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At the time when China considers
flying a full-scale sample return
mission as one of the components
of its Strategic Priority Program on
Space Science of the 14th Five-Year
Plan, the ISSI-BJ Forum on "Roads
towards Sample Return from Comets
and Asteroids" discussed the science
drivers and key sample collection
objectives of such missions in an
international context, and explored
the possible mission scenarios.
The forum was held on January 17
to 19, 2018, with the participation
of 40 international leading experts,
including ten from China and five
from Japan.
This is the eleventh science forum
successfully organized by ISSI-BJ,
and the first one of the new series
of fora supported by the Strategic
Priority Program on Space Science
of China, which funds the space
science missions to be launched
in the 2021-2025 time frame. ISSIBJ forums are informal and free
debates, brainstorming meetings on
open questions of scientific nature.
Four
very
promising
mission
objectives and scenarios currently
elaborated by teams of Chinese
scientists and engineers were
presented and discussed. The
different
Chinese
proponents
were encouraged to continue to
work together to guarantee the

best science return. In addition,
the participants recognized that
the “roads towards sample return
from
comets
and
asteroids”
offer
significant
opportunities
for cooperation through project
coordination and scientific analysis
that may place China in a critical
position among leading nations
in these research fields. Although
international collaboration needs
time, especially in this research
domain, but trust and willingness to
it may be a way also for cost sharing.
This TAIKONG magazine may
constitute an important contribution
to the Chinese exploration program of
small bodies of the solar nebula, and
trigger opportunities for international
collaborations. The coordination and
synergy with other ongoing projects
around the world may help us more
efficiently understand the origin and
evolution of the solar system.
We wish to thank the conveners and
organizers of the forum. Special
thanks is given to the Executive
Director at the time of the forum,
Michel Blanc, and to the ISSI-BJ staff,
Lijuan En, Anna Yang, and Xiaolong
Dong, for the active and successful
organization of the forum. Let me
also thank all those who participated
actively in this stimulating forum and
contributed to writing this magazine.
Prof. Dr. Maurizio Falanga,
Executive Director ad interim

Beijing, April 2018
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INTRODUCTION
Forum Overview
The populations of Small
Bodies,
in
particular
comets and asteroids, are
the last witnesses of the
origin and early evolution
of the Solar System and
of the formation scenarios
of its planets. Collecting
samples
from
these
objects to analyze them
using the powerful analytic
tools available in our Earthbased laboratories is one
of the most promising
ways of reading the early
History of our Solar System
to learn about our own
origins. This is the reason
why several space-faring
nations, mainly the United
States, Japan, Europe and
China, have programmed
or studied sample return
missions from these bodies
for the coming decade, in
complement to remotesensing and in-situ-analysis
space missions. Among
them, China prepares to
select and fly full-scale

sample return missions
from small bodies as a
component of its 14th fiveyear plan for priority space
science missions. The main
objective of the ISSI-BJ
forum on "Roads towards
Sample
Return
from
Comets and Asteroids" was
to place this initiative in the
broadest possible scientific
and international context,
so as to produce good
advice to the teams which
are actively preparing
these missions.
In this perspective, the
first task of the forum
participants was to discuss
in detail the science drivers
and the key objectives to
be assigned to sample
collection and analysis.
The forum then proceeded
to
a
comprehensive
review of sample return
missions, from already
flown ones (Stardust and

Hayabusa), through those
which have been selected
or pre-selected for flight
(Hayabusa-2, MMX, OsirixRex, DESTINY+) to the new
mission candidates.
In this last category, four
very promising mission
objectives and scenarios
currently elaborated by
teams of Chinese scientists
and
engineers
were
presented and discussed,
together with the SPSTrojans
mission
study
of JAXA. The different
Chinese proponents were
encouraged to continue to
work together towards the
successful sample return
missions that will guarantee
the best science return.
The morning of the second
day was devoted to a review
of the basic technologies
needed for a technology
missions, and of their
constraints on the design
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of flight platforms, building
on the lessons learnt from
previous missions to small
bodies, particularly ESA’s
Rosetta and its Philae

lander, and on the potential
interest of some innovative
technical approaches.
The whole afternoon of the
second day was devoted

to live discussions between
the forum participants of
all countries, which aimed
at elaborating conclusions
and recommendations.

The Chinese Sample Return Program
China has a comprehensive
Lunar and deep space
exploration
program.
Besides orbital remote
sensing and lander and
rover in situ measurements,
4 sample return missions
have been planned, i.e.
two lunar Sample Return
missions, one Mars Sample
Return mission and one
asteroid Sample Return
mission.
The
China’s
Lunar
Exploration
Program
(CLEP) is divided into
three phases named by
“circling round the moon”,
“landing on the moon” and
“returning from the moon”
before 2020. Up to now,
Chang'e-1,
Chang’e-2
and Chang’e-3 have been
successfully
launched.
The Chang’e-4 will be
launched at the end of
2018. It will first launch a
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telecommunication
relay
satellite to the Earth-Moon
L2 point, and then launch
the Chang’e-4 lunar lander
and rover to the Aitken
Basin on the far side of the
Moon.
The Chang’e-5 probe was
going to be launched in
November 2017. However,
its launching has been
delayed until 2019. China
will launch an automatic
sampler, which will land
on the nearside of the
Moon far away from the
Apollo and Luna missions’
sampling sites. The lander
will drill about 2-meter long
core of the lunar regolith,
and shovel the surface
soil with lithic fragments
nearby. The total mass of
the returned samples will
be about 2 kg. The landing
region
locates
within
the Procellarum KREEP

Terrane (PKT). The surface
age of the landing site was
dated about 1.5 billion
years based on the lunar
cratering chronology, one
of the youngest age of the
lunar surface. The isotope
chronology of the returned
samples will determine the
precise age of the landing
site, which will be used to
calculate the impacting
flux and calibrate the
crater dating method that
was established based
on Apollo samples with
ages > 3.0 billion years.
The KREEP-rich samples
are readily for isotope
dating, which will reveal
the magmatic history of the
landing area, especially
the very young basaltic
eruptions. The returned
samples will also bring
information
about
the
lunar mantle reservoir,
which may shed light on

the Lunar Magma Ocean
hypothesis and the lateral
heterogeneity of the lunar
mantle via comparison
with Apollo’s samples. In
addition, the 2-m long drill
core has recorded the
surface processes and
solar wind exposure history
of the last 1.5 billion years.
China is conducting and
planning the next phase
of lunar exploration, after
Chang’e-1, -2, -3 and -5
missions, which aims to
explore the far side of the
Moon and the Lunar South
Pole. Except for Chang’e-4
that will land in the Von

Karman crater within the
South Pole Aitken basin
(SPA), all other 3 missions
will land at the South
Pole of the Moon. The
South Pole has unique
merits for establishing a
research station on the
Moon,
including
long
time of illumination, easy
approaching
possible
water ice in the permanently
shadowed craters. Of the
three lunar South Pole
missions, one is designed
to return samples. The
high
priority
scientific
goal is to determine the
age of SPA basin, which
is expected older than 4

billion years. The timing
of SPA basin will be very
helpful to understand the
early impact history of the
Moon, and to calibrate
the cratering chronology
function for the early solar
system.
Furthermore,
the lunar regolith at the
landing site of the South
Pole contains various lithic
clasts possibly ejected
from very deep of the
SPA basin. The returned
samples
from
various
depths of the SPA basin
will help us to establish the
mineral model of the deep
interior of the Moon.

Solar
Mission
System Body

Year of
Launch

Year of
Earth
Return

Types of Sample Amount of
Sample

Lunar PKT

CNSA/ Chang’E 5

2019

2019

CNSA/ Asteroid
Sample Return

Before
2030

~2 kg
(inc. 2 m)

Asteroid

Before
2030

Surface regolith/
Drill core

Regolith/lithic
fragments

unknown

Regolith/lithic
fragments

two point,
2g each

CAS/ Asteroid
Sample Return

Under
study

Under
study

Lunar South
Pole

CNSA/ Chang’E-6 Before
2030

Before
2030

Regolith/lithic
fragments

unknown

Mars

CNSA/The
Second Mars
Sample Return

Before
2030

Regolith/lithic
fragments

unknown

Before
2030

Table 1: Current and future Chinese sample return missions.
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The first Mars exploration
mission of China is going
on, which consists of an
orbiter, a lander and a
rover and was schedule to
launch in 2020. Meanwhile,
the
second
Mars
exploration mission, which
aims to return samples,
has also been proved, but
the detail program is still
under discussion. The top
1 scientific goal of Mars
exploration is to discover
extraterrestrial life, and the
top 2 goal would be to reveal
its ancient environment
and the related volcanic
activities. Because that
most important events,
e.g.
volcanic
eruption
and water flew, existed
in the early history (>3
billion years ago) of Mars,
it is critical to collect and

return old rock samples.
With the state-of-the-art
instruments in laboratories,
it will be possible to obtain
geochemical features of
the Martian mantle and the
early magmatic activities.
Also important is to detect
trace organic molecules
preserved in the Martian
rocks that deposited in
fractures
and
cracks.
The unique advantage
of sample return is to
conduct high precision C
and H isotope analyses
of the organic molecules,
which are crucial to trace
the sources and origins of
these organic compounds,
especially possible genetic
link with biologic activities.
In addition, the old rocks
have experienced various
weathering
processes

on Mars, recorded Mars’
ancient environment and its
evolution. The landing site,
sampling methods and
other payloads of the Mars
sample return mission are
under discussion.
Asteroids are "fossils" of
the early solar system, and
they are the key to address
condensation of the nebula,
accretion of planetesimals
and fractionation of the
solar nebula. The first
asteroid
exploration
mission of China consists
of two main goals, i.e. to
return samples from the
quasi-satellite of the Earth
and to explore a comet
within the main asteroid
belt. The detailed plan is
also under discussion.

Importance of small bodies for Solar System science and
importance of sample return
Small bodies of the solar
system are believed to
be the remnants - either
fragments or “survivors”- of
the swarm of planetesimals
from which the planets were
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formed. They offer clues to
the chemical mixture from
which the planets formed
some 4.6 billion years
ago. In addition, some of
them retain material that

predates the solar system
and contains evidence for
interstellar processes and
its original formation.

In contrast to the planets,
which have experienced
major alteration during
their history, most asteroids
and
comets,
primarily
due to their small sizes,
experienced much less
internal heating and so
are believed to have
retained a record of the
original composition and
some of the materials of
our solar system’s protoplanetary disk (Figure 1).
Abundant within the inner
solar system, and the main
impactors on terrestrial
planets, small bodies may
have been the principal
contributors of the water
and
organic
material
essential to create life on
Earth. Small bodies can
therefore be considered
to be equivalent to DNA
for unravelling our solar
system’s history, offering
us a unique window
to investigate both the
formation of planets and
the origin of life. Moreover,
in the current epoch, these
small bodies also represent
both a potentially rich
resource for future space
exploration and a threat

to the very existence of
humankind on Earth.
The asteroids population
presents a high degree
of diversity as revealed
by
ground-based
observations. More than
10 major spectral classes
(Figure 2) have been
identified (Barucci et al.
1987, Bus and DeMeo
2009) and associated to
different meteorites or
minerals (DeMeo
et al. 2015).
Near-Earth
asteroids
are
a
continuously
replenished
population
of
small
bodies
with orbits that
come close to
the Earth’s orbit.
Their
median
lifetime is 10 Myr
(Gladman et al.
2000).
Objects
in
near-Earth
space
are
a
precious source
of information as
they
represent
a
mixture
of
the
different

populations of small bodies,
i.e. main-belt asteroids and
cometary nuclei (Morbidelli
et al. 2002, Binzel et al.
2004, DeMeo and Binzel
2008). They have the
orbital advantage of being
much more accessible for
scientific research and
space missions than small
bodies in other more distant
populations (comets and
main-belt asteroids). The

Figure 1: Planet forming disk around
the young star HL Tau captured by

the ALMA telescope. The dark bands
already indicate the development of
planets within the disk. However, this
system may be very different from our
own solar system, as the central star is
much smaller than the Sun, but the disk
around it extends to 3x the distance to
Neptune. Courtesy ALMA (ESO/NAOJ/
NRAO).
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Figure 2: Distribution of asteroid spectral types with heliocentric distance across the Main
Asteroid Belt and beyond (DeMeo and Carry, 2014). In the NEA population all the different
taxonomic type are present.

NEA population presents
a high degree of diversity
as in the main belt (Binzel
et al 2015, and Perna et al.
2018).
Moreover, a NEA offers
the particular advantage
of being related to a
specifically known birth
region,
which
from
dynamical studies, places
most between Mars and
Jupiter (Bottke et al. 2002).
Hence,
understanding
NEAs will provide insights
required to sharpen our
scientific picture of the
formation of a planetary
system – our own – in the
terrestrial planet region.
A space mission to a
NEA therefore provides
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major opportunities for
advancement
in
our
understanding of some of
the fundamental issues
on the origin and early
evolution of the solar system.
NEA missions enable an
entirely new approach for
investigating the primordial
cosmochemistry of the
solar protoplanetary disk
and the formation and
properties of the building
blocks of terrestrial planets.
Moreover,
considering
the threat represented
by those NEAs classified
as potentially hazardous
objects, knowledge of
the physical properties of
NEAs (composition and
internal structure) is the
first essential step towards

developing
efficient
methods to deflect an
object whose trajectory
leads to a possible collision
with the Earth.
A sample return mission
to a NEA will contribute
to answer the major
questions:
1.
What
was
the
astrophysical setting of the
birth of the Solar System?
2. What is the origin of
material in the early Solar
System and how did it
evolve?
3. What are the physical
properties and evolution
of the building blocks of
terrestrial planets?

4. Which is the contribution
of asteroids in the origin of
life on Earth?
Answers
to
these
fundamental
questions
require
measurements
with exceptionally high
precision and sensitivity.
Such measurements cannot
be performed by a robotic
spacecraft and therefore
require a sample returned
to terrestrial laboratories,
which are unconstrained
by mass, power, stability
etc. Only in the laboratory
can instruments with the
necessary precision and
sensitivity be applied to
individual
components
of the complex mixture
of materials that forms
an asteroid regolith, to
determine their precise

chemical and isotopic
composition.
Such
measurements are vital for
revealing the evidence of
stellar, interstellar medium,
pre-solar
nebula
and
parent body processes that
are retained in asteroidal
material, unaltered by
atmospheric
entry
or
terrestrial contamination.
The
most
demanding
measurements
are
those required to date
the major events in the
history of a sample, and
to investigate the organic
components. Laboratory
techniques determine the
time interval between the
end of nucleosynthesis
and agglomeration, the
duration of agglomeration,
time
of
accumulation,

crystallization age, the
age of major heating and
degassing events, the time
of metamorphism, the time
of aqueous alteration, and
the duration of exposure to
cosmic radiation.
A
uniquely
complete
structural record of a small
body, from the nanometer
scale (from the samples)
to the internal structure of
the body (from lander and
orbiter radar) will provide
new insight into the earliest
stages of aggregation,
accretion and assembly.
The pristine material will
allow clear record of
the earliest processes
in the protostellar disk,
including radial transport
mechanisms
to
the
outermost regions.

ROADMAP FOR SR MISSION FROM ASTEROIDS
AND COMETS
Small bodies are probes
to address the origin
and evolution of the
solar nebula, and the
consequent
formation

processes of planetesimals
and
proto-planets.
According to the science
questions, SR missions
can be categorized into

two main groups – those
designed to explore the
birth of the solar system
and those that are more
focused on exploring the
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earliest stages of planetary
formation.
Missions exploring the
birth of the solar system
would be expected to be
returning samples from the
most primitive small bodies
within the protoplanetary
disk. The conditions within
the disk are known to have

varied considerably both
radially and temporarily and
therefore valuable scientific
insight can be obtained
about different aspects
of solar system formation
from asteroids originally
formed in different parts
of the disk from the inner
solar system to the outer.
Samples from such bodies

allow us to investigate key
parameters and processes
including the primordial
status, condensation and
fractionation
processes,
gas-dust interaction, and
aggregation and accretion
and disk mixing across the
protoplanetary disk.

Figure 3: Plot of the 17O excess vs the 54Cr/52Cr composition for all the main meteorite
types. Two parallel trends are apparent, showing the carbonaceous chondrites (black squares)
isolated from all the other meteorite types (and terrestrial planets). While the origin of the two
groups is unknown the two groupings appear to be composed of outer and inner solar system
materials respectively, their distinct composiitons probably controlled by the growth of Jupiter.
Plot courtesy of Mike Zolensky.
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Missions exploring the
earliest stages of planetary
formation would be returning
samples from bodies that
are displaying various
effects of metamorphism,
melting,
differentiation
and disruption and reaccretion. Such processes
are likely common to all
rocky planets across the
galaxy, but the record of
most of these processes
is poorly recorded or
not accessible on larger
planets such as Earth or
Mars because of continued
geological
activity
overprinting the earliest
stages of planet formation
and/or the rocks where
some of the information
is recorded is buried at
inaccessible depths within
the planet (e.g. the metallic
iron core). However, the
asteroid population was
never incorporated into
large bodies, and therefore
retains a record of these
earliest stages, and the
limited heat resource within

the small bodies means
that these early planetary
evolution
processes
were frozen at various
points before completion
–
providing
detailed
snapshots of planetary
evolution. Disruption and
re-assembly is a common
process within the minor
body
population,
and
therefore even materials
formed at some depth
within an asteroid is
generally now available
at the surface – allowing
detailed investigation of
the secondary processes
in asteroids, including
thermal and/or aqueous
alterations, metal-silicate
differentiation,
and
collisions.
Because of the tremendous
number of small bodies (up
to 740,000 in the main belt
and 17,000 of near earth
bodies) and long mission
durations (>10 years for
SR from small bodies
within the main belt), a well
designed roadmap for SR

missions from asteroids
and comets is essential in
order to efficiently draw the
big picture of solar system
formation, which benefits
from the efforts of different
agencies and international
collaborations.
High precision isotope
analyses of various isotope
ratios, e.g. O, Cr and Ti,
of the different types of
meteorites
reveal
that
they can be divided into
two distinct groups, i.e.
carbonaceous chondrites
and the others (including
the
terrestrial
planets
Earth, Moon and Mars)
(see Figure 3). These two
groups appear to represent
samples accreted in the
outer and inner solar
system, respectively. The
growth of the giant planet
Jupiter probably played an
important role of isolating
the inner and outer solar
system at a critical point
in the evolution of the
composition of the disk.
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Solar System Formation
Outer Disk Materials - possible targets C-, P- and D-type asteroids and comets.
Small bodies accreted
beyond the frozen line of
the solar nebula, i.e. >~2.5
AU, contain abundant
highly volatile components,
including water ice and
organic matter. Their low
density, late accretion and
high abundance of ices
and organics means that
most did not experience
the high temperatures
after or during accretion
and
therefore
they
contain some of the most
primitive materials in the
solar system, comprising
mixtures
of
pre-solar
materials and fine-grained
condensates of the solar
nebula.
The principal targets are
various C-, P- and D-type
asteroids, with their relative
abundance
increasing
in the same sequence
outwards from the main belt.
Comets are likely the end
member of this continuum,
formed at the outer margins
of the protoplanetary disk.
The water and organics
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contents are expected
to increase in the order
of C-type, P-type, D-type
and comets, with very high
organic to silicate ratios
potentially observed in
comet
67P/Churyumov–
Gerasimenko
by
the
Rosetta mission. However,
we know little about the
distribution of pre-solar
materials and solar nebular
condensates and their
relative abundance within
and among these small
bodies. One of the major
reasons is that there is
little material available
in our collections from
D-, P-type asteroids or
comets, with the exception
of 2 or 3 meteorites that
have
tentatively
been
identified as originating
from
D-type
asteroids
and few micrograms of
dust grains from comet
81P/Wild 2 collected by
Stardust mission. Most
surprisingly, the Stardust
samples contained a very
low abundance of presolar material in the comet

dust.
Furthermore the
Wild2 samples contained
abundant
chondrule-like
particles and Ca-, Alrich inclusion fragments
that likely formed in
the inner regions of the
protoplanetary disk, which
suggest widespread and
efficient outward radial
transport and very intensive
mixing in the solar nebula.
The fine-grained material
that likely comprises these
most primitive bodies will
record secrets of the early
stages of aggregation and
accretion, and the role of
organics and ices in this
process.
While we do
have samples of C-type
asteroids (and perhaps
even the rare D-type
sample) in our meteorite
collections, the meteorites
have
all
experienced
significant processing on
their parent asteroid such
that only the most rocky
material, created through
heating, shock or aqueous
alteration processes, can

survive the violence of
atmospheric entry to the
Earth. Samples collected
on the surface of such
bodies would contain some
material that escaped such
processing, retaining the
pristine record from the
very earliest stages of solar
system formation.
Examples of C- and D-type
asteroids are found in the
NEA population, although
P-type are extremely rare,
and therefore in the first
instance it is possible
to return some of the
most primitive material
relatively easily, although
in general the eccentricity
and inclination of objects
increases from C to D-type
to comet in the near Earth
population.
Of
course,
asteroids
residing in the outer regions
of the Main Asteroid Belt
or further out from the Sun
have cold surfaces that can
retain very volatile species
at or close below the
surface. However, when
the orbits of these asteroids
are disrupted so that they
are injected in to the NEA
population the surfaces are

heated considerably, such
that some loss of volatiles
may occur.
However,
scientifically
valuable
material should persist on
such bodies in NEA orbits,
located near the poles, and
below the surface, which
even if at some depth can
still be sampled in fresh
craters as well as within the
mixed regolith covering the
surface. Furthermore, even
if some of the volatiles are
lost, detailed investigation
of the mineralogy, organic
components, as well as
the chemical and isotopic
composition, of the samples
using advanced laboratorybased
instrumentation
can re-construct many of
the details of the original
inventory and formation
and therefore much can
be gained from returning
samples
of
primitive
material in the NEA
population.
The ultimate goal is to
study the volatiles and
organics of the most
primitive materials, and this
will require samples of the
highly volatile components,
e.g. water ice and organic
matter,
collected
and

returned under conditions
comparable to those at on
or below the surface of the
body they were collected
from. Pristine samples of
ices and organics would be
important to understand the
relationship between these
components as well as the
more refractory silicates,
oxides and metals, the
variation in sources for
the ices (isotopic and
chemical signatures of
within disk and ISM), the
relationship
between
different volatile species
(trapped within water-ice?)
and how these reservoirs
may have influenced the
nature of the inner parts of
the solar system. However,
this purpose requires the
comet or outer asteroid
samples to be preserved
intact under very low
temperature (e.g. <100 K
to keep CO2 ice), because
these
heterogeneities
will be quickly erased by
melting of ices and even
lead to further degradation
of the samples from the
subsequent interaction of
the liquid with the refractory
components.
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Inner Disk Materials - possible targets E-, L-type asteroids.
The inner portions of
the protoplanetary disk
experienced
much
higher temperatures, gas
pressure and dust density
than further out in the
disk, with temperatures
somewhere inside roughly
1AU ( ???) exceeding that
of the stability of almost all
common minerals, ensuring
high levels of chemical and
isotopic homogenisation,
at least initially. The lack
of frozen ices anywhere
inside approximately 2.5
AU may also have had a
major bearing on the initial
aggregation and accretion
steps, such that the initial
steps in the building blocks
of the terrestrial planets
may have been different to
those further out in the disk
where ices and organics
dominated. However, much
of what initially formed in
the inner regions of the
disk has been incorporated
into the terrestrial planets,
and
subsequently
homogenised
during
geological processes over
the past 4.5 billion years, or
fell into the Sun. However,
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from the meteoritic record it
appears that some source
of this material still exists
in the solar system, stored
in the inner regions of the
asteroid belt.
Ca-, Al-rich inclusions
(CAIs) are the first solid
assemblages in the solar
nebula, formed via high
temperature
gas-solid
condensation
and/or
crystallization from melts.
They have been found in
almost all chemical groups
of chondrites, although
with highly heterogenous
abundances. CAIs were
likely produced in a
specific region of the inner
solar system and then
transported widely in the
whole solar nebula. By
comparing the reflectance
spectra of CAIs and those
of asteroids, Sunshine et
al (2008) proposed that
L-type
asteroids
may
contain high abundance of
CAIs, and therefore could
be particularly promising
targets for a rich reservoir
of pristine inner solar
system material. Returning

materials
from
L-type
asteroid should allow the
study of some of earliest
materials to form in the
solar system, from a region
of the disk where shortlived radio nuclides and
other isotopic anomalies
may have been generated
under the influence of
strong powerful energetic
particles from the growing
Sun. Intriguingly we do
not appear to have any
meteorite examples of this
material. Even the most
primitive meteorites that
contain some CAIs have
all experienced the rock
forming processes on
their parent asteroid that
made them strong enough
to survive atmospheric
entry to the Earth. Such
processes overprint or
even obliterate the detailed
isotopic and chemical
signatures of these firstformed solids and therefore
returning material from
L-type asteroids would
allow the study of pristine
examples of the very first
solids.

It is clear that oxygen
fugacity is also a good
index of the chemical
fractionation of the solar
nebula. The iron distribution
between FeO and metal
within terrestrial planets
suggests that the oxygen
fugacity of the nebula
decreased towards the Sun.
Enstatite chondrites formed
under extremely reducing
conditions, indicated by
the presence of sulfides of
typical lithophile elements
(e.g. Ca, Cr, Na, K) and
Si in Fe-Ni metal and
representative of the region

closest to the Sun. The
chemical composition of
these meteorites and their
highly reduced nature has
made them the most likely
example of the precursor
material to the terrestrial
planets, particularly for
our own planet Earth
as the oxygen isotopic
composition of the enstatite
chondrites is, uniquely,
almost
indistinguishable
from Earth. The enstatite
chondrites available for
study have all experienced
extensive parent body
processing, as even the

less affected are now
very strong rocks. E-type
asteroids have the similar
reflectance spectra of
enstatite meteorites, hence
they are the ideal candidate
targets for SR missions.
Returning a sample of an
E-type asteroid offers an
excellent opportunity to
study inner disk materials
formed under conditions
very different to all other
materials that are currently
available to us, and are likely
the most representative
materials to the building
blocks of Earth.

Small bodies contribution for the prebiotic chemistry
Carbon-rich asteroids – possible targets (C, P-, D-type asteroids and comets)
The organic content of
carbonaceous chondrites
(CC) is dominated by
a
solvent
insoluble
macromolecule
(IOM),
representing more than 75
wt% of the organic matter,
and the rest is composed
by solvent-soluble matter.
While some of the solventsoluble organic compounds

present in meteorites are
important in terrestrial
biochemistry (e.g. amino
acids, nucleobases, etc.),
it is necessary to assess
their extra-terrestrial origin.
There are several ways
to determine whether an
organic molecule present
in
CCs
is
terrestrial
or
extra-terrestrial:
detection of molecules

that are unusual in the
terrestrial
environment;
comparison of the absolute
abundances of the organic
molecule in the meteorites
to the levels found in the fall
environment; determination
of
enantiomeric
ratios
for chiral molecules (i.e.
molecules that have a nonsuperimposable
mirror
image); measurement of
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the stable isotope values
of hydrogen, carbon, and
nitrogen. Contamination is a
major problem, particularly
as all nucleobases are
involved in terrestrial life
processes. The delivery of
carbonaceous chondrites,

loaded with amino acids,
nucleobases,
sugarrelated
compounds,
carboxylic acids and other
organic materials could
have had a major influence
in the initial stages of the
development of life on

Earth. Measurements of
such pre-biotic compounds
in samples from beyond
our own world will trigger
a tremendous discussion
on the origin of life and its
ubiquity in the universe.

Early Stages of Planetary Formation
Planetary Differentiation - possible targets
After accretion, asteroids
likely experienced various
degree
of
secondary
processes, driven by a
combination of available
heat sources (most likely
short-lived
radionuclide
decay , particularly of
26Al) and a function of
the size, bulk composition
and accretion time of the
asteroids and the available
heat
sources.
Where
there was sufficient heat
resource these bodies
achieved
a
spectrum
of
thermal
alteration
from
metamorphic
recrystallisation
through
varying
levels
of
partial melting to widescale magma oceans,
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subsequent metal-silicate
differentiation,
and
fractional
crystallisation.
While samples of meteorites
exist representing most of
these various stages, they
are very much in isolation,
with no geological context
that allows them to be
readily linked to other
stages
of
planetary
evolution, understand the
scale of the processes
that formed them nor
have any knowledge of
the precursor materials.
Visiting an asteroid that
has experienced such
processes will provide the
detailed geological context
required
to
interpret
material returned from that

body. As most Near Earth
Asteroids have experienced
some disruption and reassembly, and that they
invariably have a well mixed
regolith, samples of most
of the different lithologies
from such a mini-planet
can readily be collected in
order to provide a unique
opportunity to study in
detail
the
geological
history of the interior of
an evolving planetesimal.
Possible targets include
various
achondrite-like
asteroids, such as some
of the E-type asteroids that
may be similar to aubrites
(differentiated
enstatite
chondrites), V- and A-type
asteroids that may be

related to differentiated
achondrite
meteorites,
M-type asteroids that have
links with the iron and
stony-iron meteorites.
While the spectral features
of these asteroids are
generally stronger than
for their more primitive

counterparts, a sample
return
would
provide
excellent ground truth for
ground-based population
studies and future fly-by
opportunities/missions.
In addition, large asteroids,
such as Vesta and Ceres,
can supply with ideal

samples for study of early
volcanism and aqueous
alteration in the solar
system. Important contrains
can thus be obtained to
understand the formation
and
differentiation
of
terrestrial planets.

KEY STEPS / GENERIC CONCEPTS FOR SAMPLE
RETURN
There is a vast array of
analytical tools available
on worldwide laboratories
for the characterization of
returned materials from
space
encompassing
many
techniques
spanning the principal
approaches of microscopy
and
spectroscopy/
spectrometry. The required
mass should be derived
in such a way as to
guarantee the scientific
success of the mission.
Different aspects have
been taken into account
to evaluate the returned
mass, specifically: the
probability that an amount

of each sample component
is sufficient for analysis
has to be estimated; a
statistical analysis of the
returned sample has to
be done in the laboratory
(e.g. at least three different
measurements in three
different laboratories have
to reproduce the same
results); and finally 1/3, or
even more, of the returned
mass has to be stored
for an indefinite time in
the Curation Facility for
future analysis. In Table 2
current and future sample
return
missions
are
reported with respective

amount of sample to be
returned.
For the overall success of
the mission, large suite of
analytical techniques has to
be used for characterization
of different components
of returned sample. The
global characterization of
the object will allow the
selection of a number of
surface areas as potential
locations for the intended
surface sampling. Current
sample
return
studies
foresee the identification
of three potential landing
sites where to collect the
sample.
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Solar
Mission
System Body

Year of
Launch

Year of
Earth
Return

Types of Sample Amount of
Sample

C-type
Asteroid

JAXA Hayabusa 2

2014

2020

Surface regolith

C-type
Asteroid

NASA

2016

2023

Surface regolith

At least 60 g

Mars

Mars Sample Return 2020

2029

Surface regolith
and sub-surface
cores

~30 cores of
~15 g each

Lunar PKT

CNSA/ Chang’E 5

2019

2019

Surface regolith/
Drill core

~2 kg
(inc. 2 m)

Lunar South
Pole

ESA/ROSCOSMOS

2019(?)

(?)

Surface regolith
and sub-surface
cores. Subsurface samples
likely to contain
volatiles

Likely a
few grams
to few
hundreds of
grams

Lunar South
Pole

NASA MoonRISE

(?)

1 year
after
launch

Surface samples

~1 kg

Phobos

JAXA MMX

2024(?)

2029

Surface samples

>10g

67P/
ChuryumovGerasimenko

NASA CAESAR

2024(?)

2038

Surface samples

100-800g

Asteroid

CNSA/ Asteroid
Sample Return

Before
2030

Before
2030

Regolith/lithic
fragments

unknown

Regolith/lithic
fragments

two point,
2g each

Few grams

Sub-surface
samples from
crater created by
impactor

OSIRIS-REx

Lunar Lander

CAS/ Asteroid
Sample Return

Under
study

Under
study

Lunar South
Pole

CNSA/ Chang’E-6 Before
2030

Before
2030

Regolith/lithic
fragments

unknown

Mars

CNSA/The
Second Mars
Sample Return

Before
2030

Regolith/lithic
fragments

unknown

Before
2030

Table 2: Current and future sample return missions.
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Scientific payload
The scientific requirements
and
associated
measurements
at
the
asteroid
should
be
structured in three phases:
global
characterization,
local
characterization,
and
sample
context
measurements.
• 'Global characterization’
means to measure the
properties of the whole
NEA, on a global scale;
• ‘Local characterization’
is the characterization of
dedicated areas which
are identified as potential
sampling sites;
•
‘Sample
context
measurements’
are
measurements
being
performed at the actual
sampling site.
The global characterization
of the body will provide
as complete a picture as
possible of the physical
nature of the target object
in order to relate the
properties of the sample to

those of the parent body.
This data set is required
to identify a selection of
most favourable sample
sites, determining areas
of highest scientific value
and where sampling is
operationally feasible.
Local characterization is
required to understand the
geological setting of the
sample site, through high
resolution imaging and
measurements of the target
object surface. Performed
on the best sampling
areas identified from the
global
characterization
will allow optimization of
the sample site selection
and spacecraft operations
during sampling.
In
addition,
in-situ
observations from orbit
around the target object
and measurements at the
surface shall be made to
provide physical context
for the returned sample.
The in-situ analysis offers
the possibility to provide
physical understanding of

the surface material that
is complimentary to that
which can be obtained
from both the orbiting
spacecraft and from the
returned sample.
The
spatial
resolution
for
global,
local
characterization
and
context measurements is
reported in Table 3.
The selection of instruments
is expected to be part of the
overall payload selection
process during the study
phase. Table 4 describes
the
key
instruments
identified according to
scientific requirements and
as a result of spacecraft
ability to approach the
surface of the target object
and to collect the sample.
Specifically, the following
instrument payload should
be carried by the Orbiter:
• Main Navigation Camera
(N&W-Cam),
• Close-up Camera (CuC),
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• Surface Radar (SSR)
• The Vis-NIR Imaging
Spectrometer
(VIS-NIRSpec),

• Thermal IR
(Therm-Spec).

mapper

•
X-ray
spectrometer
(X-ray-Spec)

• Laser altimeter (LIDAR)

Spatial resolution
VIS imaging

VIS/IR spectrometer

Mid-IR instrument

Global characterisation

Order of dm

Order of m

Order of 10 m

Local

Order of mm

Order of dm

Order of dm

Hundred mm

-

-

characterisation
Context measurements

Table 3: Spatial resolution required for global characterization, local characterization and
context measurement.

Instrument

Mass (kg)

Mean Power
(W)

Heritage

TRL

Hi Res. Multi
Spec. Camera

1.2

2.5

Bepi-Colombo

3-4

MIR Spectometer 2.5

5

TIMM PhobosSoil

3

Vis-NIR
Spectometer

5.0

29.4

Hayabusa

9

LIDAR

1.9

9

Hayabusa,
BepiColombo,
NEAR

4

Radio Science

3.25

25

Cassini,
BepiColombo

9

Radar

12

25

Ishtar

9

Table 4: Summary of payload and current technology readiness level (TRL)
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KEY TECHNOLOGIES FOR SMALL BODY
SAMPLE RETURN
Earth-Based Telescopes
Earth-based
telescopic
observations
are
a
primary means of studying
asteroids
and
other
primitive bodies. Properly
planned and operated,
telescopic
data
can
probe, to varying degree,
an object’s shape and
size, mineralogy, orbital
and rotational attributes,
presence of volatiles, and
physical properties of the
surface material including
particle size and porosity.
These data are critical for

selecting mission targets
and designing mission
profiles. The large number
of primitive bodies in the
solar
system
requires
sufficient telescopes and
facility time to observe
statistically-significant
number of bodies and
plan
future
missions.
Characterization of this
multitude of bodies requires
access to large groundbased telescopes such as
the existing Goldstone and
Arecibo radars, but also

new facilities now proposed
by nations around the
globe.
Information of
such proposed facilities
as the Large Synoptic
Survey Telescope (LSST)
project, the Panoramic
Survey Telescope and
Rapid Response System
(PanSTARRS), and NEO
surveys can be found in
the U.S. National Academy
of Sciences 2011-2021
Planetary Science Decadal
Survey Report.

Sample Curation and Laboratory Facilities
Astromaterial
sample
curation is the node
between sample return
missions and resultant
laboratory research. Proper
curation has maintained
the scientific integrity and
utility of NASA,
JAXA,

Russian (Soviet) and ESA
astromaterial
collections
for decades. These critical
resources include lunar
samples from the Apollo and
Luna missions, Antarctic
meteorites, cosmic dust
and micrometeorites from

earth’s stratosphere and
polar caps, Comet Wild
2 coma dust from the
Stardust
Mission,
and
asteroid Itokawa regolith
collected by the Hayabusa
mission. The principal
goal of a sample return
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mission is the sample,
and the knowledge that
can only be extracted
from it using Earth-bound
laboratories which can
never be flown in space.
Each of these samples
is a continuing heritage
to the world, but only if
they can be maintained
over generations with as
little degradation as can
be achieved. In the next
decade,
opportunities
to sample asteroids and
comets would provide
additional
important
information. These missions
present new challenges,

including
curation
of
organics uncontaminated
by Earth’s biosphere and
volatiles requiring lowtemperature curation and
distribution. The returned
samples
will
require
specialized facilities, the
funding for which, including
long-term operating costs,
cannot realistically come
from an individual mission
budget. In addition to these
facilities, expert curatorial
personnel are required.
Funding for hiring and
training the next generation
of curatorial personnel is
essential.

Key new technologies
required for future curation
laboratories
include
organically-clean facilities
permitting analysis of a
suite of organic compounds
critical to the origin of
life and life-supporting
environments, and subzero C to cryogenic
handling and curation
facilities
required
for
returned frozen volatiles.
NASA and ESA have begun
technology development
for such facilities, but this
development is at an early
stage.

Laboratory Instrumentation
Ground-based laboratories
for sample analysis are a
fundamental part of a vital
program for the exploration
and study of primitive
bodies.
Spectral
and
physical data collected
by
telescopes
and
spacecraft can only be
understood fully through
laboratory measurements
of returned samples. These
samples require state-of-
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the-art
instrumentation
for complete analysis,
which can never occur
in-situ due to instrument
mass, complexity and the
necessity of repeated and
follow-on measurements.
Significant progress in
ground-based instrument
development has been
made in the past decade
in response to availability
of the Genesis, Stardust

and Hayabusa mission
samples. For example,
NASA
launched
the
Laboratory
Analysis
for Returned Samples
Program
to
support
laboratory
equipment
development, construction,
and operation. Current
and future sample return
missions will require further
investments of this type.

Figure 4: SPring-8 (Super Photon Ring-8GeV) synchrotron Laboratory, wrapping around Mt.

Miharakuriyama, Hyogo, Japan. Titanic facilities such as this is where returned astromaterials
are analyzed. Facilities such as these could never be placed on a spacecraft – hughlighting
the critical importance of ground-based laboratories to planetary science. Photo by Japan
Synchrotron Radiation Research Institute (JASRI).

Power and Propulsion
Currently, the principal
obstacle to conducting
certain missions to primitive
bodies is the absence of
the necessary power and
propulsion technologies.
Many small outer solar
system bodies could be
visited by spacecraft if
appropriate power and
propulsion
technologies
can be developed to make

such missions possible.
The mating of electric
propulsion to advanced
power
systems
would
permit a wide range of
new missions. One of the
main objectives of the
Hayabusa Mission was to
demonstrate the feasibility
of Xenon (ion) Thrusters.
Another attractive option
is
Advanced
Stirling

Radioisotope Generators
(ASRGs).
One
option
considered by the NAS
Decadal
Survey
was
a long-life Hall electric
thruster combined with
multiple ASRGs.
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Sample Return Capsules
Future
sample
return
capsules (SRCs) must
withstand high Earth-entry
beyond the capability of
current lightweight thermal
protection system (TPS)
materials. The development
and qualification of new
low-density TPS materials
is essential to reduce the
mass of entry capsules and
increase science payloads.
The NAS Decadal Survey
suggested
that
return
capsules be instrumented
in an effort to understand
their performance margin
in order that future missions
can be lower in mass without
taking
additional
risk.
Funding TPS development
now would leverage the
experience and expertise of
people who developed the
groundbreaking Stardust,
Genesis and Hayabusa
Mission TPS technologies.
The Stardust SRC entered
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earth’s atmosphere
at the highest speed
ever for a manmade object - 12.9
km/sec. Missions to
outer solar system
bodies will levy
even more severe
requirements
on
SRCs. The return of
cold or cryogenic
samples will require
a new generation
of
SRC,
with
temperature control
capabilities far in
excess of any built to
date. Such mission
will also require SRC
that are reliably,
and
verifiably
hermetically sealed,
another capability
that has not yet
been demonstrated
on
any
sample
return mission.

Figure 5: Stardust Sample Return

Capsule, open with tray extended as
during sampling at Comet Wild 2. The
SRC is now on Display at the National
Air and Space Museum, Washington,
DC, USA. Photo by M. Zolensky

Cryogenic Sampling
Specific
technology
developments necessary
to enable cold or truly
cryogenic sample return
missions, in addition to
those already noted above,
include remote sampling
and
coring
devices,
methods of determining
that a sample contains
ices and organic matter,
and
technologies
to
preserve samples at low
temperatures.
Remote sampling and
coring devices must have
the capabilities to sample
at depths to at least 1
meter (to provide samples
that have not been affected
by solar heating), with
preserving
stratigraphy.
The ability to remotely,
autonomously drill poorly
consolidated, or frozen
materials and preserve
sample
petrography
and
stratigraphy
has
not yet been reliably

demonstrated.
Opinions
vary, but preservation
temperatures for outer
solar system materials
of approximately 125K
are often stated. Another
capability that has not
yet
been
successfully
demonstrated is anchoring
to an outer system body
during sampling, a critical
step providing stability
to the sampling system.
The
main
challenge
here is the design to
accommodate other wide
ranges of possible body
bulk densities, porosities,
grain sizes, grain packing,
and surface to subsurface
hardness profiles. With so
many physical uncertainties
the design of a spacecraft
anchoring system is very
challenging.
Engineers
have considered sampling
approaches that would
not require anchoring to
a body – but no reliable

solutions to this problem
have been demonstrated to
permit the harvesting of an
undisturbed core sample
under microgravity.
The
NAS
Decadal
Survey
described
a
study that considered
potential approaches to
encapsulating a cryogenic
sample and assessed the
relative difficulty and cost
of maintaining the sample
at 90 K, 125 K, or 200 K
from collection to delivery
to a terrestrial laboratory.
The study concluded that
a practical thermal design
is feasible for a storage
temperature of about 125
K, required to preserve
water ice. However, the
integrity of more-volatile
ices such as hydrogen
cyanide and carbon dioxide
would be compromised at
temperatures in excess of
90 K.
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Autonomous spacecraft control
A key to robotic operations in
deep space is autonomous
navigation
that
allows
the safe operation of the
spacecraft during sampling
operations,
whether
touch-and-go or extended
landing approach is used
to collect a sample. In most
mission scenarios it is very
likely that the distance to
Earth during landing is too
great to have sufficiently
responsive direct control of
the spacecraft from human
ground-based controllers.
Therefore, the spacecraft
must be able to conduct the
final approach and landing/
sampling
completely
autonomously.
A major
challenge that currently
exists is to improve the
landing accuracy of the
autonomous
navigation.
Two key drivers here
are to be able to avoid
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hazardous terrain and
to collect samples from
more specific locations.
All minor bodies visited to
date have variously sized
boulders, craters, ridges
and other features strewn
across their surface, and
even in some of the flattest
terrains they can present
a significant possible risk
to the spacecraft. Being
able to identify and avoid
individual
boulders
or
other features over short
distances would be a
good step forward. High
resolution cameras and
imaging
spectrometers
used to characterise the
asteroid allow identification
of the highest scientific
value
sampling
sites.
However, accessibility of
these sites will depend
to a large extent on the
accuracy and control of the

autonomous navigation as
some sites may be relatively
small, e.g. natural or manmade recent craters that
have exposed some of the
sub-surface regolith that
is less space weathered.
Current landing ellipses
for on-going missions can
be as small as 25-50m
diameter, however, the
distribution of boulders
and other hazards, and the
size of interesting features
means that pushing this
limit down to 5-10m would
be very beneficial.
Important
steps
in
the
development
of
autonomous
spacecraft
operations include the
multiple touch and go
sampling operations of the
Hayabusa spacecraft at
asteroid Itokawa and the
landing of the Chang’e 3
spacecraft on the Moon.

Data archiving
Huge
quantities
of
information (data) arise
from
sample
return
missions. NASA and ESA
are currently struggling
with
newly
imposed

requirements for archiving
all
derived
sample
information
in
formats
that are perpetual, nonproprietary and still useful
to the average scientist.

These requirements have
not yet been successfully
met. Future missions will
face the same challenge,
to a greater degree.

INTERNATIONAL CONTEXT
For the importance that
small bodies represent to
understand the primordial
solar nebula and the earliest
solar system processes
that shaped their evolution,
asteroids and comets have
been targets of interest for
proposals and missions for
over three decades. Flybys provided the first closeup views of these objects
and led to major advances
in our knowledge of their
physical properties and
evolution. However, remote
sensing can only provide
limited information on the
surface composition, and
even in-situ measurements
that could be made by a
lander are severely limited

by the resources available.
It is no surprise therefore
that sample return missions
are considered a priority
by a number of the leading
space agencies. Already
in 2003, JAXA launched
the sample return mission
Hayabusa to the asteroid
Itokawa
(S-type)
and
NASA in 2004, launched
the mission Stardust to the
comet Wild2, which brought
back micron-sized grains
heavily modified during
high speed collection,
but that gave important
scientific results.
The Rosetta mission by
ESA (Schulz et al 2009)
has returned a treasure

trove
of
information
(Barucci & Fulchignoni
2017) revolutionizing our
understanding on comets,
but leaves the fundamental
question open about the
composition and origin
of the complex organic
dark materials present on
the nucleus surface of the
comet
67P/ChuryumovGerasimenko. Moreover,
limitations in what can be
achieved from Earth have
highlighted deficiencies in
our knowledge, particularly
with respect to detailed
and precision isotopic
information, and on the
presence of the dark
material. The complex
mixture of materials on
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these objects with the mix of
very fine-grained minerals
demands high sensitivity
and
high
precision
analytical capability and
therefore
requires
the
return of a sample to Earth
for detailed investigation.
At present, two asteroid
sample return missions
dedicated to primitive
asteroids are on their
journeys : OSIRIS-REx by
NASA to the asteroid Bennu
(B-type) and Hayabusa2 by
JAXA to the asteroid Ryugu
(C-type). Another sample
return mission has been
selected on NASA's New
Frontiers program mission
4, as one of two finalists
selected
for
in-depth
concept study: CAESAR
(Comet
Astrobiology
Exploration Sample Return)
to comet 67P/Churyumov-

Gerasimenko. The mission,
if selected in 2019, will
be launched in 2024-25,
with a capsule delivering
the sample of cometary
material to Earth in 2038.
To complete the inventory
on materials of our solar
system, the next step in
exploration must include
a sample return from
different types of asteroids
(including D- and othertype
asteroids)
and
comets, which will provide
fundamental information on
our origin.
The fundamental lesson
learned from the Rosetta
mission is the importance
of the chemical and
mineralogical analysis of
the surface and subsurface
material. A laboratory on a
landing element, like on

PHILAE, provides limited
analytical
capabilities.
Only a sample returned to
Earth can grant access to
the full scientific content
of the pristine material
dating back to the origin
of our Solar System. The
suite of instruments on the
orbiter enables sample
site
selection
based
on detailed, synergetic
analysis of the physical
and thermal properties of
the surface morphology.
Data archiving with worldwide, public access is
key for in-depth scientific
analysis of the complex
sample data, requiring
cross-discipline
novel
interaction of experts in,
e.g., chemistry, material
physics, small bodies,
accretion, and origin.

ADDED VALUE OF INTERNATIONAL
COLLABORATION
The need to consider
international collaboration
in the exploration and
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exploitation
of
space
was recognized since
the beginning of the

Space Age. In the field
of
planetary
space
science,
international

cooperation is of particular
importance
given
the
technical complexity and
cost of the missions, but
also the strong public
interest
generated
by
such investigations. Thus,
many key space science
missions are collaborative
in nature (collaborations at
the mission architecture,
or at the payload level).
Moreover,
partnerships
in
planetary
science
exploration missions offer
some of the best grounds for
strengthening international
cooperation in space,
being less demanding
than human exploration
projects. The most notable
achievements
in
the
past are the coordinated
international
missions
during the 1984 return of
Comet 1P-Halley, and the
Cassini-Huygens (NASAESA) joint mission to study
the Saturn system (19972017). These programs
provided a real added
value on several aspects,
like science, technology
and diplomacy too.
As of 2017 out of 23
completed, operating, or

ready to set off planetary
missions,
16
are
of
international
character.
Major
cooperation
missions always have a bilateral core; no example of
three- or more partnership
survived. In most cases,
when the payloads are
shared, these partnerships
provide
support
for
instrumental development
and
measurements,
and
ground
support
(spacecraft
tracking,
enhanced data downlink,
etc.) to the interplanetary
missions. Science should
remain the driver in the
selection
process
of
cooperative missions and
collaborations
should
consider the long-term
interests of each partner.
Achieving the goal of
learning more about our
place in the Universe will
require human and robotic
missions of increasing
scope and complexity.
In the area of planetary
exploration for instance,
a major joint approach
corresponding to “Sampling
the Solar System” would
be the equivalent of the

Next Generation Space
Telescope initiative in the
field of astronomy and
would require large scale
international partnerships.
We are entering an era
of major sample return
projects such as the Mars
Sample Return (NASAESA) and asteroidal and
cometary sample returns
(Osiris-Rex,
Hayabusa
2 (JAXA, with a lander
contributed from DLR and
CNES), CAESAR). Sample
return missions (from Mars,
Venus, Mercury, comets,
and asteroids) and in
situ scientific missions
(landers,
networks,
atmospheric
probes)
are prime candidates for
cooperative missions in
planetary exploration since
they can involve a series
of items to be shared
(e.g.
complementarity
between large-scale and
small-scale
missions,
selection
of
landing
sites,
communication
infrastructure, data and
sample
management
and access to the best
ground-based laboratories
of each side). To avoid
redundancy of effort and
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remain
economically
viable such large-scale
activities
should
be
undertaken in cooperation
at the international level.
International cooperation
will not only enable these
challenging
missions,
but also increase the
probability of their success.
Planetary
exploration
has a history of relatively
fast
dissemination
of

mission data. Cooperation
partners share the mission
data as they arrive and
are expected to archive
data in public domain
after a proprietary period
(generally < 6 months).
To enable collaborations for
planetary science missions,
it is recommended that joint
study teams involving both
scientific and technology
specialists be set up, to

identify collaborative fields
and potential common
roadmaps of the partners.
One
important
factor
limiting the international
collaboration is related to
sanctions and International
Traffic in Arms Regulations
(ITAR). More relaxed ITAR
rules regarding space
science projects would
favor wider international
co-operation.

SUMMARY AND RECOMMENDATION
Summary
Asteroids and comets are
fossils of the early solar
system, and they are the
key to address important
early processes including
condensation
and
fractionation of solar nebula,
accretion and processing
of planetesimals and initial
stages of planet formation
and evolution.

system are thus sample
return
missions
from
representative
asteroids
and comets. Only sample
return missions can provide
complete understanding of
these major questions:

System and how did it
evolve?

1.
What
was
the
astrophysical setting of the
birth of the Solar System?

Necessary steps in the
exploration of the solar

2. What is the origin of
material in the early Solar

4. What is the distribution of
asteroid spectral types and
comets with heliocentric
distance?
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3. What are the physical
properties and evolution
of the building blocks of
terrestrial planets?

5. Which is the contribution
of protoplanets to the origin
of water and life on Earth?
Answers
to
these
fundamental
questions
require
measurements
with exceptionally high
precision and sensitivity,
and
require
carefullyselected samples returned
to terrestrial laboratories,
which are unconstrained
by mass, power, stability
etc. Only in the laboratory
can instruments with the
necessary precision and
sensitivity be applied to
individual
components
of the complex mixture
of materials that forms

an asteroid regolith, to
determine their precise
chemical and isotopic
composition.
Current
and
previous
sample return missions
have and will visit a single
S-class and two C-complex
(C- and B- class) asteroids
and one Jupiter family
comet. Thus, asteroids
have not been explored in
either breadth nor depth.
There is much left to
understand about inner as
well as outer solar system
materials. Consequently,
sample returns from any
class of asteroid are
necessary.

Previous
small
body
missions have featured
participation
by
most
space-faring
nations.
Thus, future missions are
well-advised to include a
significant component of
international collaborations
in order to save time
and resources, and take
full advantage of welltested
technologies,
existing
ground-based
facilities,
flight-qualified
instrumentation,
and
engineering and scientific
experience.

Recommendations
(1) Asteroid sample return
missions are less complex
than most conceivable
comet
sample
return
missions, and are thus best
suited as a first exploration
step.

(2) Sample returns from
any class of asteroid
are necessary, since no
asteroid classes have been
explored in either depth of
breadth.

(3) Sample return missions
should include a significant
component of international
collaboration.
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