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Abstract
Japan Aerospace Exploration Agency (JAXA) will launch a spacecraft in 2024 for a sample return
mission from Phobos (Martian Moons eXploration: MMX). Touchdown operations are planned to be
performed twice at different landing sites on the Phobos surface to collect >10 g of the Phobos surface
materials with coring and pneumatic sampling systems on board. The Sample Analysis Working Team
(SAWT) of MMX is now designing analytical protocols of the returned Phobos samples to shed light on
the origin of the Martian moons as well as the evolution of the Mars-moon system. Observations of
petrology and mineralogy, and measurements of bulk chemical compositions and stable isotopic ratios
of, e.g., O, Cr, and Ti can provide crucial information about the origin of Phobos. If Phobos is a captured
asteroid composed of primitive chondritic materials, as inferred from its re�ectance spectra, the nature of
organic matter as well as bulk H, N, and Zn isotopic compositions characterize the volatile materials in
the samples and constrain the type of the captured asteroid. Cosmogenic and solar wind components,
most pronounced in noble gas isotopic compositions, can reveal surface processes on Phobos. Long-
and short-lived radionuclide chronometry such as 53Mn-53Cr and 87Rb-87Sr systematics can date pivotal
events like impacts, thermal metamorphism, and aqueous alteration on Phobos. It should be noted that
the Phobos regolith is expected to contain a small amount of materials delivered from Mars, which may
be physically and chemically different from any Martian meteorites in our collection and thus are
particularly precious. The analysis plan will be designed to detect such Martian materials, if any, from the
returned samples dominated by the Phobos building blocks in curation procedures at JAXA before they
are processed for further analyses.

Main Text

Martian Moons eXploration (MMX)
How and when terrestrial planets acquired volatiles has been a long-standing debate (e.g., Marty, 2012).
Especially, the origin of water has been of considerable interest since it has played important roles in
shaping the surface environment, controlling climate stability, and supporting the emergence and
evolution of life (e.g., Genda, 2016). Although Mars shows several lines of evidence for the past presence
of liquid water as well as for a relatively thick atmosphere inferred from valley formation, erosion,
hydrous weathering, and a mineral record of water-rock interactions, these are not the characteristics of
Mars today (e.g., Carr and Head, 2010; Ehlmann et al., 2016; Usui, 2019). The origin of the Martian water
and atmosphere and the mechanisms of their loss over time would provide a better understanding of the
surface evolution and climate change of terrestrial planets (Usui et al. 2012; 2015; Kurokawa et al. 2015;
Jakosky 2020). Moreover, Mars has two small and irregular-shaped satellites: Phobos and Deimos. The
Martian moons must have witnessed the formation processes of the Mars-moon system and the volatile
delivery to the planet. Although the origin of the Martian moons still remains unknown (Rosenblatt, 2011),
it is closely related to the surface evolution of Mars and the acquisition of its volatiles.
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Japan Aerospace Exploration Agency (JAXA) will launch a spacecraft in 2024 for a sample return
mission from Phobos: Martian Moons eXploration (MMX). Touchdown operations will be performed to
collect > 10 g of the Phobos surface materials. The scienti�c goals of the MMX mission are (i) to reveal
the origin of Martian moons, and to make progress in our understanding of planetary system formation,
and of primordial material transport around the border between the inner and outer regions of the early
solar system, and (ii) to observe processes that impact the evolution of the Mars system from a new
vantage point, and to advance our understanding of Mars’ surface environment transition (Kuramoto et
al., 2018; Usui et al., 2020) (Table 1). Analyses of the Phobos regolith samples returned by MMX along
with remote sensing observations of the Phobos surface are expected to place key constraints on the
origin of the Martian moons and the evolution of the Mars-moon system. Note that the National
Academies of Sciences, Engineering, and Medicine (2019) has recommended that missions returning
samples from the Martian moons should be classi�ed as “unrestricted” Earth return in the framework of
the planetary protection policy maintained by the International Council for Scienti�c Unions (ICSU)
Committee on Space Research (COSPAR).
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Table 1
Mission goals and objectives, and key sample analyses

MMX Goals MMX Objectives Key Sample Analyses

Goal 1. To reveal the origin of
the Mars moons, and then to
make progress in our
understanding of planetary
system formation and of
primordial material transport
around the border between the
inner- and the outer-part of the
early solar system

Objective 1.1. To determine
whether the origin of
Phobos is captured asteroid
or giant impact

Texture and mineral composition;
major element composition; O-
and Cr-isotopes

Objective 1.2a. (In the case
of captured asteroid origin)
To understand the
primordial material delivery
process to the rocky planet
region and to constrain the
initial condition of the Mars
surface environment

O- and Cr-isotopes; texture and
mineral composition; major
element composition;
volatile/refractory elements; C-
and N-isotopes; organic matter;
presolar grains; remnant
magnetization; K-Ar systematics;
Al-Mg and Mn-Cr systematics; U-
Pb systematics

Objective 1.2b. (In the case
of giant impact origin) To
understand the satellite
formation via giant impact
and to evaluate how the
initial evolution of the Mars
environment was affected
by the moon forming event

O- and Cr-isotopes; texture and
mineral composition; major
element compositions; isotopes
of moderately volatile elements;
siderophile elements; K-Ar
systematics; U-Pb systematics;
Rb-Sr systematics

Objective 1.3. To constrain
the origin of Deimos

Texture and mineral composition;
major element composition; O-
and Cr-isotopes

Goal 2. To observe processes
that have impact on the
evolution of the Mars system
from the new vantage point and
to advance our understanding of
Mars surface environment
transition

Objective 2.1. To obtain a
basic picture of surface
processes of the airless
small body in its orbit
around Mars

Space weathering layer; solar
wind and cosmogenic
components; micrometeorite
bombardment; K-Ar systematics;
U-Pb systematics

Objective 2.2. To gain new
insight on Mars' surface
environment evolution

O- and Cr-isotopes; texture and
mineral compositions; major
element compositions; K-Ar
systematics; U-Pb systematics;
remnant magnetization; H-
isotopes

Regolith samples on Phobos are planned to be collected at two different landing sites. Phobos’ surface
exhibits heterogeneous re�ectance spectra consisting of two fundamental spectral units, ‘redder unit’ and
‘bluer unit’. The spectra of the two units are both dark, and the ‘redder unit’ shows increasing re�ectance
with increasing wavelength, whereas the ‘bluer unit’ has a somewhat �atter spectrum (e.g., Murchie and
Erard, 1996). If Phobos regolith samples are collected from both spectral units, then the
representativeness of the returned samples and the mechanism to cause such a spectral variation could
be elucidated.
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Two independent sampling systems using coring (C-) and pneumatic (P-) samplers will be employed in
the MMX mission (Usui et al., 2020). The C-sampler is operated using two core soil tubes with another
backup tube, each of which can collect > 10 g of regolith samples (Kato et al. 2020). These coring tubes
can penetrate the Phobos regolith and collect samples deeper than 2 cm. Penetration, vibration, and other
tests on Phobos soil simulants conducted by JAXA will evaluate to what extent the stratigraphy of the
Phobos surface materials can be preserved. On the other hand, the P-sampler will collect regolith samples
at the very surface of Phobos (Zacny et al. 2020). Thus, the regolith samples collected by the P-sampler
may show pronounced in�uence of solar wind, cosmic rays, and micrometeorite bombardment, like the
regolith samples on the asteroid Itokawa returned by the Hayabusa spacecraft (Nagao et al., 2011;
Noguchi et al., 2011).

The Sample Analysis Working Team (SAWT) of MMX is now designing analysis protocols of the returned
Phobos samples. The analytical protocols are aiming at maximizing the scienti�c results to be obtained
from the returned samples. In this paper, we �rst summarize the proposed formation scenarios of the
Martian moons and the expected characteristics of the samples returned by MMX. Next, we show the
initial analysis plans, separately designed for inorganic and organic analyses, to achieve the scienti�c
objectives of MMX. Then, we consider a special case where materials possibly transported from Mars to
Phobos are detected in the returned samples. Finally, we propose the handling processes of the returned
samples at JAXA.

Formation scenarios of the Martian moons and the
expected characteristics of samples returned by MMX
The origin of the Martian moons is controversial. Currently favored formation scenarios of the Martian
moons include (i) the captured asteroid scenario, where asteroids originating outside the Mars system
were gravitationally captured when passing by Mars (e.g., Hartmann 1990; Higuchi et al., 2017), and (ii)
the in-situ formation scenario, where the moons formed from a debris disk surrounding Mars produced by
a giant impact after the formation of Mars (e.g., Citron et al., 2015; Rosenblatt et al., 2016; Hyodo et al.,
2017). It is also possible that these moons formed by different mechanisms, though they share similar
traits, such as irregular shapes and spectral features.

The captured asteroid hypothesis is supported by the spectral features from visible to near-infrared
wavelength of Phobos and Deimos resembling D- or T-type asteroids possibly with indigenous water and
organic-rich features (e.g., Murchie and Erard, 1996; Rivkin et al., 2002a; Fraeman et al., 2012, 2014;
Pajola et al., 2013; Kanno et al., 2003; Yamamoto et al., 2018). Unique and primitive carbonaceous
chondrites Tagish Lake and Wisconsin Range (WIS) 91600 rich in organic matter (e.g., Pizzarello et al.,
2001; Nakamura-Messenger et al., 2006; Herd et al., 2011) show spectral similarities to D- or T-type
asteroids (Hiroi et al., 2001; 2005). Although D- and T-type asteroids are currently located in the outer
regions of the main asteroid belt and in the Jupiter Trojan regions (DeMeo and Carry, 2014), they may
have formed in the distal solar system (e.g., Vokrouhlický et al., 2016; Fujiya et al., 2019; Bryson et al.,
2020). The low density of Phobos is also similar to that of Tagish Lake, suggesting their nature as a
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primitive, porous material (Brown et al., 2000; Pätzold et al., 2014). It is also possible that the captured
small body was a comet or an extinct comet. In the case of the captured asteroid scenario, like primitive
carbonaceous chondrites of outer solar system origins, the moons are predicted to contain crystalline
silicates including phyllosilicates, carbonates, oxides, organic matter, and possibly, amorphous silicates
(Zolensky et al., 2002; Brearley, 2006; Nakamura-Messenger et al., 2006; Alexander et al., 2007; Leroux et
al., 2015; Krot et al., 2015). The Rosetta mission led by ESA revealed that the comet 67P/Churyumov
Gerasimenko has low re�ectance spectra, due to the presence of dark refractory polyaromatic
carbonaceous materials with opaque mineral phases (Quirico et al., 2016). The in-situ analysis of the
cometary dust particles by a mass spectrometer on board (The COmetary Secondary Ion Mass Analyzer:
COSIMA) also revealed that they are composed of abundant organic matter comprising nearly 45% in
mass with mostly anhydrous minerals (Bardyn et al., 2017). Carbonaceous chondrites contain many
types of organic compounds including volatile and semi-volatile organic matter, soluble organic matter
(SOM), and solvent-insoluble organic matter (IOM) that formed before and after the accretion of their
parent asteroids (e.g., Sephton et al., 2003; Derenne and Robert, 2010). Comets and primitive
carbonaceous chondrites of outer solar system origins are expected to contain more labile organic
compounds (i.e., amino acids, sugars, carboxylic acids, and short-chain hydrocarbons).

The inner solar system origins of captured asteroids cannot be ruled out, and in that case, the moons
may consist of volatile-poor chondritic materials with reduced, anhydrous materials such as olivine,
pyroxene, Fe-Ni metal, Fe-Ni sul�des, all of which can be found in ordinary chondrites (Brearley and
Jones, 1998). Refractory inclusions and chondrules, which characterize primitive chondrites, may also be
contained by the moons (Scott and Krot, 2003). An argument against the captured asteroid hypothesis is
that it is challenging to explain the current orbital parameters of Phobos and Deimos, i.e., their near-
circular and near-equatorial orbits (e.g., Burns, 1992; Rosenblatt, 2011).

Instead, the current orbits of the Martian moons favor the giant impact scenario. In that scenario the low
density of Phobos can be explained by a signi�cant amount of porosity resulting from piling up impact
debris. A numerical simulation suggests that a giant impact capable of creating Borealis basin, a large
basin in the northern hemisphere of Mars, could disperse su�cient amounts of debris from which at least
one of the moons could have formed (Citron et al., 2015). A recently proposed scenario is that Martian
satellites accreted within a debris disk, and an outward migration of larger satellites may have facilitated
accretion of two smaller satellites which eventually evolved into Phobos and Deimos, while the larger
satellites, in turn, fell back to Mars due to its tidal pull (Rosenblatt et al., 2016). The disk materials, i.e., the
building blocks of the Martian moons, were likely heated to temperatures as high as 2000 K (Hyodo et al.,
2017; Canup and Salmon, 2018), and thus, the moons may consist of glassy or recrystallized igneous
materials such as olivine, pyroxene, and plagioclase. At such high temperatures, most volatile materials
(e.g., water and organic materials) would have been lost. Thus, organic materials on Phobos, if present,
would have been derived by meteorites and/or from Mars after the formation of Phobos. In the case of
the giant impact scenario, the ingredients of the Martian moons are predicted to be a mixture of both
Martian and impactor materials with a mixing ratio depending on the impact angle (Hyodo et al., 2017).
The nature of the impactor is di�cult to predict but could be constrained by comparing the composition
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of returned Phobos regolith samples to the composition expected from condensation of a gas and solids
from a cooling melt in the impact-generated disk (Pignatale et al., 2018), and composition and
mineralogy of known Martian meteorites. Because the Martian materials contributing to the Martian
moons would originate from regions as deep as ~ 100 km from the Martian surface (Hyodo et al., 2017),
the moons could contain both Martian crust and mantle materials but would be depleted in metals that
had already formed the Martian core.

Deimos materials ejected by impacts could also be transferred to Phobos and the time-averaged �ux of
Deimos dust would be as high as 11% of the direct impactor �ux on Phobos (Nayak et al., 2016). The
distinction between the Phobos building blocks and transferred Deimos dust may be di�cult to determine
if the two moons have a similar composition, such as predicted in the giant impact scenario for the
Martian moons’ origin. If Phobos and Deimos are captured asteroids of different types, Deimos materials
could potentially be identi�ed in the returned samples by having distinct compositional and isotopic
signatures, such as seen in different meteorite types. Remote sensing observations indicate that there is
spectral similarity between Deimos and Phobos’ “redder unit” (Fraeman et al., 2012), and thus if MMX
samples are obtained from both of Phobos’ spectral units, the returned samples are well suited to search
for potential components from Deimos as well.

Finally, it should be noted that materials ejected from Mars to Phobos by asteroidal impacts might
account for a few hundreds of ppm of the entire Phobos regolith (Ramsley and Head, 2013; Hyodo et al.,
2019). The asteroidal impact events associated with the delivery of Martian materials to Phobos may
have lasted throughout Martian history. Therefore, the materials ejected from Mars might provide unique
information about the surface evolution of Mars, whereas crystallization ages of most Martian meteorites
are younger than 1.3 Ga (Nyquist et al., 2001).

Since the Martian materials ejected to Phobos are likely located near the surface of Mars, some of them
should contain upper crustal materials found in Martian meteorites such as shergottites (McSween,
2015). However, a numerical simulation shows that the impact ejecta from Mars to Phobos would also
include physically- and chemically-different materials from the Martian meteorites because the former
possibly includes less-shocked materials than the latter which is commonly shocked by > 5 GPa to eject
them to Earth (Fritz et al., 2005; Hyodo et al., 2019). Therefore, sedimentary rocks, which have widely been
observed on Mars but have rarely been found in Martian meteorites likely due to their fragile nature and
destruction during the ejection impact, could be delivered to Phobos (e.g., Malin et al., 2000; Lewis et al.,
2008). Clays, carbonates, sulfates, and chlorides are included in Martian sediments (Ehlmann and
Edwards, 2014), and could also be present in Phobos’ regolith. Thus, if Martian sedimentary rocks can be
detected in the returned samples, they would provide crucial information about the surface evolution of
Mars, such as eolian erosion and aqueous alteration, which cannot be obtained from Martian meteorites.
Perhaps we will see even biomarkers inherited from Mars, although MMX has been classi�ed as
“unrestricted” Earth Return without any concern about viable Phobos organisms to be returned.
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Key analyses of returned samples and connections to
remote sensing observations
Key analyses of the returned Phobos samples are summarized by Usui et al. (2020). As described below,
the key analyses and remote sensing observations are complementary (Figs. 1–4) and designed to work
together to achieve the mission objectives (Table. 1).

Valuable information about the origin of the Phobos building blocks can be derived from mineralogical
and petrological observations, and a micro-analysis of the physical properties of the returned samples.
The physical properties such as density, porosity, and strength of the returned samples can be compared
to macroscopic measurements of Phobos from remote sensing observations. In the case of the captured
asteroid scenario, the mineralogical and petrological information of the returned samples will permit
direct comparison between them and known meteorite groups such as CM, CI, and CR chondrites as well
as the Tagish Lake meteorite (e.g., Bunch and Chang, 1980; Tomeoka and Buseck, 1988; Weisberg et al.,
1993; Zolensky et al., 2002). Based on the matrix mineralogy of the samples, their primitiveness and their
degrees of aqueous alteration can be evaluated (Noguchi et al., 2017). In the case of the giant impact
scenario, the mineralogy and petrology of the returned samples can be compared with those expected for
condensation from gas and solids from a cooling melt in the impact-generated disk, calculated assuming
thermodynamic equilibrium (Pignatale et al., 2018). The mineralogy and petrology of the samples can be
corroborated by remote sensing observations of the Phobos surface (e.g., the presence/absence of
absorption at ~ 0.7 and ~ 2.7 µm indicative of hydrated minerals and at ~ 3.4 µm for macromolecular
organic solids; Rivkin et al., 2002b). Moreover, it is important to investigate possible correlations between
the mineralogy/petrology and sampling sites, especially between the ‘redder’ or ‘bluer’ spectral units.

Chemical compositions of the returned samples can be used to distinguish between chondritic and
Martian/impactor materials. The chemical composition of the Phobos surface measured by remote
sensing observations, such as by the gamma-ray and neutron spectrometer measurements of MMX’s
MEGANE (Mars-moon Exploration with Gamma rays and Neutrons) instrument (Lawrence et al., 2019),
can be compared with those of the returned samples, to provide global compositional context for
interpretation of the samples. In addition, the compositions of Martian igneous rocks analyzed by rovers
and of Martian meteorites can be utilized as references if the returned samples show diagnostic
characteristic in favor of the giant impact scenario (McSween, 2015).

Non-mass dependent isotopic compositions of, e.g., O, Ca, Ti, and Cr are a powerful tool to characterize
the source materials from which the samples formed and possibly their locations (Fig. 1). Different
meteorite groups, each of which is generally considered to have derived from distinct types of asteroids,
show unique isotopic signatures for these elements (e.g., Clayton, 1993; Trinquier et al., 2007; 2009;
Schiller et al. 2018). Especially, differences between carbonaceous chondrites (CCs) and non-
carbonaceous chondrites (NCs), the so-called isotopic dichotomy, is pronounced in a plot of Δ17O against
ε54Cr or ε50Ti values (Δ17O represents a deviation from the terrestrial fractionation line, de�ned by Δ17O 
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= δ17O − 0.52 × δ18O where δ17O and δ18O denote permil deviations of 17O/16O and 18O/16O ratios,
respectively, from terrestrial standard values. ε54Cr and ε50Ti denote parts per 10,000 deviations of
54Cr/52Cr and 50Ti/48Ti ratios, respectively, from terrestrial standard values) (Trinquier et al., 2009; Warren,
2011; Zhang et al. 2012; Kruijer et al., 2019). These techniques are generally used to identify the meteorite
groups, and critically the Martian meteorites. Isotopic measurements can also be used to identify if
Deimos materials are present that can be distinguished from Phobos materials.

In the case of the captured asteroid scenario, characterization of the returned samples is essential to
understand the nature of the volatiles supplied to terrestrial planets in the inner solar system (Fig. 2). Bulk
and microscale δ15N and δD values are useful for understanding the origin of the asteroid/comet
because 15N and 2H (D) enrichments are regarded as the characteristics of their exotic origin from the
cold outer solar system (Charnley and Rodgers, 2002; Marty, 2012; Füri and Marty, 2015; Kebukawa et al.,
2020). Marty et al. (2016) reported the diagram pro�les between the bulk elements (2H, 13C, 15N) and
noble gas to discuss the origins of these. In addition, magnetism studies can be used to determine the
formation distance from the Sun (Bryson et al., 2020). Abundances of isotopically anomalous grains, so-
called presolar grains, such as silicates, oxides, SiC, graphite, and diamond are indicators of the
primitiveness as well as the degree of thermal metamorphism/aqueous alteration of chondritic
meteorites (e.g., Leitner et al., 2020). Petrological and isotopic studies on any extant chondrules,
refractory inclusions, matrix etc. will also constrain the asteroidal geological history and classi�cation.
Analyses of organic matter for its chemical and isotopic compositions also provide crucial information
about the primordial materials and their evolution in the captured asteroid. Considering a potential
hypothesis, it is an interesting quest to understand the history of organic astrochemical processes
mediated by a migrated D-type asteroid (Brown et al., 2000; Fujiya et al., 2019). The molecular
compositions and isotopic compositions will be useful to constrain the low temperature chemical
reactions in the early solar system and to constrain the aqueous reactions in asteroids, comparing these
compositions with those of meteorites. Substantial nano-scale heterogeneities in δD and δ15N values in
the microorganic matter and lithological variations would be important characteristics indicating
primitive materials such as carbonaceous asteroids and comets (Busemann et al., 2006; Alexander et al.,
2007; Hashiguchi et al., 2015; Kebukawa et al., 2020).

In the case of the giant impact scenario, the mineral phases, chemical compositions, and texture of the
returned samples can constrain the scale and condition of the giant impact (Fig. 3). The scale and
condition of the giant impact can quantitatively be evaluated using stable isotopic tracers for moderately
volatile elements (MVE) such as Zn, Ga, and Rb which are known to highly fractionate by volatilization
following a giant impact (e.g., Paniello et al. 2012, Kato and Moynier 2017; Pringle and Moynier 2017).
Because of the moderate isotopic variations observed among chondrites compared to the fractionation
produced during evaporation (e.g. Pringle et al. 2017, Sossi et al. 2018), we expect to �nd unambiguous
evidence for or against the giant impact scenario, and the isotopic compositions of the impactor would
have little impact on our estimation of the extent of evaporation. Analyses of organic materials, which
would have been derived from meteorites and/or from Mars after the formation of Phobos, will provide
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information about the materials that delivered water and organic materials to Mars as well as the history
of Martian environments. Without the exact sample data from the Phobos surface, we still don’t know yet
about the fate of “original” organic matter after a hypothetical accretion process on the Martian system.
Since the time of the Apollo mission in the 1970s, we have shared the knowledge of Earth’s moon,
together with a lot of lessons and learns including appropriate sample assessments, analytical
procedures, and development of infrastructures through the sample-return mission (Taylor, 1975;
McCubbin et al., 2019). Given that the important organic data archives of lunar regolith samples with the
putative giant impact hypothesis, the secondary process of indigenous organic molecular formation
should be taken into consideration (e.g., Hare et al., 1970; Harada et al., 1971; Elsila et al., 2016a).

Chronological information obtained from radiometric dating of the returned samples along with crater
counting of Phobos’ surface can shed light on the evolution of Phobos (Schmedemann et al., 2014). In
the case of the captured asteroid scenario, the formation ages of primary materials, such as refractory
inclusions and chondrules which formed in the solar nebula, can be measured using the 26Al-26Mg
systematics unless it was disturbed by parent body processes like thermal metamorphism and aqueous
alteration (e.g., Nakashima et al., 2015; Kawasaki et al., 2019) (Fig. 2). The timing of thermal and/or
shock metamorphism can be constrained from 39Ar-40Ar (40K-40Ar) dating (e.g., Trieloff et al., 2003). The
timing of aqueous alteration can be inferred from 53Mn-53Cr ages of aqueously formed minerals such as
carbonate and Fe-rich olivine (Fujiya et al., 2012; Doyle et al., 2015). These radiometric ages could be
compared with the surface ages estimated from crater counting on the Phobos surface to constrain when
Phobos was captured by Mars’ gravity. In the case of the giant impact scenario, on the other hand, the
age of the Phobos-forming catastrophic impact event can be obtained from 39Ar-40Ar, 87Rb-87Sr, and
238,235U-206,207Pb dating together with the surface ages estimated from crater counting (Park et al., 2015;
Jourdan et al., 2017; Terada et al., 2018; Amsellem et al., 2020) (Fig. 3).

Surface processes such as space weathering and gardening of the Phobos regolith will also be
investigated from the returned samples (Fig. 4). Especially, a comparison between samples collected by
the C-sampler and P-sampler will be important for understanding the in�uence of surface processes on
this small airless body. Detailed observations of the surfaces of the returned samples can detect
morphological and/or mineralogical evidence for space weathering and micrometeorite bombardment
(Noguchi et al., 2011; Nakamura et al., 2012; Matsumoto et al., 2015). The space weathering features on
grain surfaces are prone to alteration on Earth even if the samples are kept in a vacuum chamber.
Quanti�cation of Fe valence states and the comparison with a time interval of a few month will enable us
to evaluate the pristineness of the sample surface. Relative and absolute abundances and isotopic
compositions of noble gases enable us to estimate the cosmic-ray and solar wind exposure ages
(Eberhardt et al., 1970; Wieler et al., 1996; Nagao et al., 2011). These exposure ages provide valuable
information about the residence time of small particles and the ages of surface terrains on Phobos. The
comparison between the extent of space weathering and exposure ages on one hand, and the surface
spectra of the sampling sites on the other hand, can reveal whether the spectral variability on the Phobos
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surface is a consequence of space weathering, which is considered to result from exposure of cosmic-ray
and/or solar wind, and micrometeorite bombardment.

Finally, constraints on the surface evolution of Mars could be placed if Martian materials ejected to
Phobos are detected in the returned samples (Fig. 5). Such Martian materials could be found by
petrographic and mineralogical observations (e.g., Fe/Mg and Fe/Mn ratios of ma�c silicates, and
anorthite component; Karner et al., 2003; 2006), and their exact origin could be further corroborated by
measuring O, Ca, Ti, and Cr isotopic compositions. Since Martian materials are predicted to have been
ejected throughout the entire history of Mars, their formation ages obtained by 39Ar-40Ar, 87Rb-87Sr and
238,235U-206,207Pb dating are essential information about Mars’ surface evolution through time. Along with
the radiometric dating, mineralogical/petrological observations of the Martian materials will provide new
insights into the compositions of the surface materials and their evolution. Hydrogen isotopic
compositions of phosphate and hydrous minerals, both of which contain hydroxyl or H2O, can provide
detailed knowledge about when and how the surface water and atmosphere of Mars were lost (e.g.,
Greenwood et al., 2008). In addition, any measurement of remnant magnetization of the Martian
materials would be quite intriguing. Because Martian meteorites typically underwent shock
metamorphism to > 5 GPa, which would reset any remnant magnetism (Rochette et al., 2001; Bezaeva et
al., 2007), the Martian materials ejected to Phobos with lower shock pressures could provide unique clues
to better understand the possible evolution of the Martian magnetic �eld over the planet’s history.

Inorganic analyses
The proposed protocols for inorganic analyses are shown in Fig. 6. We will �rst perform mineralogical
observations and qualitative analyses of chemical compositions of the sample grains using a Scanning
Electron Microscope (SEM) equipped with an Energy Dispersive X-ray Spectrometer (EDS) (Nakamura et
al., 2011). Selected grains will be analyzed using Raman spectroscopy and Fourier Transform Infrared
Spectroscopy (FT-IR) for further characterization of the samples, and studied for their magnetism using a
superconducting quantum interference device (SQUID).

Grains larger than ~ 1 mm can be analyzed for bulk chemical compositions or stable isotopic
compositions of, e.g., O, Ti, Cr, and Zn. Before bulk analyses, we must check for any apparent
contamination from the laboratory or spacecraft using SEM. In addition, we will perform X-ray Absorption
Near Edge Structure (XANES) analyses for Fe to monitor a possible change in the Fe valence states
resulting from terrestrial alteration (Monkawa et al., 2010). Grains larger than a few hundreds of microns
may contain a variety of minerals within them. For bulk Ti-, Cr-, and Zn-isotope analyses, it is important to
recognize mineral phases and their Ti, Cr, and Zn abundances in the grains to ensure that the required
analytical precisions can be achieved. Thus, we will perform X-ray diffraction (XRD) analyses to identify
mineral phases before bulk analyses (Nakamura et al., 2011).

The bulk chemical compositions will be measured by Inductively-Coupled-Plasma Mass Spectrometry
(ICP-MS) and may possibly already discriminate between a captured asteroid (possibly chondritic) and
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Mars/impactor-derived materials (non-chondritic, fractionated). In the captured asteroid scenario, a
combination of volatile, moderately volatile, and refractory element contents is useful to distinguish
different carbonaceous chondrite groups (Friedrich et al., 2002). In the giant impact scenario,
measurements of highly siderophile element (HSE) concentrations would be interesting. Since the
abundances of HSEs in the terrestrial and Martian mantles are similar and about 200 times lower than
the chondritic abundances, the proportion of the impactor (chondritic) materials consisting of Phobos
might be evaluated from HSE concentrations (Walker, 2009). In addition, MVE would be expected to be
highly depleted as observed for the Moon compared to any groups of chondrites or Martian meteorites
(shergottites, nakhlites, and chassignites; SNC meteorites) (Day and Moynier, 2014).

The most powerful tool to investigate the origin of Phobos’ building blocks would be stable isotopic
ratios of elements like O, Ca, Ti, and Cr. Δ17O values of a few mg silicate samples (approximately 1 mm3)
can be measured by a laser �uorination system with an analytical precision of less than 0.01‰, enough
to distinguish between different meteorite groups (e.g., Herwartz et al., 2014; Young et al., 2016;
Greenwood et al., 2018).

The Cr composition of extraterrestrial materials is usually measured by ICP-MS or Thermal Ionization
Mass Spectrometry (TIMS) (e.g., Mougel et al., 2018; Zhu et al., 2020), while Ti isotopic composition is
measured by ICP-MS (e.g., Trinquier et al. 2009). The mass of Cr and Ti required for such measurements
at high precision is roughly around 1 µg, which represent a few mg of samples whichever it is chondritic
(e.g., ~ 3000 ppm Cr and 500 ppm Ti) or differentiated like shergottites (~ 700 ppm Cr and 6000 ppm Ti)
(Brown et al., 2000; Taylor et al., 2002; Hibiya et al., 2019). Thus, a combined Cr and Ti analysis for the
returned samples larger than 1 mm seems feasible.

An isotopic dichotomy between CCs and NCs is also clearly demonstrated by Mo isotopic ratios in ε95Mo
versus ε94Mo space (ε95Mo versus ε94Mo denote parts per 10,000 deviations of 94Mo/96Mo and
95Mo/96Mo, respectively, from terrestrial standard values), where discrete regression lines can be drawn
for CC and NC data (Kruijer et al., 2017; Budde et al., 2019). In such a diagram, Mo isotopic ratios
produced by mixing two Mo reservoirs plot on a straight line connecting the two Mo endmembers (Budde
et al., 2019). This is a major advantage for using Mo isotopic ratios to investigate the origin of the
returned samples, because they might have such intermediate compositions in the case of the giant
impact origin where the composition of the Phobos building blocks are determined by mixing between the
Martian and impactor materials. However, a sample amount of ~ 500 mg with 1 ppm Mo, typical for
carbonaceous chondrites (Burkhardt et al., 2014), is required at present to obtain a precision of ~ 0.1ε
using ICP-MS, su�cient to distinguish between CCs and NCs. Martian meteorites may have even lower
Mo contents (Taylor et al., 2002). Therefore, Mo isotopic analyses of the returned samples might be
unrealistic.

Stable isotopic composition of MVE is usually measured by ICP-MS. For the stable isotopic composition
of MVE such as Zn, the amount of sample required would vary considerably depending on whether it is
chondritic (> 100 ppm) or volatile depleted like lunar basalts (~ 1 ppm) (Paniello et al., 2012). The most
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recent analytical development requires ~ 10 ng of Zn to produce high precision Zn isotopic data and ~ 
5 ng for slightly lower precision (van Kooten and Moynier, 2019). This therefore represents less than a mg
for a chondritic composition and ~ 10 mg for a volatile depleted composition. For other MVE, such as Ga
and Rb, isotopic measurements presently requires ~ 100 ng for high precision which represents 50 to
100 mg of volatile depleted material (and a few mg for chondritic composition) (e.g., Kato et al. 2018;
Pringle and Moynier, 2017). However, while the isotopic measurement of Zn has been actively optimized
to utilize a minimum amount of material, those of other MVE have not, leaving the opportunity for
improvements in the future and possibly in time for analysis of MMX material.

Radiometric dating for bulk samples with ICP-MS or TIMS can also be applied. 53Mn-53Cr, 87Rb-87Sr, and
238,235U-206,207Pb systematics will provide model ages of the samples by assuming their initial isotopic
compositions at the time of isotopic closure (e.g., Lugmair and Shukolyukov, 1998; Bouvier et al., 2018;
Amsellem et al., 2020). In the captured asteroid scenario, for example, the bulk 53Cr/52Cr and 55Mn/52Cr
ratios of the returned samples may plot on a regression line de�ned by bulk chondrite data, which has
been thought to represent the timing of Mn/Cr fractionation in the protoplanetary disk (Trinquier et al.,
2008). In the manner, we will possibly combine multiple grains to obtain their ages assuming their
formation at the same time.

If the returned samples are chondritic materials of a captured asteroid origin, bulk N and C isotopic
compositions will be measured for ~ a few mg grains using a isotope ratio mass spectrometer (IRMS)
(Grady et al., 2002). A stepped-combustion system enables us to attribute the N and C abundances and
isotopic compositions obtained during different temperature intervals to discrete components such as
organic species, carbonates, and presolar grains (e.g., SiC, graphite, and nanodiamond).

A noble gas MS can investigate cosmogenic nuclides and solar wind components which can shed light
on surface processing on Phobos. Helium, Ne, and Ar isotopic compositions have been obtained for the
samples from asteroid Itokawa as small as tens of micrometers (corresponding to ~ 0.1 µg) in size, and
the abundances of solar wind and cosmogenic components were determined from the Ne isotopic ratios
(Nagao et al., 2011). Krypton- and Xe-isotope analyses require higher sample amounts. Assuming
chondritic Kr and Xe concentrations of ~ 10− 9 cm3STP g− 1 (Busemann et al., 2000) and the detection
limit on 132Xe of 10− 15 to 10− 16 cm3STP g− 1 (Crowther and Gilmour, 2012; Meshik et al., 2014), sample
amounts of ~ 1 mg, comparable to the sample amounts for O-, Ti-, and Cr- isotope analyses, would be
required.

A noble gas MS can also be utilized to obtain 39Ar-40Ar ages of the returned samples. Previously, three
Itokawa grains with a total mass of 2 µg were analyzed as a group for Ar isotopic compositions, which
gave a 39Ar-40Ar age of 1.3 ± 0.3 Ga (Park et al., 2015). Another single Itokawa grain, which undergone
15–25 GPa impact shock pressure, has a 40Ar/39Ar age of 2.3 ± 0.1 Ga (Jourdan et al., 2017). However,
required sample amounts and corresponding errors are highly dependent on the K contents of the
samples.
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Since grains smaller than 1 mm are not suitable for “grain-by-grain” bulk analysis, they could be
embedded in epoxy resin and polished for in-situ analyses such as Secondary Ion Mass Spectrometry
(SIMS) and Laser-Ablation (LA) ICP-MS. Before polishing, we will perform XRD analyses to identify
mineral phases in the grains. XRD analyses can be combined with X-ray microtomography observations,
and successive 3D-computed tomography (CT) images can construct the internal three-dimensional
structures and help us to recognize what minerals are enclosed within the grains (Tsuchiyama et al.,
2011). The density and porosity of individual grains can also be determined from the 3D-CT images.
When polishing the samples, these 3D-CT images will be utilized to expose particular mineral phases of
interest on the polished surface. Subsequently the samples will be analyzed using SEM-EDS before
further analyses. These initial analyses could also identify phases highly susceptible to alteration, or
destruction by epoxy embedding, necessitating alternative analytical protocols. Further characterization
of the samples, e.g., quantitative analyses of chemical compositions, observations of crystallography,
and identi�cation of mineral phases, will be performed using an Electron Probe Micro Analyzer (EPMA),
Electron Back Scatter Diffraction (EBSD), and Raman spectroscopy.

The SIMS and LA-ICP-MS techniques will be utilized to obtain chemical and isotopic compositions in
small regions of the returned samples with a spatial resolution of a few to tens of micrometers.
Concentrations of trace elements such as rare earth elements (REEs) in mineral phases can be measured
by the LA-ICP-MS technique (e.g., Joy et al., 2006). Oxygen-isotope measurements by SIMS have widely
been applied to individual mineral grains in a polished thin section. Since an analytical precision of ~ 
0.3‰ on Δ17O values can be achieved, we could distinguish the Δ17O difference of ~ 0.3‰ between
terrestrial and Martian samples by repeated analyses (e.g., Yurimoto et al., 2011; Nakashima et al., 2013).
In addition, the SIMS and (LA)-ICP-MS methods enable radiometric dating of individual minerals. For
instance, short-lived radionuclide chronometry such as 26Al-26Mg, 53Mn-53Cr, and 182Hf-182W systematics
has been utilized for dating of refractory inclusions and chondrules (e.g., Young et al., 2005; Nakashima
et al., 2015; Kawasaki et al., 2019), carbonate and Fe-rich olivine (e.g., Fujiya et al., 2012; Doyle et al.,
2015), and zircon grains (Srinivasan et al., 2007; Koike et al., 2017), respectively. We can also analyze
238,235U-206,207Pb systematics on U-bearing mineral grains such as zircon and phosphate using SIMS and
LA-ICP-MS methods (e.g., Chang et al., 2006; Terada et al., 2018).

Ultrathin sections of the returned samples embedded in resin will be produced by ultra-microtomy or
Focused Ion Beam (FIB) techniques. These ultrathin sections will be observed for space-weathering rims
on the sample’s surface using a Transmission Electron Microscope (TEM) (Noguchi et al., 2011). In the
case of the captured asteroid scenario, the �ne-grained matrix of the samples will be observed using a
TEM (Noguchi et al., 2017). In addition, we will analyze these ultrathin sections for chemical speciation
by X-ray Absorption Fine Structure (XAFS) (Sutton et al., 2020). The same samples from which the
ultrathin sections are extracted using FIB will be analyzed using a high spatial resolution SIMS
(NanoSIMS) for further information about their isotopic compositions.

For grains smaller than ~ 50 µm, the samples may be prepared by pressing them onto ultrapure Au or In
foil for further analyses to search for presolar grains (Noguchi et al., 2017). Presolar O-rich minerals (i.e.,



Page 16/46

silicate and oxide) and SiC can be detected by ion imaging of O and C isotopic compositions,
respectively, acquired using a NanoSIMS (Hoppe et al., 2017).

Organic analyses
Potentially, contents of soluble organic matter such as amino acids and carboxylic acids through target
analysis are useful indicators to evaluate the extent of the thermal/aqueous processes in the asteroid
(e.g., Glavin et al., 2011; 2018). Non-target high-resolution mass spectrometry of soluble organic
compounds will be useful to evaluate the organic synthesis reactions in the asteroid or before the
accretion of the asteroid (Schmitt-Kopplin et al., 2010; Naraoka et al., 2017; Naraoka and Hashiguchi,
2019; Orthous-Daunay et al., 2019). Micro-scale analysis, e.g., Time of Flight (ToF)-SIMS and Desorption
Electrospray Ionization (DESI) of the distribution of organic compounds in the sample will be more useful
for the evaluation of organic synthesis of asteroid organic matter (e.g., Naraoka et al., 2015; Naraoka and
Hashiguchi, 2018). The analyses of labile organic compounds are substantially important in the case of
the captured asteroid origin since this has the potential to be the �rst pristine organic matter from the
outer solar system. The candidate list of key organic analyses through the MMX mission was
preliminarily shown by Usui et al. (2020).

Microscopic analyses and chemical extraction analyses are two important approaches to characterize
organic matter in Mars moon samples. The comprehensive microscopic analyses include X-ray CT (e.g.,
Tsuchiyama et al., 2011; Friedrich et al., 2016; 2019), SEM-EDS, TEM-EDS (e.g., Uesugi et al., 2014; 2019),
micro-Raman (e.g., Busemann et al., 2007; Kitajima et al., 2015), NanoSIMS (e.g., Hoppe, 2006; Ito et al.,
2014; Pant et al., 2018), and XANES (e.g., Orthous-Daunay et al., 2010; Derenne and Robert, 2010; Yabuta
et al., 2014; Kebukawa et al., 2019). These analyses use small grains, ~ 50 µm, to acquire basic and
precise information of the organic matter. The SEM-EDS and TEM-EDS are for the basic characterization
of the distribution and local compositions of carbonaceous matter. If micro-scale organic aggregates are
included, a part of them will be analyzed by micro-Raman spectroscopy to understand the maturation
and graphitization of the carbonaceous matter. Other parts of the organic-rich area will be analyzed by
NanoSIMS for understanding the local enrichments in 2H (D), 13C, and 15N in different types of organic
matter. Most of these analyses use thin sections of samples approximately more than 50 µm and thus
could be conducted along with some inorganic analyses or using the same sample as some inorganic
analyses. The distributions of minerals in these samples will also be investigated with SEM, TEM, and
SIMS to understand the spatial relations of minerals and organic compounds.

There are scienti�c heritages acquired through the previous sample return mission in terms of “initial”
volatile and semi-volatile organic gas recovery generated from an asteroid returned sample (e.g., Okazaki
et al., 2017; Sawada et al., 2017). After the online puri�cation of target organic molecules in the vapor
phase, volatile and semi-volatile organic gases are processed to non-destructive and destructive
analytical procedures without exposure to terrestrial ambient air. The former representative example is a
method of Cavity Ring-Down laser absorption Spectroscopy (CRDS) (e.g., Scherer et al., 1997; Berden et
al., 2000; Tittel et al., 2003). The latter example is a gas chromatography/mass spectrometry (GC/MS)
equipped with appropriate interfaces of head-space sampler (HS), solid-phase microextraction (SPME),
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and thermal desorption (TD) (e.g., Huang et al., 2007; Aponte et al., 2015; Takano et al., 2020). Low
molecular weight hydrophilic and hydrophobic molecules (e.g., organic acids, amines, hydrocarbons) can
be introduced in the GC with derivatization (e.g., Aponte et al., 2016) or without derivatization process
(e.g., Snyder et al., 2011). The volatiles would be released by gentle heating of the moon sample in a
vessel.

A huge variety of organic compounds have been detected in carbonaceous chondrites (i.e., more than 50
thousand compositions) (Schmitt-Kopplin et al., 2010). Thus, the identi�cation of organic compounds is
not easy but substantially important. Figure 7 represents an entire framework and conceptual design of
the non-target and target analyses on the basis of hydrophilicity and hydrophobicity of organic molecules
in each procedure. Some of the procedures are closely related to mass spectrometry as destructive online
methods, coupling with semi-destructive methods of spatial high-resolution imaging mass spectrometry
(e.g., Takáts et al., 2004; Cornett et al., 2007; McDonnell et al., 2007; Watrous and Dorrestein, 2011).

“Chromatography” is one of the most fundamental and useful analytical tools for comprehensive
molecular separation and isolation, in particular for the separation between isomers, even in gas-phase
and liquid-phase extracts (e.g., Snyder et al., 2011; McNair et al., 2019). Practically, speci�c contents of
soluble organic compounds (e.g., amino acids, amines, nucleobases, and hydrocarbons) in the extracts
will be primarily separated by gas chromatography and liquid chromatography (LC) and/or multi-
dimensional separation system (i.e., 2D-GC, 2D-LC), resulting in accurate molecular identi�cation and
assignment as seen in the abovementioned pioneering works. A combination of LC with GC will give us
robust baseline resolution for target molecules (e.g., Takano et al., 2015). If we con�rm the
chromatographic baseline resolution of target molecules and the amounts of speci�cally interested
extractable organic compounds (e.g., amino acids and sugars) are high, their compound-speci�c C and N
isotope compositions will be analyzed with gas chromatography/combustion/isotope ratio mass
spectrometry (GC/C/IRMS) (e.g., Aponte et al., 2014; Elsila et al., 2016b; Chan et al., 2016; Glavin et al.,
2018; Furukawa et al., 2019).

To perform a molecular identi�cation, the mass spectrometric assignment is required in both non-target
and target analysis via various ion sources and detectors (e.g., Gross, 2006). In the target-speci�c
analysis such as the analysis of speci�c amino acids, amines, and sugars, chromatographic separation
is coupled with several types of mass spectrometry including high-resolution mass spectrometry and
mass spectrometry associated with molecular fragmentation for exact molecular identi�cation
(Pizzarello et al., 2001; Glavin et al., 2010, 2011; Aponte et al., 2014, 2015, and 2016; Naraoka et al., 2017;
Furukawa et al., 2019). Approximately 1–10 mg of samples are needed for the analysis of such
extractable organic compounds since the contents of these organic compounds are not expected to be
high. Alternatively, a liquid chromatography/�uorescence detection and mass spectrometry (LC-FLD/MS)
system is also promising for the evaluation of derivatized organic molecules (e.g., Glavin et al., 2010;
Hamase et al., 2014; Furusho et al., 2020). Naraoka et al. (2012) reported the capability of ultra-small
scale analysis (~ femto mol scale) for extraterrestrial chiral amino acids and the evaluation of the
Hayabusa sample from Itokawa.
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Mass spectrometry coupled with semi-destructive methods of spatial high-resolution imaging is a rather
new and useful analysis for extraterrestrial samples (e.g., Takáts et al., 2004; Cornett et al., 2007;
McDonnell et al., 2007; Watrous and Dorrestein, 2011). This will be performed directly to 0.1-1 mg grains
to understand the distribution of organic compounds in the sample using DESI and matrix-assisted laser
desorption/ionization (MALDI) combined with high-resolution mass spectrometry (Naraoka et al., 2019).

For non-target analysis, water extracts of the samples will further be analyzed using a Fourier-transform
ion cyclotron resonance mass spectrometry (FTICR-MS) for high mass-resolution analysis of organic
compounds (Hertzog et al., 2019). The other inspection using high mass resolution Orbitrap mass
spectrometry would support further organic pro�les and new �ndings (e.g., Smith et al., 2014; Oba et al.,
2019; Orthous-Daunay et al., 2020; Oba et al., in press). Extraction residues of these organic compounds
will be demineralized and analyzed with ultra-small scale elemental analysis/isotope ratio mass
spectrometry (nano-EA/IRMS; Ogawa et al., 2010; Ogawa et al., 2020) for elemental compositions and
isotope ratios of, e.g., C, N, and S. Inorganic salt pro�les will be clari�ed by small-scale ion
chromatography (Yoshimura et al., 2020). In combination with mass spectrometry, small extractable
organic compounds will be extracted using multiple solvents (i.e., aqueous and organic solvents) after
crashing. The aqueous extract will �rst be analyzed with high �eld nuclear magnetic resonance (NMR) for
C and H chemical shifts of polar extractable organic compounds (Hertkorn et al., 2015).

Possible Martian materials
As mentioned previously, we may �nd Martian materials ejected by asteroidal impacts from Mars in the
returned Phobos regolith. These Martian materials may include not only igneous phases but also
alteration materials that formed under the presence of water such as clay minerals, carbonates, sulfates,
and chlorides as found on the Martian surface (Ehlmann et al., 2011). Such Martian materials will be
processed separately (Fig. 8). The Martian igneous materials likely show similar chemical and
mineralogical trends to those of Martian meteorites. Thus, their chemical compositions, such as Mn/Fe
ratios, will be useful to identify the Martian igneous materials (Papike et al., 2009). On the other hand, we
can identify the Martian alteration materials by comparing their morphology, mineralogy, and chemistry
to alteration materials found in the Martian meteorites, such as carbonate globules in Allan Hills (ALH)
84001 and carbonate-clay-bearing veins in nakhlites (Bridges et al., 2019). Hence, the both types of
Martian materials could be identi�ed using non-destructive techniques like an optical microscope, FT-IR,
SEM-EDS, EPMA, and micro-Raman spectroscopy during curation. Their Martian origin can be
unambiguously con�rmed by O-isotope analysis.

Among the expected mineral types of Martian grains, carbonates, sulfates, and clay minerals are
important targets to understand the Martian surface environments because they would preserve ancient
records of aqueous environments and provide crucial information about the past geochemical (and
possibly, past biochemical) processes on Mars. For example, combined analyses of radiometric ages and
chemical and isotopic compositions of volatile elements will reveal temperatures, the extent of volatile
loss, abiotic (or potentially biotic) organic synthesis, and redox states with time. Furthermore, the search
for potential signatures of past Martian biota is fascinating. The 4 Ga carbonates in ALH 84001 may
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have preserved ancient Martian organic materials (e.g., Koike et al. 2020). The discovery of the present
living Martian organism in the returned samples is unlikely, because they were sterilized during the impact
delivery from Mars to Phobos and subsequent solar and cosmic ray irradiation to the Phobos surface
(Fujita et al., 2019; Kurosawa et al., 2019). However, the shock pressure that the Martian materials on
Phobos may have undergone, far lower than that for Martian meteorites (> 5 GPa) (Hyodo et al., 2019;
Kurosawa et al., 2018), would not decompose labile organic compounds such as amino acids (Sugahara
and Mimura, 2014). Therefore, the trace of Martian biomolecules might be preserved on Phobos. Detailed
analyses of speci�c elements (e.g., P and S) and isotopic ratios (e.g., 13C/12C and 15N/14N ratios) may
provide important data to investigate potential biosignatures (e.g., Delarue et al., 2020). It should be noted
that there is a survival bias of organic molecules by the impact. For example, long-chain aliphatic
hydrocarbons are easily decomposed than aromatic ones (Montgomery et al., 2016). Even the isotopic
signatures (13C/12C and D/H ratios) of organic materials are likely affected by impact (Mimura et al.,
2007).

If we �nd possible Martian materials in the returned Phobos samples, the �rst investigation will be to
search for the accumulation of organic materials under an optical microscope. If such accumulations are
not found under the optical microscope, then X-ray 3D-CT will be utilized to search them on a smaller
scale. If such accumulations are discovered, further in-situ analyses using an SEM, XAFS, NanoSIMS, and
DESI-MS will be performed to characterize them and to investigate the organic synthesis. In addition, if
the Martian materials have su�cient amounts of organic materials, mass spectrometry coupled with a
chromatographic technique might be applicable to identify biomarker.

The Martian materials without any recognizable organic materials observed by X-ray 3D-CT will be
processed for inorganic chemical and isotopic analyses. Alteration materials (e.g., phyllosilicates and
carbonates) and hydrous igneous minerals (e.g., apatite) recorded the conditions of the Martian
atmosphere and hydrosphere at various timings. After the careful observation using an SEM, TEM, and
EPMA to select target minerals, in-situ XAFS and SIMS analyses will be conducted for volatile elements
(e.g., H, C, N, O, and S). In addition, the remnant magnetization of the Martian materials will be measured
using SQUID. If these grains also contain U-bearing minerals (e.g., apatite, zircon, and baddeleyite),
238,235U-206,207Pb dating using SIMS will provide chronological information of the volatile and/or
magnetic records. Other radiometric dating, e.g., 39Ar-40Ar and 87Rb-87Sr dating could also be applicable
for bulk samples if the grains are large enough.

Preliminary Examination of the returned samples
The nature of the samples returned by MMX (i.e., primitive chondritic or igneous non-chondritic
materials), which is linked to the origin of Phobos, is uncertain. This is a signi�cant difference between
MMX and Hayabusa2 samples, because the latter were collected from a C-type asteroid Ryugu, and
hence, they are expected to be chondritic materials (Tachibana et al., 2014). The feasibilities of analyses,
such as bulk isotope measurement and organic analyses, depend on the nature of the samples.
Therefore, it is highly desirable that the nature of the returned samples, and possibly, the origin of Phobos
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are revealed before the samples are processed for detailed analyses in laboratories. Note that the remote
sensing observations will also provide valuable information about the origin of Phobos.

For this reason, we plan to initiate initial analyses (hereafter referred to as Preliminary Examination: PE to
avoid confusion) in parallel with curation procedures. Analyses that will be performed during PE are
shown by double-line boxes in Fig. 6. The purpose of PE is to characterize the returned samples to guide
later analyses, and to give feedback to the curation procedures. The relatively large mass of the returned
samples (> 10 g) enables us to prepare an aliquot for PE, and the amount of the aliquot for PE will be
roughly 1% of the total mass of the returned samples. If there are variations in their visual aspects, such
as colors and morphology, we will select as diverse grains as possible. For the selected grains,
synchrotron XRD and Fe-XANES analyses will �rst be performed to identify mineral phases in the grains
and to evaluate the in�uence of terrestrial alteration. Depending on the grain sizes, these samples will be
further analyzed either for oxygen isotopes using IRMS or for chemical compositions using EPMA. The
combination of O isotopic characteristics, chemical compositions, and mineral phases seems capable of
determining at least whether the samples are primitive chondritic or igneous non-chondritic materials.

Conclusions
Martian Moons eXploration (MMX) is a sample return mission from a Martian satellite Phobos. We, the
Sample Analysis Working Team (SAWT) members, are now designing the initial analysis plan of the
returned samples to achieve the scienti�c objectives of MMX and to maximize its scienti�c results. It is
challenging but exciting to design the analysis plan without any de�nitive information about what kind of
materials will be coming back to Earth because the origin of the Martian moons is unknown. Not only in-
situ analyses but also bulk analyses, which typically require more than a few mg of samples, can be
performed taking advantage of the expected relatively large mass (> 10 g) of the returned samples. We
will separate a few aliquots from the whole samples for inorganic and organic analyses as well as for
Preliminary Examination (PE) which will be performed in parallel with curation and give feedback to the
curation procedures. We are also considering how to identify possible Martian materials from the
dominant Phobos building blocks. Between now and receiving Phobos samples in 2029 we expect that
new generation Mars rovers will have collected more information about the nature of Martian sediments,
we anticipate improvements in analytical capabilities in elemental and isotopic analysis that will
optimize our preliminary examination, and we will have learned lessons from the curation and
examination of Hayabusa2 and OSIRIS-REx materials. We believe that the sample analyses will unravel
not only the origin of the Martian moons but also the evolution of the Mars-moon system, and that our
knowledge to be obtained from MMX will guide future sample return missions from planetary bodies,
especially from Mars.
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Figure 1

Flowchart of sample analyses together with remote sensing observations to determine the origin of
Phobos (objective 1.1 in Table 1).
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Figure 2

Flowchart of sample analyses together with remote sensing observations to characterize the Phobos
building blocks in the case of the captured asteroid origin (objective 1.2a in Table 1).
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Figure 3

Flowchart of sample analyses together with remote sensing observations to characterize the Phobos
building blocks in the case of the giant impact origin (objective 1.2b in Table 1).
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Figure 4

Flowchart of sample analyses together with remote sensing observations to investigate the surface
processes on Phobos (objective 2.1 in Table 1).

Figure 5
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Flowchart of sample analyses together with remote sensing observations to understand the surface
evolution of Mars (objective 2.2 in Table 1).

Figure 6

Working �ow of inorganic analyses. Analyses that will be included in PE are shown by double-line boxes.
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Figure 7

Working �ow of organic analyses.
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Figure 8

Working �ow of Martian material analyses.
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