scale (relationship between
different outcrops and deposits), and, when integravith results from orbiting instruments,

allow global-scale interpretation of geologicaltfeas.

FINDING # 28. Integration of visual and compositional obsemasi from macroscopic (outcrop,
regional) scales down to microscopic (sub-millimeseales would be essential for robust
geological interpretation in support of sample stbe& and provision of context for sample
analyses on Earth.

7.2 The Pasteur payload

As of this writing, the European Space Agency akBN are pursuing a formal collaboration
for the exploration of Mars. This collaboratiorfagusing initially on the 2016 and 2018 mission
opportunities. However, it is anticipated that twlaboration would continue across several
launch opportunities through to the return of sasgtom Mars and even beyond. The charter
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of the E2E-iISAG indeed initially was predicatedtbe assumption that two rovers (MAX-C and
Exo-Mars) would be delivered together to the saanédihg site in 2018.

In response to budgetary constraints and other E&8A considerations, in May, 2011 the
E2E-iISAG was asked to consider additional assumgti@about the proposed 2018 rover in
making our recommendations, which bear most diyeatl the nature of instrumentation that
such a rover would need to support the MSR Campdigase assumptions are summarized as
follows:

1. The mission would consist of a single joint roverte delivered by the MSL skycrane
system. (For the purpose of this report, we refehis as the 2018 joint rover).

2. The mission would support both returned samplenseigbased on science priorities
updated via the E2E-iISAG analysis) ANiDsitu science derived from previously defined
ExoMars priorities.

3. The rover would include the ExoMars Pasteur payltdat was previously selected.
Whether additional instruments for sample selection/caching are required is to be
analyzed by E2E; and also assumed that selection of additionaiuneents would be via
some future joint Announcement of Opportunity.

Accordingly, the discussion below incorporates ¢hadded assumptions/requests to the degree
possible that is also consistent with the origotedrter of the E2E-ISAG.

For reference, the currently planned instrumentatibthe current ExoMars Pasteur payload is
summarized in Table 11. The science payload wouolgsist of a mast-mounted panoramic
camera system (PanCam), a body-mounted GPR sy&em,deep) drill-mounted microscopic
imager and IR spectrometer and an Analytical LalooyaDrawer (ALD) consisting of five
instruments capable of mineralogical, geochemiodl @ganic geochemistry measurements. In
its configuration as of May, 2011, the Pasteur pagldid not include any robotic arm-mounted
instrumentation.

CURRENTLY APPROVED PASTEUR PAYLOAD

| INSTRUMENTNAME  DESCRPTION  COMMENT |
PanCam (WAC + HRC) Panoramic camera system Mast-mounted
LD-MS + Pyr GC-MS
MOMA organic molecule characterization
MicrOmega IR IR imaging spectrometer Analytical Laboratory
X-ray diffractometer + Drawer (ALD) Instruments:
Mars-XRD Xorsy flliorescence Rover-body; |nternal.aralyr.|caj
Ran Rarra i instrument suite.
Life Marker Chip Biomarker detection; immunoassay
CLUPI Close-up imager Drill-mounted
7 Rover-body; internai electronics,
WISDOM Shallow ground-penetrating radar | sriteriing
Ma_Miss included in 2.0-m drill IR borehole spectrometer Drill-mounted

Table 11. The Pasteur payload.
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7.2.1 Potential use of the instruments of the Paste  ur Payload to support the

Objectives of the MSR Campaign

The instruments of the Pasteur payload (Table Iaye hsignificant potential to produce
information relevant to the proposed MSR Campai@hey could generate data on mineralogy,
geochemistry, and visual features that would beveeit to the observational needs described in
Section 4 of this report:

1. Mars-XRD and MicrOmega IR. These two instrumendasena potentially powerful
ability to interpret mineralogy

2. CLUPI. A close-up imager of some sort is consideraandatory for geologic
interpretation. However, the positioning of CLU& the body of the rover (in the
designs as of Aug. 2011) is far from ideal—thisckiof instrument would be far more
valuable when positioned on a robotic arm.

3. Panoramic camera system. A sampling rover canaavderated without this kind of
instrument.

4. The Raman spectrometer would rapidly detect a rarfigarganic functional groups in
addition to their mineralogical host materials (edghlicka et al., 2009 Functional
group analyses could indicate the presence anémat®n state of organic matter and
certain collected responses could imply the excgesf specific organic entities such as
organic pigments.

5. The Mars Organic Molecule Analyser (MOMA) could ogte as a Laser Desorption
Mass Spectrometer to study large macromoleculesirardanic minerals and a Gas-
Chromatograph Mass-Spectrometer for the analyswlattile and semi-volatile organic
molecules (e.g.Becker et al., 2000 Gas-Chromatograph Mass-Spectrometry readily
recognizes the fossil remains of life. Stepwisetihgaof samples in the presence of a
derivatization agent could prepare polar organidecwes characteristic of recent or
exceptionally well preserved life, such as amindsdor analysis.

6. The Life Marker Chip (LMC) instrument would utilizbio-technology measurement
techniques to detect organic compounds that reflast or present life (e.g?arnell et
al., 2007. The instrument would utilize the recognition dndding properties of protein
based receptor molecules labeled with a fluoresdgatto signal successful compound
detection.

The Raman spectrometer, MOMA and LMC are partitylaievant to objective Al.

However, while the Pasteur instruments are of Baamt potential relevance to the MSR
Campaign, there are several factors that limitathiity of the instruments to perform the kinds
of required in situ observations described in secli.1. One potential issue is the limited ability
to deliver sample material to the instruments | ALD. Baseline planning as of August 2011
was that the only sample transfer pathway wouldrben the deep drill to the ALD. The

addition of a capability to transfer samples frame arm-mounted corer to instruments in the
ALD would be of significant scientific value. Thisapability could greatly amplify the

contribution of these instruments to sample salactecision-making. An important caveat,
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however, is that the time required to acquire saspind carry out measurements in the ALD
would restrict the number of times such a capabdduld be used for characterizing the local
geology and selecting samples. A further limitatoonthe utility of the ALD instruments is that
rock samples would be crushed prior to analysisisThpatial information at a scale smaller than
the samples would be lost, as would the possibditydetermining the relationships between
visible and compositional features identified bg thstruments. As described in section 7.1, this
spatially correlated information is crucial for wmdtanding the origin of the measured features
and their significance within the larger contexecBuse of these limitations, several additional
measurement capabilities would be needed to actievproposed MSR science objectives.

7.3 Measurement needs of the Proposed 2018 Joint Ro  ver in addition to those of
Pasteur

7.3.1 Mast-mounted instruments

The range of scientific objectives of the MSR Caigpavould require variation in sampled
materials, thus requiring a landing site that i®lggically diverse. In order to maximize
productivity and efficiency of operations while thever is exploring a geologically diverse
terrain, the instruments must be able to quickiyua® information about the local geology and
survey possible sampling areas. Combining highloéiso color-stereo imagery with

mineralogical information about outcrops, rocksd awils would best accomplish the job of
understanding a diverse geologic environment, anidkty prioritizing candidate sampling

targets. This implies the need for remote imagingd mineralogy capabilities via mast-mounted
instruments on the rover.

The MER missions demonstrated the value and impoetaof rover-based remote sensing
instruments. The high-resolution multispectratesteéimager known as Pancam far exceeded the
gray scale imaging capability of the rovers’ engiireg cameras, allowing for rapid assessment
of the morphology and composition of the outcrapsks, and soils at both landing sites (e.g.,
Bell et al., 2004a; 2004b Working in concert with Pancam, the infrareé&pometer known as
Mini-TES provided detailed information on the mialgy of these materials without need for
contact with them (e.g.Christensen et al., 2004a; 2004b Together the data from both
instruments were used routinely to direct the revey targets of interest for subsequent
measurements from the arm-mounted instruments anglace these measurements into a
geological framework. The operational efficiendyemploying remote sensing instruments for
reconnaissance significantly enhanced the prodtictiv both rovers in evaluating the geologic
environments they encountered (egguyres et al., 2004b; 20Q04cThe proposed 2018 joint
rover would derive similar benefits if the rover i@eequipped with comparable remote sensing
capabilities.

7.3.2 Arm-mounted instruments

Measurements achievable only through contact kyumeents mounted on a rover arm would be
a critical part of the winnowing process from mamyndreds of observations by the mast-
mounted remote sensing instruments to a limitedbarmof samples suitable for return to Earth.
Sample coring and caching would be both time-comsgrnand potentially risky, and should
therefore be undertaken only on carefully chosearkstsoils. The arm-mounted instruments
would be critical for providing detailed informaticufficient to decide where to sample.
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Some of the features of greatest interest in ggidsample selection occur at scales of
centimeters to sub-millimeter (equivalent to th&tcomponent mineral grains, laminae, veins,
etc.). Imaging at this scale provided importantcoieries by MER using the arm-mounted
Microscopic Imager (e.gKlerkenhoff et al., 2004 Such capability would be required for the
MSR Campaign, to help guide sample coring placememaracterize micro-textures in the
immediate vicinity of the sample site, and to a@ssigecording the orientation of samples. The
MERs also were equipped for chemical (APXS) andemalogical (MB) measurements via arm-
mounted instruments. These general type of measnmecapabilities (though not necessarily
these instruments), which proved to be criticalpnoviding a more complete picture of the
geologic materials and their environments of fororatind alteration (e.gGellert et al., 2004,
Klingelhofer et al., 2004 are also considered requirements for the MSR g@&gn. Although
the two MER instruments measured at the centinsei@e, we propose that the overall scientific
value of the selected samples would depend omtiegriation of information about both visible
features (textures, structures) and compositioniliimeter to sub-millimeter scales.

Among the geochemical measurements that could therped by an arm-mounted instrument,
the ability to characterize organic content is digghly desirable. However, the limited detection
limits and likely limits on the ability to characiee any detected organic compounds resulted in
a conclusion that, while such measurements would significantly to the likelihood of
obtaining the best available samples, such a cliyabihighly desirable but natquired

The success of the MERs arm-mounted instrumentradisens was due in no small part to the
ability to remove surface dust and weathered sesfamn rocks using the arm-mounted Rock
Abrasion Tool (RAT) Gorevan et al., 2003A comparable capability is viewed as necessary f
the proposed 2018 joint rover given that it wouhdlele much better decision-making by way of
the superior context imaging, mineralogical andneical measurements that could be made on
clean and less-weathered rock surfaces. Futudy sieeds to evaluate things like topography of
the sampling surface (both before and after usthefsurface preparation device), arm reach,
outcrop angles/slopes for example, and other featiar be sampled. It will be key to distinguish
the needed capabilities of the arm/coring device.

7.3.3 Summary of on-Mars measurement needs in exces s of Pasteur

Although the Pasteur payload has the capabilititsmeeting some of the measurement
requirements of the MSR Campaign, the inability measure and correlate visual and
compositional characteristics in context on thefasa of outcrops (both remotely with mast
instruments and up-close with arm instruments) essitates the requirements for additional
instrumentation. These can be summarized as fellow

1. In addition to the Pasteur Pancam imager, a t@rsensing instrument capable of
detecting mineralogy would also need to be preserthe mast.

2. A robotic arm would be needed and would needatoy instrumentation capable of (a)
microscopic imaging at sub-mm resolution, (b) mategical detection, preferably with
sub-mm resolution, (c) determination of chemicamposition and (d) removal of
adhered dust and weathering products. Capabditydétection of organic molecules is
highly desired and would add considerable sciemtidilue.
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3. The ability to use the ALD to analyze sampldtected by the robotic arm would also be
highly desirable, particularly for detection andabmsis of organic matter and for
determining mineralogy.

FINDING #29. Mast, arm and on-board lab instruments walilde of value for achieving the
science objectives of the MSR Campaign. Howeveh @uld play a different tactical role in
sample selection and establishment of geologiaatiex.

FINDING #3C. In order to recognize the geological charadiesf interest and to provide a
proper basis for sample selections, two measuretyes would be required from the mast, and
3-4 more from the arm. On-board laboratory measangsnsuch as provided by the ALD would
be highly desirable for the purpose of sample sele@nd establishment of geologic context.

FINDING #31. The value of on-board lab instruments would eatly increased if samples
could be passed from the arm corer to the ALD.

7.4 Sample collection and preservation system

Integrated concepts for core sample acquisition aadhing consistent with a potential
application to the mission objectives describedhis report have been developed and either
published (e.g.Collins, 2009, Backes et al., 2010, Backes et @L1Ror attributable to private
corporations in the public domain (e.g., ASI, Hdoey, Swales). The concept would utilize a
five degree-of-freedom (DOF) arm to deploy and mpalate a rotary percussive coring tool.
The coring tool itself would provide coring, coreelk-off, core retention, as well as bit capture
and release for bit change-out. A sample woulddzpuired directly into a single use sample
tube within the coring bit and bit change-out woblel used to transfer the sample tube to the
caching subsystem where it would be sealed anddstoFhe sample storage canister, containing
the individual sample tubes, could be left on theer or deposited on the surface for later pick-
up by a subsequent mission.

As discussed above in Section 2 of this repois itmportant that the sample acquisition system
have the ability to drill into loose rocks, in atigin to outcrop. This raises follow-up questions
that will need to be considered by a successorlpaneh as how small the rocks could be to
avoid their moving when force is applied. In aduif the ability to deploy the corer to a wide
range of targets away from the rover body, andresj@over hazards, would be a key capability.

This particular caching subsystem concept is refeto as the Sample Handling, Encapsulation,
and Containerization (SHEC) subsystem. Bit chamgieand sample caching are combined in
the design. There is one opening in the SHEC stbsydesign; the coring tool interface port
for transferring a coring tool bit. The tool bdee stored in bit holders on the bit carousel. A 2-
DOF transfer arm internally transfers sample tutrsveen bits on the bit carousel, plugs on the
sample carousel, plugging station, and tube chasribéhe sample canister. This system has the
ability to switch 25% of the samples if higher pity samples are found later in the mission
(Section 3.3). The sample canister is in the cesftéhe sample carousel and could be removed
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from the top of the SHEC by the rover arm; this ldognable either deposition on the surface for
later pick-up by a rover from a possible future stos, or direct removal by that future rover.

7.4.1 Sizing the Sample Cache

Previous studies of MSR missions have mostly asdusneturned sample mass of about 500 g
based on trades of sample mass against the MAMVEBI-O projected capabilities and costs
(e.g. Price et al., 2000 In this study we estimated the minimum sampéssno be returned by
examining how large each sample should be to dal¢seed analyses, and how many different
samples would be needed to sufficiently exploit sisgentific potential of a particular landing
site. The relationship between mass/sample andeunf samples, and how these two factors
contribute to the overall size of the returned sangpllection, is shown on Figure 7.

# Diamonds occur where #
rock samples has a very
efficient packing geometry.

* mass/sample higher than needed
* # of samples too small if field site is “target-rich”

Alternate geometries are

possible
- 25
% * insufficient mass/ 19 O
= sample
E 2 * High # of samples
E = mission lifetime 31
g o long
m _‘\\“-\
s . _ \ 37
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%.9
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# of rock samples

Figure 7: Relationship between sample size and safemumbers, including several possible packing
scenarios.
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For rock samples, the optimal mass/sample (derime&ection 6 of this report) is 15-16
g/sample, with minor differences between sedimgntard igneous rocks. A comfortable
number of rock samples, as discussed in Sectidrtiisoreport, is about 30-35. The product of
these two figures is close to 500 g. If smallembers of larger samples were collected, there
would be a significant risk that too few samplesuldaobe collected to characterize the landing
site. On the other hand, if larger numbers of senadlamples were collected, there may be
insufficient mass to carry out the analyses onleand the amount of time needed to collect the
samples may add inordinate amounts of time to redunission life.

The density of the shergottite and nahklite metesrimartian igneous rocks for which we have
data) averages 3.01 and 3.11 g/cc (x~7%), respéciiBett and Consolmango, 2008 oulson

et al., 2007; Macke et al., 2011 The bulk density of the sedimentary rocks onrdMlaas not
been measured, but a starting place for discusso08.25-2.5 g/cc (estimated using the
mineralogies reported itMcLennan and Grotzinger, 2008nd Ruff et al., 2006and the
porosities reported irPerl et al., 200/Budney, writ. comm., 2011). For reasons of both
porosity and grain density, however, samples wihsity higher or lower than this could be
encountered. While noting these uncertainties smaple masses described above, using these
densities, would be equivalent to volumes of ~5.8 a6.7 cc for igneous and sedimentary
rocks, respectively. Note that in a practical seiss impossible to pack a rock sample into a
sample tube with 100% efficiency. Thus, the santplees would have to be larger than the
above volumes in order to achieve the amount ofppgamass required. The decision on sample
tube sizing needs to be guided by scientific cagrsitions, by experimentation in a sampling
testbed, and by margin planning considerationsNEeRAG E2E-iSAG, 2011

For regolith samples, a minimum volume of approxiha6 cn? for each regolith sample would
be required (Section 6 of this report). Dependingporosity, this is approximately equivalent to
~8 grams, although with high uncertainties.

An important conclusion is that the sample size fegolith and rock samples would be
approximately equal in a volume sense. This mebait may be possible to use the same
sample tubes for both types of samples. Usingradsird sample tube size would have important
benefits to engineering.

FINDING # 32. The collection should be sized to a total sampssrof about 500 g.

7.4.2 Sample packing

Since volume would be at a premium in the fliglgneénts of the MSR Campaign, it would be
necessary to pack the samples in the most spaé#ilgtent manner possible. If the rock and
regolith samples are collected into cylindrical géamubes of a standard size, these tubes could
be packed into a cylindrical canister using oneseferal possible close-packing geometries.
Although the diameter vs. length combination foe ihdividual sample tubes has yet to be
worked out, the close-packing geometry would lead timited number of efficient solutions—
the most relevant options involve 19, 31, 37, aBcsbts (see Fig. 7). It would be possible to
store the atmospheric sample into one of the shossich a close-packed array, in which case it
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would be compete for volume with the rock and rglgosamples. However, since the gas

sample could be stored in a container of any sheap®re attractive possibility would be to store

it in some of the non-cylindrical volume of the O8.the sample tube canister described above
is cylindrical, and the OS is spherical, there wiobé extra volume around the sides, top, and
bottom of the cylindrical canister. This volumenist (easily) usable for solid samples, but it

may be ideal for one or more gas samples.

7.4.3 Organic blanks and calibration standards

A critical aspect of returned sample science, @affgdor biology-related investigations, would
be recognizing false positives, including orgamiasfobes from Earth that make the round trip,
as well as organics/microbes from Earth that ettiteranalytical process after the samples are
returned to Earth. Correct analytical laboratompcedure requires a system of carefully
designed positive control standards and negatiméralostandards, otherwise known as blanks.
The use of blanks in organic / microbiological gs& of Apollo lunar samples was pioneered in
the Lunar Receiving Laboratory under the protoctdsigned by th&aylor University College

of Medicine (1967). We reinforce the recommendation Riimmel et al. (2002that NASA
“Invest significant time in the design of controldalanks, as early in protocol development as
possible”.

The launching of flight instruments to Mars capabil@rganic analysis has required that blanks
be used on the spacecraft, to provide a baseliamstgwhich to judge any detection. The
Phoenix spacecraft carried an Organic-Free Blarskigded to be sampled and carried thru the
entire analytical chain of the Thermal and Evoléas AnalyzerNling et al, 2008 The Mars
Science Laboratory will carry five blocks of OrganCheck Material (OCM) to assess
contamination levels thru end-to-end sample hagdksts on MarsSummons et al, 20}1 For

the MSR campaign, analytical standards and blardgsmeed to be sent round-trip, commencing
with a sample caching mission. The design of thehe, as well as ang situ tests to detect
organics and / or microbiology, would need commuuliébate in order to optimize standards
and blanks that may be introduced into the sanpdénc

FINDING #33. Some sample spaces in the canister (three déenasreasonable initial
planning figure, but this needs a carefully stroetifollow-up discussion) should be set aside
for blanks/standards as a reserve against the metod future MSR scientific planning activities

7.4.4 Sample sealing and preservation

Adequate sealing of the sample tubes is necessamgeserve the samples while cached on the
surface of Mars and during transport to Earth. &ample, to ensure that sedimentological
investigations are not compromised, delicate testdound in sedimentary layers should remain
undisturbed (potentially for many years and dutirepsport to Earth). For mineralogical and

geochemical investigations, it would be necessampréserve evidence for any volatile-bearing

minerals and to avoid cross-contamination as wetiantamination from an outside source. For
biological investigations, any biologic matter muisé preserved but not contaminated.

Atmospheric science requires that the atmosphenupte does not leak and would not be

contaminated by gases evolved from rock samplesoingly, it would be necessary to seal
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samples as they are collected. Some of the mgstriant sample preservation considerations
include:

* Minimizing alteration of samples, e.g., heatimgl @rushing

» Considering how a sample tube would be openedartrth receiving facility

» Considering the dirty, dusty, and at times windyiemment on Mars and its effect on
sealing

* Minimizing contamination of the sample, e.g., colesithe materials being used for
sealing

* Minimizing cross-contamination between collectechgkes

* Monitoring temperature fluctuations

* Evaluating the impact acceleration on Earth

* Preserving volatiles to the greatest degree p@ssibl

Some of the possibilities for sample tube sealimggdescribed in greater detail below. There is a
trade-off between the type and degree of sampliéngeand the potential for contamination.
Thus to achieve the science objectives for sampliesaltered igneous rocks, concerns about
loss of volatiles (notably water — see below) mmited but concerns of contamination from
certain sealing agents (e.g., pure metals) couldeng considerable. There are also significant
concerns about organic contaminants that couldtiaffer ability to achieve past and extant life
objectives. At the other extreme, to achieve s@enigjectives related to evaluating the martian
surface for resources, of which water is argualilg tmost important, concerns about
contamination are limited whereas the need to agalnst any water loss or gain would be
absolutely critical. Concerns about volatile loss also very high for any questions related to
life and for those questions that include any psees involving fluid alteration.

Volatile species expected in the samples potentiadiude a wide variety of H-C-O-S-N species
(e.g., phyllosilicates, sulfates, carbonates) ta entrapped in minerals, found along grain
boundaries and potentially found in inclusionssitonsistent with current PP policy to sample
ice, but only if the spacecraft is clean enoughi¢hvould impose additional mission cost). We
do not believe that the scientific value of samplice for the MSR Campaign could justify this
incremental expense. Much could be learned alheuadqueous history of Mars and the potential
for life by examining water, hydrogen and deuteriuater is a critical ingredient for life.
Thus movement of any water would provide especrdpificant science impact.

A second sealing issue arises at the time of adsggnihe sample cache with the atmospheric
gas sample into the OS in preparation for tramsiEarth. Thus, at the time of this assembly it
would be highly desirable to seal the entire caniguch that the canister would remain
effectively at 1 Mars atmosphere pressure and csitipo. The reason for this is that during the
extended transit time in space and residence inBhdgh's atmosphere there would be
considerable pressure and compositional gradiesitwden the sample tubes and the ambient
environment. Without sealing, such gradients waqarlsmote diffusion and transport of volatile
materials into and/or out of the sample tubes.

79



=}

FINDING # 34: The samples must maintain their scientific initygivhile cached on the martia
surface (potentially for many years) and during$gort to Earth. A key is adequate sealing g
the sample tubes.

—n

FINDING #35. The volatile species for which limiting masssger (in/out of the sample
tubes) would be most valuable is water.

FINDING # 36. It would be scientifically desirable to seal ttanister before leaving the martian
surface (rather than in orbit), so as to avoidgaificant pressure differential across the sample
tube seals during transit.

7.4.5 Sealing concepts and materials

Mechanical sealing of the sample tubes is a fundéahdeature of the design of the SHEC

(Backes et al. 2010, 2011; Younse et al. 201Within the system there is also the opportunity
where the tube could be transferred to a sealiatpst the mechanical plug is pushed further
into the tube to contact the sample, enabling aimate of the volume of the acquired sample
and prevent the sample from moving in the tuberdusubsequent phases of the mission. At
this point in the process there would be an opmitstuo consider additional means for isolating

the sample from environments that the tubes woxpgence over subsequent years while on
the surface of Mars, in orbit about Mars, in tratsiEarth, during the re-entry and impact phases
on Earth and during the subsequent recovery pé&bdare the samples finally reach the Sample
Receiving Facility.

In general, the level of sealing could range frdme tmechanical seals designed to prevent
movement of the sample within the tube and paresleape, to some level of hermetic sealing
that would contain gases at a specified leak nat® wltra-high vacuum sealing (Table 12). The
combination of sealing level and permissible matsyias well as the considerations listed above
present a significant range of technical and coriplechallenges (i.e., risk and cost) to the

development of adequate sealing levels and musalaeced against the preservation of specific
measurement objectives of the MSR Campaign.

[REF. | CONCEPT
CAP concepts for sample tube sealing

Press cap: press a cap onto the top of the tube leaving radial pressure. Might include indium surfaces and
1 [heating of indium.

2 |Solder cap: solder a cap onto top of the tube.

3 |Screw cap: screw a cap onto top of tube to provide a pressure seal.

Indium knife: push an indium lined cap into an indium lined sharp edge on tube; need to maintain pressure to
help indium bond. Variations include means to clean away dust or oxidation layers on indium surfaces, e.g.
press knife edge through membrane, scrape knife edge.

Shape memory alloy (SMA) cap

PLUG concepts for sample tube sealing

Cork: Press a plug into the end of the tube; the plug or tube deforms to cause pressure seal. Could line surfaces
6 |with indium (or warmed indium) to improve seal.

Solder Cork: Press a plug into the top of the tube. Then melt solder at top of plug to fill gaps between plug and
7 |tube via capillary action. The plug and/or tube might be pre-tinned (coated with solder material).

Tube clamp: Release inner spring to provide axial pressure seal; could include indium (or warmed indium)

8 [surfaces to improve seal.

Screw plug: screw a plug into the top of the tube to provide a pressure seal; could include indium surfaces to

9 |improve seal.

10 [Shape memory alloy (SMA) plug: SMA plug that is heated to change metal phase and apply pressure seal.
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The history of compromised sample containers obthim the Apollo missionAllton, 1989
provides insights into the challenge of obtainimgl @reserving pristine samples. Based on this
experience and subsequent research (&leen, 2010 and references therein), a variety of
sample seals are possible:

» Teflon is a good choice for seal material: beeaak its high chemical inertness and
thermal stability, the chance of chemical inter@ct! degradation / contamination is
relatively low. Moreover, the potential (althouginlikely) contaminants induced by
Teflon would be fluorinated organics, easy to dmaorate from martian organics.
Nevertheless, the mere existence of organic madsdunlthe sealing materials could raise
some concern. Teflon is one of the very few malemautinely used in the curation of
extraterrestrial samples.

* Metals, especially copper, are traditionally usmdgaskets (especially for gas samples).
However, we need to assess the degree to whichibagybe oxidized, and play catalytic
role once in contact with the martian samples.

* Indium is another known gasket material, whosalisg properties would need to be
evaluated against the consequences of sample coatéon in this area. Preliminary
interaction with CAPTEM (Sept. 2011) may indicabattthe value of the seal is more
important than the value of protecting indium tratement geochemistry.

FINDING # 37. Materials used in the sealing process need tmbgatible with the planned
measurement objectives. Seals made of Teflonraexa@mple of such a material.

8. Conclusions

8.1 Summary

1. The MSR Campaign should address 8 major, contyrdeiveloped science objectives. The
most important objective by far relates to deterngrnwhether evidence of past life or prebiotic
chemistry exists in the examined materials.

2. To answer the complex questions associated tvtthighest priority scientific objectives of
the MSR Campaign would require sample suites tteatarefully selected through a process of
comprehensivén situ science that also would provide critical context §ample analyses back
on Earth.

3. The total number of rocky samples that woulchbeded to address the objectives is 30-35.

The approximate mass per rock sample needed féysasaon Earth is 15-16 g. Additionally,
one or two gas samples would be required.
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4. There are multiple potential landing sites onrdMevhere it appears possible to meet the
proposed science objectives of the MSR Campaigractess these sites and sample the desired
rocks, the mission may need to be able to tolesabtee hazards in the landing ellipse (OR have
an ellipse small enough to avoid the hazards) ANRlbe to traverse beyond the ellipse.

5. In order to achieve tha situ science and assemble the necessary sample shégwoposed
2018 joint rover should have the field exploratcapabilities defined by the E2E-iSAG.

8.2 Recommendation for future work

During the deliberations of the E2E-iISAG, it becaamparent that there is a considerable
amount of additional research and other effort ireguin preparation for the MSR Campaign.
These can be conveniently divided into tasks bedtessed by MEPAG and by NASA/ESA at
both the programmatic level and in the area ofae$édevelopment.

8.2.1 MEPAG-related tasks

1. Considering the prioritized objectives for thMSR Campaign, determine the sample
contamination issues that would affect the scientiieasurements to be made on Earth
(parts of this should be worked jointly with PP, EPEM, NAI, other).

a. Plan for quantitative contamination specificatiath&t would need to be applied to all

relevant parts of the MSR Campaign.

b. Plan for positive and negative control standardsd avhere they need to be introduced
into the sample chain, in order to document théesté contamination at specific times in
the proposed rover’s activity. This may involveleck of organic-free standard material

that needs to be positioned within the robotic @nworkspace, and if so, the

configuration engineers would need to know aboigterly in the design process.

2. Evaluate and develop life detection investigaomeasurement strategies to be carried out
on the returned samples (worked jointly with PP,RAE, other).

8.2.2 Programmatic issues (NASA & ESA)

3. As aggressively as possible, conduct a landilegggialification and prioritization process.
This is crucially important while MRO is still iresvice!

4. Determine the approximate depth of regolith garg required as input to planning for an
eventual human mission to the martian surface.

8.2.3 Research work (NASA & ESA)

5. General research on ways to reduce needed sanagsls including:
a. Increased instrument sensitivity
b. More efficient sample preparation, specificafigluding polished section manufacture
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c. Use of same sample material in sequential apralys

6. Improve understanding of the likely density rangf returned materials, especially for
martian sedimentary rocks.

7. Using terrestrial analog sites, compare ancibptirothermal/low-T fluid alteration
environments to ancient sedimentary environmentpfospects of finding signs of ancient
life.

8. Conduct systematic research into issues rglatirsample preservation. The issues related
to heating/cooling, volatile loss, and sample comit@tion were most obvious to the E2E
team, but there likely also are other issues.

8.2.4 Engineering development (NASA & ESA)

9. Develop improvements in hazard avoidance caifiabil improved landing accuracy.

10. Enhance rover operations efficiency (e.g.reased autonomy) and increase rover speed, to
optimize productivity within a constrained lifetime

11. Develop and test drilling capabilities usinjpaary of relevant sample analogues, to ensure
adequate drill bit lifetime and sample quality.

12. Optimize end-to-end sample handling to ensneehanical core integrity and scientific
quality until analysis

13. Research, development and testing of sampleg@aechanisms, gaseous transmission rates
across seals of different types, and evaluatiorsealf longevity.

14. Additional study is needed to understand thplications to MSR science objectives of
exposure of samples to spacecraft induced magdimedtis and radiation.

15. Development of a rock abrasion tool that hascity for a much larger number of uses than
has been attempted on any prior mission.

9. Acknowledgements

The team acknowledges significant input from MikecHt (in the area of regolith science), Bob Pelpigo Leya,
and John Jones (in the area of gas chemistry),Beiss (in the area of paleomagnetism), MargareeRachn
Rummel, Karen Buxbaum, and Cassie Conley (in tkea af planetary protection), Paul Backes and teanthé
area of sample acquisition/caching), Sidney HemmiBlizabeth Pierce, and Troy Rasbury (in the aréa o
sedimentary component analysis and sample sizamg), Bruce Jakosky and Paul Mahaffy (in the aregasf
chemistry results expected from MAVEN and MSL). Atknowledge review comments or significant disicunss
from/with (in alphabetical order): Deborah Basshrd@ridges, Charles Budney, Phil Christensen, Male@an,
David Fernandez-Remolar, Danny Glavin, Fred Goesimdohn Grotzinger, Emmanuelle Javaux, Jeff Johnson
Lisa May, Hap McSween, Dick Morris, Jack Mustar&uPNiles, Jim Papike, Caroline Smith, Andrew Steel
Michael Velbel, Frances Westall, Charles Whetsaiels Wray, and Rich Zurek. Early drafts of thigor¢ were
discussed at townhall-style sessions at the Deb) 205U fall meeting and the MEPAG meeting in Lisb@nne,

83



2011), and also with the Planetary Protection Sotoiitee (Jan. 2011)—many useful comments were vedeat
these venues. Part of this work was carried otheaflet Propulsion Laboratory, California Insstof Technology,
under a contract with the National Aeronautics &péce Administration. Travel support from NASA,A %nd
the Canadian Space Agency for various team menibegsatefully acknowledged. CDKH acknowledges the
University of Alberta for sabbatical leave and aitBsonian Institution Senior Research Fellowship.

10. References Cited

Acufia, M. H., et al. (2001), Magnetic field of MaB&ummary of results from the aerobraking and ntapprbits,
Journal of Geophysical Research-Planets, 106(E2B2))3-23417.

Allen, C., Allton, J., Lofgren, G., Righter, K., lBmsky, M (2011) Curating NASA’s extraterrestsaimples —
past, present, and future. Chemie der Erde, 20, 1-

Allwood, A. C., et al. (2009), Controls on develogmmand diversity of Early Archean stromatolitesyd@edings of
the National Academy of Sciences, 106(24), 95485955

Allwood, A. C., et al. (2006), Stromatolite reebin the Early Archaean era of Australia, Nature,(4024), 714-
718.

Alton, J.H., 1989. “Catalog of Apollo Lunar SuréaGeological Sampling Tools and Containers”, NASB(C-
23454, LESC-26676.

Arvidson, R. E., et al. (2006), Overview of the I8gWars Exploration Rover Mission to Gusev Crateainding site
to Backstay Rock in the Columbia Hills, J. Geopiss., 111(E2), E02S01.

Backes, P., et al. (2010), An integrated coring @aching concept. , paper presented at IEEE Aecespa
Conference, 6-13 March 2010.

Backes, P., et al. (2011), Experimental result®weér-based coring and caching. , paper presenté&E&
Aerospace Conference, 5-12 March 2011.

Baker, V. R. (2001), Water and the martian landsc&ature, 412(6843), 228-236.

Bandfield, J. L., et al. (2003), Spectroscopic kifEation of Carbonate Minerals in the Martian DuScience,
301(5636), 1084-1087.

Bandfield, J. L., et al. (2004), Identification qfiartzofeldspathic materials on Mars, J. Geophgs., R09(E10),
E10009.

Banin, A. (2005), The Enigma of the Martian Soije3ice, 309(5736), 888-890.

Barnhart, C. J., and F. Nimmo (2011), Role of intgacavation in distributing clays over Noachiarfaces, J.
Geophys. Res., 116(E1), E01009.

Baylor University College of Medicine (1967), Corepensive Biological Protocol for the Lunar Sampée&ving
Laboratory, Manned Spacecraft Center, edited, Nati#eronautics and Space Administration, Houston,
Texas.

Beaty, D., et al. (2005), An Analysis of the PresmurMeasurements of Mars Needed to Reduce thedRisle First
Human Missions to Mars, Unpublished white papest@d June, 2005 by the Mars Exploration Program
Analysis Group (MEPAG) at http://mepag.jpl.nasal/geports/index.html., 77

Beaty, D. W., et al. (2009), Planning consideratifar a Mars sample receiving facility: summary and
interpretation of three design studies, Astrobig|d(8), 745-758.

Becker, L., et al. (2010), The Search for Life oarslUsing the Mars Organic Molecule Analyzer "MOMAY
Lunar and Planetary Institute Science ConferencgrAbts, edited, p. 2345.

Bell, J. F., et al. (2004a), Pancam Multispectnahgiing Results from the Spirit Rover at Gusev Gr&eience,
305(5685), 800-806.

Bell, J. F., et al. (2004b), Pancam Multispectrahgjing Results from the Opportunity Rover at MendiPlanum,
Science, 306(5702), 1703-1709.

Bertka, C. M., and Y. W. Fei (1997), Mineralogytbé Martian interior up to core-mantle boundarysgtees,
Journal of Geophysical Research-Solid Earth, 109(B351-5264.

Bertka, C. M. and Holloway, J. R. (1994). Anhydrdtertial Melting of an Iron-Rich Mantle .2. Primavielt
Compositions at 15 Kbar. Contributions to Mineral@nd Petrology, 115, 323-338.

Bibring, J. P., et al. (2006), Global mineralogiaad aqueous Mars history derived from OMEGA/Maxpress
data, Science, 312(5772), 400-400.

Bishop, J. L., et al. (2008), Phyllosilicate Divieysand Past Aqueous Activity Revealed at MawrtHligaMars,
Science, 321(5890), 830-833.

84



Blinova, A., and C. D. K. Herd (2009), Experimerdgtidy of polybaric REE partitioning between oli@jmpyroxene
and melt of the Yamato 980459 composition: Insightis the petrogenesis of depleted shergottites,
Geochim. Cosmochim. Acta, 73(11), 3471-3492.

Bogard, D. D., and D. H. Garrison (1998), Relatipeindances of argon, krypton, and xenon in theibtart
atmosphere as measured in Martian meteorites, GaoClosmochim. Acta, 62(10), 1829-1835.

Borg, L. E., Nyquist, L. E., Taylor, L. A., WiesmanH., and Shih, C. Y. (1997). Constraints on Manti
differentiation processes from Rb-Sr and Sm-Ndoigiat analyses of the basaltic shergottite QUE 94201
Geochimica et Cosmochimica Acta, 61, 4915-4931.

Borg, L. E., et al. (2011), Chronological evideticat the Moon is either young or did not have &glanagma
ocean, Nature, advance online publication.

Borg, L. E., et al. (2003), The age of Dar al G&éré and the differentiation history of the martraateorites
inferred from their radiogenic isotopic systemati@gochim. Cosmochim. Acta, 67(18), 3519-3536.

Boston, P. J., et al. (1992), On the possibilitglsémosynthetic ecosystems in subsurface habitatéaws, Icarus,
95(2), 300-308.

Bouvier, A., Blichert-Toft, J., Vervoort, J. D., i&t, P., and Albarede, F. (2008). The case forbadaltic
shergottites. Earth Planetary Science Letters, 265;124.

Boynton, W. V., et al. (2002), Distribution of Hyalyen in the Near Surface of Mars: Evidence for 8tfase Ice
Deposits, Science, 297(5578), 81-85.

Brasier, M. D., et al. (2002), Questioning the evide for Earth's oldest fossils, Nature, 416(6876)31.

Britt, D. T., and G. J. S. J. Consolmagno (200&)n$ meteorite porosities and densities: A reviéwhe data
through 2001, Meteoritics & Planetary Science, 38(861-1180.

Burns, R. G. (1993), Rates and mechanisms of clemigathering of ferromagnesian silicate mineraldars,
Geochim. Cosmochim. Acta, 57(19), 4555-4574.

Cabrol, N., and E. A. Grin (2011), Lakes on Marsekier.

Cady, S. L., and J. D. Farmer (2007), FossilizaRoocesses in Siliceous Thermal Springs: Tren@séservation
Along Thermal Gradients, in Ciba Foundation SympuwsR02 - Evolution of Hydrothermal Ecosystems on
Earth (And Mars?), edited, pp. 150-173, John Wé&eSons, Ltd.

Carr, M. H. (1996), Water on Mars, 229 pp., Oxfbohdiversity Press.

Carr, M. H., and J. W. Head Ill (2010), Geologisthiry of Mars, Earth and Planetary Science Let234(3-4),
185-203.

Chapelle, F. H., et al. (2002), A hydrogen-basdisstface microbial community dominated by methansge
Nature, 415(6869), 312-315.

Chivian, D., et al. (2008), Environmental Genonieveals a Single-Species Ecosystem Deep WithitEart
Science, 322(5899), 275-278.

Christensen, P. R., et al. (2005), Evidence formmtie evolution and diversity on Mars from infrareliservations,
Nature, 436(7050), 504-509.

Christensen, P. R., et al. (2008), Aqueous mirggpbsits in an ancient, channeled, equatorialiterigdars
Science Laboratory, 2nd Workshop.

Christensen, P. R., et al. (2004a), Initial Resutim the Mini-TES Experiment in Gusev Crater frtme Spirit
Rover, Science, 305(5685), 837-842.

Christensen, P. R., et al. (2004b), Mineralogy atifiani Planum from the Mini-TES Experiment on the
Opportunity Rover, Science, 306(5702), 1733-1739.

Clark, B. C., lll, et al. (1977), The Viking X Ra&uorescence Experiment: Analytical Methods andyHResults,
J. Geophys. Res., 82(28), 4577-4594.

Cockell, C. S., et al. (2002), Impact-induced miab endolithic habitats, Meteoritics & Planetargiehce, 37(10),
1287-1298.

Collins, C., et al. (2009), Planetary sample caglsigstem design options, 2009 AIAA Space, Septer2be9,
Pasadena, CA, AIAA 2009-6506.

COMPLEX (2002), National Research Council, The @uéine and Certification of Martian Samples, Nagion
Academy Press, Washington, DC, 31, 4.

COSPAR (2011), COSPAR Planetary Protection Polipgated March 2011),
http://cosparhg.cnes.fr/Scistr/PPPolicy%20(24Mafqidf.

Coulson, I. M., et al. (2007), Physical propertiédlartian meteorites: Porosity and density measerds,
Meteoritics & Planetary Science, 42(12), 2043-2054.

Dartnell, L. R., et al. (2007), Modelling the suréaand subsurface Martian radiation environmenglitations for
astrobiology, Geophysical Research Letters, 34(23207.

85



Dehouck, E., et al. (2010), Ismenius Cavus, MardeAp paleolake with phyllosilicate deposits, Plarneand
Space Science, 58(6), 941-946.

Des Marais, D. J. (1996), Stable Light Isotope Bimchemistry of Hydrothermal Systems, in Ciba Fotinda
Symposium 202 - Evolution of Hydrothermal Ecosystem Earth (And Mars?), edited, pp. 83-98, John
Wiley & Sons, Ltd.

Devincenzi, D. L., and J. R. Bagby (1981), Orbitmgrantine facility. The Antaeus report, NASA S5%t4

Drake, B. G. (2009), Human Exploration of Mars @@sReference Architecture 5.0, NASA-SP-2009-566; Ju
20009.

Ehlmann, B. L., et al. (2008b), Clay minerals iftaeleposits and organic preservation potentid¥lans, Nature
Geoscience, 1(6), 355-358.

Ehimann, B. L., et al. (2008a), Orbital Identificat of Carbonate-Bearing Rocks on Mars, Sciencg(5209),
1828-1832.

Ehimann, B. L., et al. (2009), Identification ofdrated silicate minerals on Mars using MRO-CRISMD{&gic
context near Nili Fossae and implications for agqusealteration, J. Geophys. Res., 114, EO0DO0S.

Elkins-Tanton, L. T., et al. (2005), Possible fotima of ancient crust on Mars through magma oceangsses,
Journal of Geophysical Research-Planets, 110(E)2S01

Fairén, A. G., et al. (2010), Astrobiology throutjle Ages of Mars: The Study of Terrestrial Analagte
Understand the Habitability of Mars, Astrobiolod$)(8), 821-843.

Farmer, J. (1998), Thermophiles, early biospheoduton, and the origin of life on Earth: Implicatis for the
exobiological exploration of Mars, J. Geophys. R&83(E12), 28457-28461.

Farmer, J. D. (2000), Hydrothermal systems: doosnayearly biosphere evolution, GSA Today, 10(#, 1

Farmer, J. D., and D. J. Des Marais (1999), Exptpfor a record of ancient Martian life, J. Geophyss.,
104(E11), 26977-26995.

Fassett, C. ., and J. W. Head, Ill (2005), Flugdlimentary deposits on Mars: Ancient deltasdrater lake in the
Nili Fossae region, Geophys. Res. Lett., 32(144201.

Filiberto, J., and A. H. Treiman (2009), Martiangnzas contained abundant chlorine, but little wadsology,
37(12), 1087-1090.

Fritz, J., et al. (2005), Ejection of Martian meitss, Meteoritics & Planetary Science, 40(9-1(93-1411.

Garrison, D. H., and D. D. Bogard (1998), Isotogienposition of trapped and cosmogenic noble gasssveral
Martian meteorites, Meteoritics & Planetary Scier8¥4), 721-736.

Gary, M., et al. (Eds.) (1972), Glossary of Geold®@5 pp., American Geological Institute, Washimgtd.C.

Gellert, R., et al. (2004), Chemistry of rocks a&oils in Gusev Crater from the Alpha Particle X-&pectrometer,
Science, 305(5685), 829-832.

Gilmour, J., et al. (1994), RELAX: An ultrasenséjwesonance ionization mass spectrometer for xdReview of
scientific instruments, 65(3), 617-625.

Golden, D. C., et al. (2001), A simple inorganiogess for formation of carbonates, magnetite, aifies in
Martian meteorite ALH84001, American Mineralogi®8§(3), 370-375.

Golombek, M., et al. (2011), Final Four LandingeSifor the Mars Science Laboratory, paper presettednar
Planet Sci XLII, Houston.

Gorevan, S. P., et al. (2003), Rock Abrasion Thtdrs Exploration Rover mission, J. Geophys. Reé33(H12),
8068.

Grant, J., et al. (2010), A lake in Uzboi Vallisdamplications for Late Noachian-Early Hesperiaimeite on Mars,
Icarus.

Grant, J. A,, et al. (2011), The science processdtecting the landing site for the 2011 Mars BogelLaboratory,
Planetary and Space Science, 59(11-12), 1114-1127.

Grant, J. A., et al. (2004), Selecting landingssfte the 2003 Mars Exploration Rovers, Planetay Space
Science, 52(1-3), 11-21.

Grant, J. A,, et al. (2008), HiRISE imaging of inspanegabreccia and sub-meter aqueous strata ireH@dater,
Mars, Geology, 36(3), 195-198.

Greeley, R., et al. (2005), Fluid lava flows in @usrater, Mars, J. Geophys. Res., 110(E5), E05008.

Grotzinger, J., et al. (2011), Mars Sedimentaryl@go Key Concepts and Outstanding Questions, Aatiogy,
11(1): 77-87. doi:10.1089/ast.2010.0571.

Grotzinger, J., et al. (2006), Sedimentary textfioemed by aqueous processes, Erebus crater, Mariglanum,
Mars, Geology, 34(12), 1085.

Grotzinger, J. P., et al. (2005), Stratigraphy sedimentology of a dry to wet eolian depositioryatsm, Burns
formation, Meridiani Planum, Mars, Earth and PlangScience Letters, 240(1), 11-72.

86



Hamilton, V. E., Christensen, P. R., McSween, H.and Bandfield, J. L., 2003. Searching for therseuegions of
martian meteorites using MGS TES: Integrating raartneteorites into the global distribution of ignso
materials on Mars. Meteoritics and Planetary S@eB8, 871-885.

Hartmann, W. K., and G. Neukum (2001), Crateringd@blogy and the Evolution of Mars, Space Sci. Rg@6(1),
165-194.

Haskin, L. A., et al. (2005), Water alteration o€ks and soils on Mars at the Spirit rover sit&irsev crater,
Nature, 436(7047), 66-69.

Head, J. W., et al. (2003), Recent ice ages on NNagire, 426(6968), 797-802.

Hecht, M. H., et al. (2009), Detection of Perchterand the Soluble Chemistry of Martian Soil atRm®enix
Lander Site, Science, 325(5936), 64-67.

Heiken, G. H., et al. (1991), Lunar sourcebookus&r's guide to the moon, 753 pp., Cambridge UsityePress

Hemming, S. R. (2004), Heinrich events: Massive Rleistocene detritus layers of the North Atlaatid their
global climate imprint, Rev. Geophys., 42(1), RGA.00

Herkenhoff, K. E., et al. (2004), Evidence from ©ppnity's Microscopic Imager for Water on Meridid&lanum,
Science, 306(5702), 1727-1730.

Howard, A. D. (2007), Simulating the developmenMgfrtian highland landscapes through the interaatid
impact cratering, fluvial erosion, and variable toldgic forcing, Geomorphology, 91(3-4), 332-363.

Howard, A. D., et al. (2005), An intense terminpbeh of widespread fluvial activity on early Mats:Valley
network incision and associated deposits, J. GeopRgs., 110(E12), E12S14.

Hurowitz, J. A., et al. (2006), In situ and expegimal evidence for acidic weathering of rocks amitsn Mars, J.
Geophys. Res., 111(E2), E02S19.

Hynek, B. M., and R. J. Phillips (2003), New dataegal mature, integrated drainage systems on Mdisative of
past precipitation, Geology, 31(9), 757-760.

iMars Working Group (2008), Preliminary Planning & International Mars Sample Return Mission, Repbthe
iIMARS (International Mars Architecture for the Retwf Samples) Working Group, Mars Exploration
Program Analysis Group, accessed at mepag. jph. g/, Available online at:
http://mepag.jpl.nasa.gov/reports/iMars_FinalRepalt

Jakosky, B. M., and E. Millour (2011), The 2013 Bl&tmosphere and Volatile EvolutioN (MAVEN) Mission
Mars, in Mars Atmosphere: Modelling and observationference, edited.

Jakosky, B. M., et al. (2003), Subfreezing actiwifymicroorganisms and the potential habitabilitymars' polar
regions, Astrobiology, 3(2), 343-350.

Jehlicka, J., et al. (2009), Assessment of Ramaotsgscopy as a tool for the non-destructive idieation of
organic minerals and biomolecules for Mars studianetary and Space Science, 57(5-6), 606-613.

Johnson, A. P., and L. M. Pratt (2010), Metal-gatatl degradation and racemization of amino acid®msulfate
brines under simulated martian surface condititmaus, 207(1), 124-132.

Jones, J. H. (2007), The Edge of Wetness: The foagry Magmatism on Mars, Il, Workshop on Water in
Planetary Basalts, Abstract #2006.

Kasting, J. F. (1991), CO2 condensation and theatk of early Mars, Icarus, 94(1), 1-13.

Kelley, D. S., et al. (2005), A Serpentinite-Hoskatbsystem: The Lost City Hydrothermal Field, Scesn
307(5714), 1428-1434.

Khan, A., and J. A. D. Connolly (2008), Constragthe composition and thermal state of Mars froweision of
geophysical data, Journal of Geophysical Resealaters, 113(E7).

Klingelhéfer, G., et al. (2004), Jarosite and Hetaait Meridiani Planum from Opportunity's\Wissbauer
Spectrometer, Science, 306(5702), 1740-1745.

Kminek, G., and J. L. Bada (2006), The effect ofizing radiation on the preservation of amino acdsviars,
Earth and Planetary Science Letters, 245(1-2), 1-5.

Knoll, A. H., et al. (2008), Veneers, rinds, andcfure fills: Relatively late alteration of sedinemny rocks at
Meridiani Planum, Mars, J. Geophys. Res., 113(E6BRS16.

Kuhn, W. R., and S. K. Atreya (1979), Ammonia physés and the greenhouse effect in the primordimlogsphere
of the earth, Icarus, 37(1), 207-213.

Lang, N. P., Tornabene, L. L., McSween, H. Y., &ittistensen, P. R. (2009). Tharsis-sourced relgtiast-free
lavas and their possible relationship to Martiarieogtes. J. Volcanol. Geotherm. Res. 185, 103-115.

Lane, M. D., et al. (2008), Mineralogy of the P&sables soils on Mars, American Mineralogist, 93j57#&28-739.

Lapen, T. J., et al. (2010), A Younger Age for Al40®1 and Its Geochemical Link to Shergottite Sosirneviars,
Science, 328(5976), 347-351.

Laskar, J., et al. (2002), Orbital forcing of thantran polar layered deposits, Nature, 419(6908);377.

87



Leshin, L. A., and E. Vicenzi (2006), Aqueous preses recorded by Martian meteorites: Analyzing Marivater
on Earth, Elements, 2(3), 157-162.

Levine, J. S. (1985), The photochemistry of atmeseét Earth, the other planets, and comets, 53%ppdemic
Press.

Lewis, K. W., et al. (2008a), Quasi-Periodic Bedylin the Sedimentary Rock Record of Mars, ScieB28(5907),
1532-1535.

Lewis, K. W., et al. (2008b), Structure and strajghy of Home Plate from the Spirit Mars ExploratRover, J.
Geophys. Res., 113(E12), E12S36.

Lillis, R. J., et al. (2008), An improved crustahgnetic field map of Mars from electron reflectorgeHighland
volcano magmatic history and the end of the madiamamo, Icarus, 194(2), 575-596.

Lin, L. H., et al. (2006), Long-term sustainabildfa high-energy, low-diversity crustal biome, Swe, 314(5798),
479-482.

Loizeau, D., et al. (2010), Stratigraphy in the Mgawallis region through OMEGA, HRSC color imagenyd
DTM, Icarus, 205(2), 396-418.

Loizeau, D., et al. (2007), Phyllosilicates in tHawrth Vallis region of Mars, J. Geophys. Res., (E), E08S08.
Lowe, D. R. (1983), Restricted shallow-water seditagon of Early Archean stromatolitic and evagoritrata of
the Strelley Pool Chert, Pilbara Block, Westerntfalg, Precambrian Research, 19(3), 239-283.

Macke, R. J., et al. (2011), Density, porosity, amhnetic susceptibility of achondritic meteoritetgteoritics &
Planetary Science, 46(2), 311-326.

Malin, M. C., and K. S. Edgett (2003), Evidence Rarsistent Flow and Aqueous Sedimentation on BAals,
Science, 302(5652), 1931-1934.

Mangold, N., et al. (2007), Mineralogy of the N#Hdssae region with OMEGA/Mars Express data: 2. Agse
alteration of the crust, J. Geophys. Res., 112(EG3S04.

Marinova, M. M., et al. (2011), Geophysical consmmges of planetary-scale impacts into a Mars-likeqt, Icarus,
211(2), 960-985.

Mathew, K. J., and K. Marti (2002), Martian atmosphb and interior volatiles in the meteorite Nakliarth and
Planetary Science Letters, 199(1-2), 7-20.

Mattingly, R., and L. May (2011), Mars Sample Retas a campaign, IEEEAC Paper #1805, Version latepod
October 12, 2010.

McCubbin, F. M., et al. (2010), Hydrous magmatismMars: A source of water for the surface and sifbsa
during the Amazonian, Earth and Planetary Sciemttets, 292(1-2), 132-138.

McCoy, T. J., Corrigan, C. M., and Herd, C. D. K. Press. Mars meteorites and missions: Complementa
approaches to exploring Mars. Proceedings of th@ha Academy of Sciences.

McEwen, A. S., et al. (2011), Seasonal Flows oniistartian Slopes, Science, 333(6043), 740-743.

McKay, D. S., et al. (1996), Search for Past Lifehdars: Possible Relic Biogenic Activity in Martiheteorite
ALH84001, Science, 273(5277), 924-930.

McLennan, S. M., et al. (2005), Provenance andeatiagis of the evaporite-bearing Burns formationridiiani
Planum, Mars, Earth and Planetary Science Lefdf¥(1), 95-121.

McLennan, S. M., and J. P. Grotzinger (2008), Tédtiraentary rock cycle of Mars, in The Martian Suefa
Composition, Mineralogy, and Physical Propertieiteel by J. Bell, I, pp. 541-577, Cambridge Urrisigy
Press.

McSween, H. Y. (1994). What We Have Learned Aboardfrom SNC Meteorites. Meteoritics 29, 757-779.

McSween, H. Y., et al. (2001), Geochemical evideiocenagmatic water within Mars from pyroxeneshe t
Shergotty meteorite, Nature, 409(6819), 487-490.

McSween, H. Y., Arvidson, R. E., Bell, J. F., Blgn®., Cabrol, N. A., Christensen, P. R., Clark@, Crisp, J.
A., Crumpler, L. S., Des Marais, D. J., FarmeD.).Gellert, R., Ghosh, A., Gorevan, S., Graff,Grant, J.,
Haskin, L. A., Herkenhoff, K. E., Johnson, J. RIjiff, B. L., Klingelhoefer, G., Knudson, A. T., BLennan,
S., Milam, K. A., Moersch, J. E., Morris, R. V.,delier, R., Ruff, S. W., de Souza, P. A., Squyresy$S.
Wanke, H., Wang, A., Wyatt, M. B., Yen, A., and &} J. (2004). Basaltic rocks analyzed by the iSpir
rover in Gusev Crater. Science, 305, 842-845.

McSween, H. Y., Jr., et al. (2010), Determining thedal mineralogy of Martian soils, J. Geophys..RES5,
EOOF12.

McSween, H. Y., et al. (2006), Alkaline volcanicks from the Columbia Hills, Gusev crater, MarsG&ophys.
Res., 111(E9), E09S91.

McSween, H. Y., et al. (2009), Elemental Compositié the Martian Crust, Science, 324(5928), 736-739

88



Melosh, H. J. (1989), Impact cratering: A geologiocess, Research supported by NASA. New York, faixfo
University Press (Oxford Monographs on Geology @edphysics, No. 11), 1989, 253 p., 1.

Melosh, H. J., and A. M. Vickery (1989), Impact € of the primordial atmosphere of Mars, Nat@28(6215),
487-489.

MEPAG 2-Rover InternationalScience analysis gra2R-{SAG) (2010), Two rovers on the same site ondylar
2018: possibilities for Cooperative Science., Urljsiied white paper, Posted July, 2010 by MEPAG.
Available online at http://mepag.jpl.nasa.gov/repf@R-iSAG _final.pdf.

MEPAG (2002), Groundbreaking MSR: Science requaets and cost estimates for a first Mars surfangsa
return mission, Unpublished white paper, http://agpl.nasa.gov/reports/index.html.

MEPAG (2010), Mars Scientific Goals, Objectivesydatigations, and Priorities: J.R. Johnson ed.,ubliphed
white paper, Posted September 2010 by the MEPA®@t/mepag.jpl.nasa.gov/reports/index.html.

MEPAG E2E-iSAG (2011) Preliminary Plan for the Aysit of Returned Martian Samples, TBD pp., postB®;T

2011, by the Mars Exploration Program Analysis @Gr@MEPAG) at http://mepag.jpl.nasa.gov/reports/.

MEPAG Mid-Range Rover Science Analysis Group (MRRSS (2010), The Mars Astrobiology Explorer-Cacher
(MAX-C): A potential rover mission for 2018., Asbimlogy, 10, 127-163.

MEPAG Next Decade Science Analysis Group (ND-SAZE0O8), Science priorities for Mars sample return,
Astrobiology, 8, 489-535.

Michalski, J. R., et al. (2010), The Mawrth ValRggion of Mars: A Potential Landing Site for thelsI&cience
Laboratory (MSL) Mission, Astrobiology, 10(7), 6D3.

Ming, D. W., et al. (2008), Mars 2007 Phoenix Scmigsion Organic Free Blank: Method to distinguigars
organics from terrestrial organics, J. Geophys.,Rd3(E3), EO0A21.

Moore, H. J. (1991), Estimates of some physicallraacal properties of Martian rocks and soil-likatarials,
USGS Open File Report 91-568.

Morris, R. V., et al. (2010), Identification of Gamate-Rich Outcrops on Mars by the Spirit Rovere&ce,
329(5990), 421-424.

Murchie, S., et al. (2000), Near-Infrared Spectfatiations of Martian Surface Materials from ISMdging
Spectrometer Data, Icarus, 147(2), 444-471.

Murchie, S. L., et al. (2009), A synthesis of Mantiagueous mineralogy after 1 Mars year of obsensafrom the
Mars Reconnaissance Orbiter, J. Geophys. Res. FIDD06.

Musselwhite, D. S., et al. (2006), Experimentat@legy of the basaltic shergottite Yamato-9804%58plications
for the thermal structure of the Martian mantle téteit. Planet. Sci., 41(9), 1271-1290.

Mustard, J. F., et al. (2009), Composition, Morplyy, and Stratigraphy of Noachian Crust aroundghis basin,
J. Geophys. Res., 114, EO0OD12.

Mustard, J. F., et al. (2008), Hydrated silicateenals on Mars observed by the Mars Reconnais<arimter
CRISM instrument, Nature, 454(7202), 305-309.

Mustard, J. F., et al. (2007), Mineralogy of thdi Nossae region with OMEGA/Mars Express data: Acint
impact melt in the Isidis Basin and implications floe transition from the Noachian to Hesperiamrdal of
Geophysical Research-Planets, 112(E8), E08S03.

Mysen, B. O., Virgo, D., Popp, R. K., and Bertka MC (1998). The role of H20 in Martian magmatictgms.
American Mineralogist, 83, 942-946.

NASA (1995), An Exobiology Strategy for Mars Expa¢ion, NASA SP-530, National Aeronautics and Space
Administration, 56 pp., National Aeronautics anch&p Administration, Washington, D.C.

Neukum, G., et al. (2004), Recent and episodicamitcand glacial activity on Mars revealed by thighH
Resolution Stereo Camera, Nature, 432(7020), 981-97

Niles, P. B., et al. (2009), Insights into the fation of Fe- and Mg-rich aqueous solutions on ellidys provided
by the ALH 84001 carbonates, Earth and PlanetaignSe Letters, 286(1-2), 122-130.

Nisbet, E., et al. (2007), Creating Habitable Zoré¢sll Scales, from Planets to Mud Micro-Habitats Earth and
on Mars

Geology and Habitability of Terrestrial Planetsited, pp. 79-121, Springer New York.

NRC (National Research Council) (1978), Strategytlie Exploration of the Inner Planets: 1977-19814 pp.,
The National Academy of Sciences, Washington, D.C.

NRC (National Research Council) (1990a), UpdatBttategy for Exploration of the Inner Planets, B1, fihe
National Academy Press, Washington, D.C.

NRC (National Research Council) (1990b), InternaidCooperation for Mars Exploration and SampleuRgt48
pp., The National Academy Press, Washington, D.C.

89



NRC (National Research Council) (1994), An Integdabtrategy for the Planetary Sciences: 1995-2D1€,
National Academy Press, Washington, D.C.

NRC (National Research Council) (1996), Review &f9\'s Planned Mars Program, 43 pp., The National
Academy Press, Washington, D.C.

NRC (National Research Council) (2003), AssessrmElars Science and Mission Priorities, 132 ppeTh
National Academies Press, Washington DC.

NRC (National Research Council) (2007), An Astrobiy Strategy for the Exploration of Mars, The dagl
Academies Press, Washington DC.

NRC (National Research Council) (2011), Vision &tayages for Planetary Science in the Decade 2022-2Dhe
National Academies Press, Washington DC.

NRC Committee on the Review of Planetary ProtedRequirements for Mars Sample Return Missions (2009
Assessment of Planetary Protection requirementsifos Sample Return Missions, 90 pp., The National
Academies Press, Washington DC.

Nyquist, L. E., et al. (2001), Ages and geologitdiies of Martian meteorites, Space Sci. Rev.1 96( 105-164.

Onstott, T. C., et al. (2006), The Origin and Ag@8mgeochemical Trends in Deep Fracture Watehef t
Witwatersrand Basin, South Africa, Geomicrobioldgurnal, 23(6), 369-414.

Orange, F., et al. (2009), Experimental silicifioatof the extremophilic Archaea Pyrococcus abgssi
Methanocaldococcus jannaschii: applications instrerch for evidence of life in early Earth and
extraterrestrial rocks, Geobiology, 7(4), 403-418.

Osterloo, M. M., et al. (2008), Chloride-Bearing téi@als in the Southern Highlands of Mars, Sciel3d€(5870),
1651-1654.

Papike, J. J., et al. (2009), Silicate mineralofysnartian meteorites, Geochim. Cosmochim. Acta24R(7443-
7485.

Parnell, J., et al. (2007), Searching for life oars selection of molecular targets for ESA's aafexoMars
mission, Astrobiology, 7(4), 578-604.

Pepin, R. (2000), On the Isotopic Composition afrdrdial Xenon in Terrestrial Planet Atmosphergza& Sci.
Rev., 92(1), 371-395.

Pepin, R. O. (1991), On the origin and early evolubf terrestrial planet atmospheres and meteordlatiles,
Icarus, 92(1), 2-79.

Pepin, R. O. (1994), Evolution of the Martian atpiosre, Icarus, 111(2), 289-304.

Pepin, R. O. (2006), Atmospheres on the terregiféaiets: Clues to origin and evolution, Earth Bitahetary
Science Letters, 252(1-2), 1-14.

Perl, S. M., et al. (2007), Volumes and OrientatibSecondary Porosity in the Burns Formation, Kliarii
Planum, Mars, in Lunar and Planetary Institute SmeConference Abstracts, edited, p. 2226.

Pettijohn, F. J. (1984), Memoirs of an Unrepentatd Geologist, 260 pp., University of Chicago $&,eChicago.

Pondrelli, M., et al. (2008), Evolution and depsial environments of the Eberswalde fan delta,dylaarus,
197(2), 429-451.

Poulet, F., et al. (2005), Phyllosilicates on Mansl implications for early martian climate, Natut88(7068), 623-
627.

Price, H., et al. (2000), Mars Sample Return spadesystems architecture, paper presented at paces
Conference Proceedings, 2000 IEEE, 2000.

Proskurowski, G., et al. (2008), Abiogenic hydrdiar production at Lost City hydrothermal field, &uie,
319(5863), 604-607.

Quinn, R., et al. (2006), The Photochemical Stgbdf Carbonates on Mars, Astrobiology, 6, 581-591.

Rogers, A. D. (2010), Crustal compositions expdsgimpact craters in the Tyrrhena Terra region afr$
Considerations for Noachian environments, EarthRladetary Science Letters, 301(1-2), 353-364.

Rogers, A. D., and J. L. Bandfield (2009), Minetad@al characterization of Mars Science Laborat@mydidate
landing sites from THEMIS and TES data, Icarus,(2p3437-453.

Rouchy, J., and C. Monty (1981), Stromatolites arygtalgal laminites associated with Messinian gyp®f
Cyprus, Phanerozoic Stromatolites, 155-180.

Ruff, S. W. (2004), Spectral evidence for zeolitéhe dust on Mars, Icarus, 168(1), 131-143.

Ruff, S. W., et al. (2006), The rocks of Gusev €rais viewed by the Mini-TES instrument, J. GeopRes.,
111(E12), E12S18.

Ruff, S. W., et al. (2011), Characteristics, dmmition, origin, and significance of opaline silicbserved by the
Spirit rover in Gusev crater, Mars, J. Geophys..REkS5, EO0F23.

90



Rummel, J. D., et al. (2002), A draft test protomoldetecting possible biohazards in martian sespdturned to
Earth, NASA publication CP-2002-211842, NASA, Was}ton, DC.

Schmidt, M. E. and McCoy, T. J. (2010). The evalntof a heterogeneous Martian mantle: Clues froR Kii, Cr,
and Ni variations in Gusev basalts and shergoatigeorites. Earth and Planetary Science LetteG, @B
77.

Schopf, J., and B. Packer (1987), Early ArcheaB-f8lion to 3.5-billion-year-old) microfossils fro Warrawoona
Group, Australia, Science, 237(4810), 70-73.

Schopf, J. W. (2006), Fossil evidence of Archadfan Philosophical Transactions of the Royal Sockt
Biological Sciences, 361(1470), 869-885.

Segura, T. L., et al. (2002), Environmental Effegfttarge Impacts on Mars, Science, 298(5600), 1B980.

Sherwood Lollar, B., et al. (2006), Unravelling@ipenic and biogenic sources of methane in the Eattep
subsurface, Chemical Geology, 226(3-4), 328-339.

Smith, P. H., et al. (2009), H20 at the Phoenixdiag Site, Science, 325(5936), 58-61.

Squyres, S. W., et al. (2007), Pyroclastic ActidtyHome Plate in Gusev Crater, Mars, Science,580%), 738-
742.

Squyres, S. W., et al. (2004a), The Spirit Rowkitena Science Investigation at Gusev Crater, M2cgnce,
305(5685), 794-799.

Squyres, S. W., et al. (2004b), The Opportunity &@vAthena Science Investigation at Meridiani BlanMars,
Science, 306(5702), 1698-1703.

Squyres, S. W., et al. (2006), Rocks of the Colanttills, J. Geophys. Res., 111(E2), E02S11.

Squyres, S. W., et al. (2008), Detection of SilRiah Deposits on Mars, Science, 320(5879), 1063¢106

Squyres, S. W., et al. (2004c), In Situ Evidenaeafo Ancient Aqueous Environment at Meridiani Plandars,
Science, 306(5702), 1709-1714.

Stalport, F., et al. (2009), Investigating the Ristdbility of Carboxylic Acids Exposed to Mars Sgé Ultraviolet
Radiation Conditions, Astrobiology, 9(6), 543-549.

Steele, A, et al. (2007), Comprehensive imagirdjRaman spectroscopy of carbonate globules frontidar
meteorite ALH 84001 and a terrestrial analogue f@ralbard, Meteoritics & Planetary Science, 42(9),
1549-1566.

Steltzner, A., et al. (2006), Mars Science Labasagmtry, descent, and landing system, paper predext
Aerospace Conference, 2006 IEEE, Big Sky, MT.

Stevenson, D. J., et al. (1983), Magnetism andriakevolution of the terrestrial planets, Icaru&(3, 466-489.

Stolper, E., and H. Y. McSween (1979), Petrology @migin of the Shergottite Meteorites, Geochims@ochim.
Acta, 43(9), 1475-1498.

Sullivan, R., et al. (2008), Wind-driven particl®bility on Mars: Insights from Mars Exploration Rav
observations at "El Dorado" and surroundings ate@ @rater, J. Geophys. Res., 113(E6), E06S07.

Sullivan, R., et al. (2005), Aeoclian processedatMars Exploration Rover Meridiani Planum landsitg, Nature,
436(7047), 58-61.

Summons, R. E., et al. (2011), Preservation of iiai®rganic and Environmental Records: Final Repbthe
Mars Biosignature Working Group, Astrobiology, 15,7-181.

Swindle, T. D. (2002), Martian Noble Gases, Reviawslineralogy and Geochemistry, 47(1), 171-190.

Swindle, T. D., et al. (1986), Xenon and other eadses in shergottites, Geochim. Cosmochim. A&), 1001-
1015.

Swindle, T. D., et al. (2009), Incorporation of angkrypton and xenon into clathrates on Mars,usa03(1), 66-
70.

Thomas-Keprta, K. L., et al. (2009), Origins of matite nanocrystals in Martian meteorite ALH840GEochim.
Cosmochim. Acta, 73(21), 6631-6677.

Tosca, N. J., et al. (2008), Water Activity and €teallenge for Life on Early Mars, Science, 320®88204-1207.

Treiman, A. H., and E. J. Essene (2011), Chemialposition of magnetite in Martian meteorite ALHO®4.:
Revised appraisal from thermochemistry of phasé®iVg-C-O, Geochim. Cosmochim. Acta, 75(18),
5324-5335.

United Nations (1966), Treaty on Principles Govegihe Activities of States in the Exploration agse of Outer
Space, including the Moon and other Celestial lmdRef. 610 UNTS 205 - Resolution 222 (XXI) of 19
December 1966, ratified on 27 January 1967.

Wacey, D., et al. (2011), Microfossils of sulphuetabolizing cells in 3.4-billion-year-old rocks \éfestern
Australia, Nature Geosci, advance online publicatio

91



Walter, M. (1983), Archean stromatolites- Evidenf¢he earth's earliest benthos, Earth's earliesphere: Its
origin and evolution(A 84-43051 21-51). Princetbid, Princeton University Press, 1983, 187-213.

Walter, M. R. (1996), Ancient Hydrothermal Ecosysseon Earth: A new Palaeobiological Frontier, ib&i
Foundation Symposium 202 - Evolution of Hydrotherieosystems on Earth (And Mars?), edited, pp. 112-
130, John Wiley & Sons, Ltd.

Walter, M. R., and D. J. Des Marais (1993), Prestion of Biological Information in Thermal SpringePosits:
Developing a Strategy for the Search for Fossi loh Mars, Icarus, 101(1), 129-143.

Walton, E. L., et al. (2008), Isotopic and petrquria evidence for young Martian basalts, Geochimsr@ochim.
Acta, 72(23), 5819-5837.

Wang, A., et al. (2008), Light-toned salty soilsglaoexisting Si-rich species discovered by the Magsloration
Rover Spirit in Columbia Hills, J. Geophys. Red.3(E12), E12540.

Weiss, B. P., et al. (2008), Paleointensity ofdaheient Martian magnetic field, Geophys. Res. |88&(23),
L23207.

Westall, F., et al. (2006), The 3.466 Ga "Kittyap3Cheil," an early Archean microbial ecosysteny-181 pp.

Wilson, L., and J. W. Head, Ill (1994), Mars: Reviand analysis of volcanic eruption theory andtiefeships to
observed landforms, Rev. Geophys., 32(3), 221-263.

Yen, A. S, et al. (2006), Decomposition of Orga@@mpounds at the Martian Surface, AGU Fall Meeting
Abstracts, 13, 1114.

Yen, A. S, et al. (2005), An integrated view of themistry and mineralogy of martian soils, Natd&6(7047),
49-54.

Yen, A. S, et al. (2000), Evidence That the Red#gtdf the Martian Soil Is Due to Superoxide loSsjence,
289(5486), 1909-1912.

Yen, A. S., et al. (2008), Hydrothermal procesdeSusev Crater: An evaluation of Paso Robles dads, J.
Geophys. Res., 113(E6), E06S10.

Younse, P., et al. (2010), A Sample Handling, Esafgiion, and Containerization Subsystem Conceptifrs
Sample Caching Missions. , paper presented aniatienal Planetary Probe Workshop (IPPW-7).

92



A. Appendices
A-1 Glossary

Aeolian deposits: Any accumulation of wind-blown sediment that oscun recognizable
bedforms or morphologies

Air fall dust: fine grained material that has settled from tmecsphere

Altered rocks: general category for materials that include angeaus, sedimentary, or
metamorphic materials that have been secondatédyeal by fluids passing through them.

Astrobiology: used as synonym of Exobiology in this report

Bioburden: a quantitative estimate of the number of viableraorganisms or viable biomass
IN or ON a device, surface, or raw material. Buriedburden indicates specifically the
bioburden that is not accessible to surface-sterdiinfluences.

Exobiology: used as synonym of Astrobiology in this report

Extrusive/effusive: rock that solidified after reaching the surface

Felsic: rock consisting entirely of feldspars, feldspatispiand/or quartz

Float: isolated displaced fragments of rock on the serfac

Hydrothermal deposits-sediments: geologic materials deposited at the surface from ho
circulating fluids derived from magmatic or volcamictivity.

Hydrothermally altered rocks: rocks altered by magmatic or volcanic activity; icgily
originating from higher T processes. In contrés term low temperature fluid-altered rocks
include those related to subsurface alteration leyeoric fluids i.e. fluids derived ultimately
from surface via recharge e.g. low T serpentinizgtcarbonate fracture mineral formation.
Igneous: Rock formed by solidification from a molten or paltyy molten state

Intrusive: Rock that solidified before reaching the surface

Regolith: The entire layer of fragmental and loose, incohigrer unconsolidated rock material
of any origin that mantles more coherent bedrock

(Sample) Suite:a set of samples connected by some sort of rekdtipn

Soil: any loose, unconsolidated material that can kendisished from rocks, bedrock, or
strongly cohesive sediments but has no singulgirori
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Subagueous sediments / Sub-aqueously deposited sué sedimentsinclude those deposited
by standing or flowing surface waters (such aska)leor by groundwater (e.g. playas, tufa style
deposition).

Ultramafic: rock containing virtually no quartz or feldspardaconsisting entirely of Fe-Mg
silicates, metallic oxides and sulfides

Xenolithic: pertaining to rock fragments that are foreignh® igneous rock in which they occur

A-2 Charter of this study

The proposed Mars sample return campaign wouldhmevthree flight elements: (1) sample
collection/caching, (2) launch of the sample caictte Mars orbit, (3) collection and return to
Earth of the sample cache. A fourth element wanNdlve transport of the sample cache to a
sample receiving facility (SRF). The proposed mitiie objectives of this four-element set of
activities can be thought of in two categories:

1. Science that would be derived from the overalinpaign, culminating in the
study of the returned samples on Earth, and
2. Science that would be accomplished by each omssgement at Mars, in support

of the campaign goals, by means of instruments itight be present on the
individual flight elements.

Planning for the second category needs to be cerezidone mission at a time, and be linked to
specific constraints related to planetary dynamieass, energy, and the financial environment
of the time. This can be carried out through foduB#EPAG Science Analysis Group (SAG)
discussions and/or through mission-specific Sciddegnition Teams (SDT). However, each of
the four elements would need to support overall M&Rnpaign objectives that are broader than
the individual missions themselves. Thereforedhmgerall objectives need to be understood in
sufficient detail at an early stage in order tanptarrectly for the roles of each of the component
missions. This is the focus of the science analgsijsested in this charter by MEPAG.

A-2.1 Charter Assumptions

1. Assume that the “campaign-level” science obyestiare derived from NRC reports (e.g.,
An Astrobiology Strategy for the Exploration of Marand from the analyses by MEPAG
Science Analysis Groups: ND-SAG (2008), MRR-SAGQQ), 2R-iSAG (2010).

2. Assume that the MSR Campaign would consist vérse flight elements (as described in
presentations to MEPAG and the Planetary Decadale$)y each of which must have a
“controlled appetite” in areas such as missionrimsentation and sample preservation. Further
assume that:
a. The proposed 2018 rover mission would prepageoomore caches of carefully
selected samples for return to Earth from a wedirabterized site.
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b. The cache would be retrieved by a later “Fetolver, delivered to the surface on
a platform with the Mars Ascent Vehicle that wordturn the samples to Mars orbit.

3. Assume that the following sample acquisitionctionality is available to the MSR
Campaign (note that these are planning assumptiohslecisions):

a. At least 20 encapsulated surface or subsurtaoelss of at least ~10 grams each,
in addition to any necessary positive and negatbrerol standards, to be scientifically
selected and packaged using the instruments gordp@sed MAX-C/ExoMars.

b. One or more regolith samples collected fromittmediate vicinity of the MSR
lander by a deck- or body-mounted sampling system.

C. One atmospheric gas sample collected into sedapressurized container. The
combination of volume and pressure is TBD.

A-2.2 Methodology and approach

A-2.2.1 Requested Tasks

1. MSR Campaign Science Objectives. Based onquewvork (e.g., references in
Assumption #1 above), consolidate and prioritizefarence set of “campaign-level” science
objectives, from which the science-related requeets for the individual flight missions could
be derived, and trades between them could be worRadicular detail is required at this stage
in areas that would affect the proposed 2018 saigmhission.

2. Derived Criteria. Map each reference MSR Campacience objective to specific
requirements (within the context of Assumption #2\&) regarding: 1) sample acquisition and
handling and 2) site selection criteria. This\attishould include (where possible)
identification of “threshold” criteria and discusaiof the scientific value gained by meeting
additional requirements. Specific points to coas@re:

a. Samples:

I. Relative priorities for sampling different rotjpes (e.g., how diverse should/must the
sample collection be?)

il Value of subsurface material that may be predidhy an ExoMars-type drill for inclusion
in the sample cache (e.g., the value of cuttings sEmple or the kind of encapsulation needed)
iii. Nature and priority of regolith samples (e.grain size to be captured)

iv. Nature and priority of gas samples (e.g., valibeadspace gas)

b. Instrumentation: Threshold capabilities requiii@ adequate in situ characterization
needed to support sample selection.

C. Landing Site Criteria: Threshold landing siteestific attributes (those that must be

present for any site to be considered), as wejuadifying scientific attributes that might make a
candidate site more attractive from the point efwof each MSR-Campaign science objective.
I. Are there suitable candidate sites for the MS#n@aign in the 5S to 25N latitude band
at elevations less than -1 km?
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il. What is the value of going to sites outsidelo$ latitude band?

3. Reference landing sites. To assist in planthiegengineering of the landed elements of the
MSR Campaign, identify several reference landibgssof interest that contain the proposed
attributes. The purpose of these sites is to thegngineers design the mission elements in a
way that at least some sites of interest coulddoessed. Note that these reference sites will not
carry any formal status; there will be an independending site competition.

4, Inputs to Technology Planning. Assess the pyrmaplications of the results of the
above two tasks (#2-3) for technology planningr &ample, what are the implications for
priorities in the areas of EDL capability, hazawidance, and mobility?

A-2.2.2 Methods

 The iSAG is asked to conduct its business piignaia telecons, e-mail, and/or web-
based processes. At least one face-to-face mastergouraged, given the complexities
of issues listed above.

* The Mars Program Office at JPL will provide lstigal support.

A-2-2.3 Deliverables, Schedule

* The SAG is expected to begin its discussionaibgyust 2010.

* Lead adiscussion on the E2E-ISAG’s essentiattehissues at the MEPAG meeting of
Sept. 30-Oct. 1, 2010, giving the community a cleaicgprovide input.

* A mid-term report in PowerPoint format by Decenfh, 2010, which will be delivered
and discussed at a townhall meeting at the Fall AGhference.

» Afinal white paper report by the Spring, 201ERIMG meeting (tentatively June, 2011),
and a major presentation/discussion of that report.

A-4 Scientific risk for the MSR Campaign

While Mars sample return has many science objegtitiee main thrust would be to bring

samples to Earth and to examine them for eviderfc@ast or present life and prebiotic

chemistry. Return of samples from Mars is an emoleavith significant risks related to the

uncertainties of a pioneering mission. As with @lilblazing efforts, the proposed MSR

Campaign has the potential for extraordinary higivards. Discovery and characterization of
another form of life, whether extinct or extant,uleb be a transforming event in the history of
science.

There are several different kinds of risks. Theme political risks. The current plan of caching

samples in the expectation that a future, as yktngied, mission would return the samples has
obvious political risk. The distribution of sampland the type of scientific work permitted on
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political and ethical grounds may also bring ureety to the mission. Collecting and caching
samples on Mars, rendezvousing with the cache etadning it safely to Earth are complex and
difficult endeavors, with significant engineeringsks. Discussion of both political and
engineering risks is outside the charter of thisugr However, we are cognizant of several
science risks. In Table A7 some risks are listedl steps that might be taken to alleviate them.

It may be that life may never have started on Muaysf it did, no evidence of it survives in the
landing area selected for the MSR Campaign. Fataiy the value of returned samples is not
restricted to the search for life. Almost everpexd of Mars’ science, including climate change,
atmospheric evolution, geologic evolution and poébi chemistry would be significantly
advanced by the acquisition of samples. With samph hand the analytical capabilities of
laboratories worldwide could be devoted to bettedarstanding of these issues. For example,
an outstanding question — that may be viewed asiemtffic risk — is whether life on other
planets could be defined in the same manner a®iif&arth or if it must be defined by other
unusual features beyond our scientific experienddultiple analyses of martian samples on
Earth would allow us to use the scientific metho@ddress this question.

Another science risk is that our pre-landing moaofethe geology of the sample site may be
incorrect so that the sample site does not yieddtyipe of samples that we expect. This risk
could be offset by continuing an active remote sgnprogram and supporting a landing site
selection process with broad participation of tbiersce community. Another science risk is that
the optimum science sites do not meet the engmgeriteria for safe landing. This risk could
be offset by a combination of the choice of landsig and &go to” capability so that the
landing could be in a safe area and the rover calel to the science-rich regions.

Another risk is that the site may be of the appaiprtype, but we are unable to recognize the
most valuable sample(s) at the site. The sampfagcle must, therefore, have a diverse array
of analytical instruments as well as a tool(s)xpase a surface of the sample that is unaffected
by surface weathering. In this way, crucial intlica of rock type (mineralogy, geochemistry,
and texture) and potential habitability (e.g., erigacontent and texture) would be recognized as
the landing site is explored. Furthermore, theislehmust operate for long enough that
sufficient information could be collected to seléw best samples for caching.

A risk associated with sampling and return of saspirom Mars relates to the unknown
chemical and mechanical integrity of the sampl@gain, including analytical instruments and
tool(s) on the rover to remove weathering rinds Midielp alleviate the risk related to sampling
unknown materials or materials with different cheahiand mechanical properties. In addition,
a comprehensive testing program would help us wtaled the nature of the changes that are
undergone during sample acquisition, storage amsport to Earth.

Engineering analyses are not part of this repart abdetailed investigation of the future ‘trades’
necessary to contain complexity, cost and oveeabibility is warranted because engineering
may pose risk to the science outcomes. For exarti@aisks associated with caching would be
reduced if two separate caches were left on thiaairfor later retrievalNRC, 201). Two

caches would provide redundancy if a cache isdastto a later mission failure and would not
necessitate reflight of the caching part of thesmis. However, it is uncertain if the extra
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investment required for two caches is balancedhieyréduction in risk. In addition, there are
considerable uncertainty regarding coring and ecosgamination using the same bits and the
means to correct errors during core-break off.

It is possible that the most interesting sites mnayencountered late in the landed mission after
most of the sample slots have been filled. Thevalavbe pressure to fill the sample slots early
in the mission as in situ characterization of theeasible materials yields new insights and for
fear that the rover lifetime may be limited. Thisk could be offset by having a significant

reserve of sample slots and the ability to reptakected samples with newly acquired samples.

It is critical that the public is educated on tretgmtial risks of samples returned from Mars to

health, and the planetary protection (quarantinepsures to be used. Sample return and
analysis would require a good understanding ofethissues and it is essential that facilities

would be in place with trained staff well in advaraf sample return. Planning should begin for
a Sample Return Facility location as soon as plessibn addition, it is necessary that the

analytical capabilities in the SRF would be adeguat evaluating planetary protection issues,
as well as evaluating major questions about Mars.

Ref. Science Risk Possible mitigation strategy

: 1 H GOTO ility. | landin, acy. Add EDL bilit
Safelanding area may be nadequate tozchieve | "% 2070 e T B o e it
returned sample science objectives. ssbossible ’ P #
Site may not be correctly interpreted from orbit, and | Keep up an active orbital imaging program, and carry out a landing site
2 [for this reason not have the samples we want/need to |selection process that is as open as possible. Choose site that has

meet MSR science goals diverse science goals, not narrowly focussed.

3 The landing site has the samples we want/need, but | Ensure that the instruments necessary to identify the samples of
we are not able to recognize them. interest are present, and that the rover has enough time to use them.

a Sample retrieval may not happen because of Choose sites and instruments that provide good science independent of
engineering, funding or political issues sample return

5 Most interesting samples may be encountered late in  |Have adequate reserves of sample tubes, and capability of replacement
the mission, and are not cacheable. in cache

6 B N e e Educate public on risks and planetary protection measures

hinder approval of their return and analysis
7 |Public perception of failure if no life found

Chemical and mechanical integrity of samples
8 |compromised during acquisition, storage, and

Emphasize multiple science goals (life, climate change, planetary
evolution, abiotic chemistry)

Comprehsive testing program with different geologic materials,
different acquisition techniques, etc.

transport
9 Samples compromised by sample handling procedures | Construct SRF and supporting facilites, staff and train paticipating
after receipt on Earth personnel, well before Earth return

Table A1: Examples of scientific risks of the MSR campaign

A-5 Planetary protection issues/opportunities

Introduction

Planetary Protection encompasses both protecting Mam terrestrial contamination (forward
protection) and protecting the Earth from potehtidlarmful materials returned from Mars
(backward contamination). A major concern of fordvaontamination is to limit introduction of
any terrestrial materials onto the martian surtae¢ might compromise detections of any extinct
or extant life forms or traces of any pre-bioticestistry by future missions. This is
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accomplished mainly through internationally agrapdn controls on sterilization and bioburden
that depend among other things on the mission &ypk target bodfCOSPAR, 201}l The
main concern of back protection is to contain seéeld usefully any returned samples until they
are demonstrated to be harmless.

Information

When the returned samples are evaluated in Eabibrdéories, the needs of both planetary
protection and scientific research can only be eimaking measurements on the samples.
Since the quantity of sample material available vdae highly limited, it would be crucial to
develop an understanding of the measurements tbaldwe in common to PP and science.
Although PP and science may have different needadcuracy and precision in returned sample
measurements, it should be possible to determinehvdne has more stringent requirements for
certain classes of information, and produce at lsasie of the data in a coordinated way. This
would be an important strategy to conserve samplesm Examples of data of relevance in both
arenas might include mineralogy, texture, and dgyaarbon concentration and speciation.
There would also be data required by both PP ailedce that are not in common.

The justification for the mission is to conduct #gxg and cutting edge science. If this cannot be
achieved, the mission should not be flown. Thelggo& planetary protection are also critical,
and if they cannot be met, the mission also shadt be flown. Because of engineering
considerations, the amount of sample returned tthBaould be quite limited. Thus, there is
very high pressure for both science and PP to leamto achieve their purposes with as small a
guantity of sample as possible. Finding ways toimize destructive sample testing, and to
maximize sample re-use (so that sample materiat fa initial use could all or in part also be
used for a subsequent use) would be essentialctlizxeow the sample-related demands between
science and PP would be balanced is deferred toefyianels, but we encourage those panels to
work cooperatively together.

Issues of sample size and diversity

As discussed at length in this report, in ordelndge the best chance of finding the signs of past
or present life, sample variety must be maximiz&tultiple small samples (perhaps in the 2-5g
range) would almost certainly be more useful théevalarge (50g) ones. However, the smaller
the samples, the more difficult it may be to rendegments on the safety of individual samples
and the collection as a whole. This trade-off lestwthe desirability of heterogeneity from the
point of view of science, and the possible difftgudf dealing with heterogeneity by PP, must be
studied and a proper balance found.

It is possible that traces of life on Mars may leeyvrare and heterogeneously distributed, and
the concentration of organics in the soil may bey/Vew. Thus, it is essential to avoid biological
contamination as well as organic contamination @rdand of the collected samples. Some
science-driven limits for organic and non-orgaroataminants are given iMahaffy et al (2004)
and MacPherson et al. (2008Yhe tables in these reports need to be updateeflart more
modern understanding of the needs and opportunitidse area. The proposed missions of the
MSR Campaign would ultimately be flown with a siagket of contamination control
requirements, so it is mandatory that science &ddnverge on acceptable values.
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The most recent and comprehensive summary of htuwned martian samples might be treated
on their return to Earth from a planetary protattijgerspective ilRummel et al. (2002)
Analytical technigues have, however, evolved sigaiftly since this study and an update of this
document is appropriate. Although the return oftraa samples to Earth may be decades away,
it is vital that sample requirements be understoodhe early design stages of the sample
acquisition system. We need to know what requerms Planetary Protection protocols would
impose for such things as sample mass, bioburdheits)i non-biologic contamination limits,
whether and what type of bioassays needed andrdo fa/e therefore recommend that as the
science requirements for sample return are beinguiated that a Planetary Protection panel be
established to update or replace Bemmel et al. (2002praft Test Protocol in order that the
sample acquisition system could be designed tefgaboth the science and the planetary
protection requirements.
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