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This material is designed to complement and enhance univesril

courses in planetary scienc@he materiaktartswith the birth of the Solar
System ananovesthrough the different types of meteorite, #ir
components and what can be learnt from them about the origin and
evolution of the Solar Systert.concludes with a section about the value of
samples returned from space missions and their curation requiremétisef bibliography of
reference mateials is included at the end of the document.

This documenis complemented by a video presentation available through the EORRES
website (http://www.euro -cares.eu/resources

As well as reading the doment, students are encouraged to examine the thin sections of
meteorites available through the Virtual Microscodtps://www.virtualmicroscope.org).

The material has been prepared by Professor Monica Grady of the Open University, Milton Keynes, on

behalf of the EURQARES consortiuhihe EUR@ARES projeotceived funding from the

Eurpean Union’s Horizon 2020 research and i nngc
640190

Introduction

Solar System history started some 4586illion years ago with the collapse of an interstellar
molecular cloud to a protoplanetary disk (the solar okt) surrounding a central stahe Sun
Figure 1 is an image of a protoplanetary disk around the néovining star HL Tau. It shows

the bright and dense central region where the star is forming, and an increasiisgigrsed disk
around the star. Gaps the disk indicate
the potential accretion of a series of
planetesimalsThis is presumably the type
of environment in which the Solar System
began.

Evolution of the Solar System continued
through a complex process of accretion,
coagulation, agglomerain, melting,
differentiation and solidification, followed
by bombardment, collision, breakp,
brecciation and rédormation, then to
varying extents by heating,
metamorphism, aqueous alteration and
impact shock. One of the key goals of
planetary science i® understand the
primary materials from which the Solar

Figure 1The Protoplanetary Disk of HL Tauri. Image | System formed, and how they have been
Credit:ALMA (ESONAOCINRAQ, NSF modified as the Solar System evolved. The

last two decades has seen a greater
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understanding of the processes that led to the formation of the Sun and Solangy&tivances

have resulted from astronomical observations of star formation regions in molecular clouds, the
recognition and observation of protoplanetary disks and planetary systems around other stars,
and also from advances in laboratory instrumentattbat have led to more precise

measurements on specific components within meteorites, e.g., refinement of chronologies based
on shortlived radionuclides. Results from meteorites are important because meteorites are the
only physical materials available &arth that give direct access to the dust from which the Solar
System formed. Study of meteorites allows a more complete understanding of the processes
experienced by the material that resulted in the Earth of today.

Meteorites

Meteorites are pieces of r&ccand metal, almost all of which are fragments broken from asteroids
during collisions. They fall at random over t
components withinlunarsoiend on Mar s’ surface. Met eorites
find or fall, traditionally after a local geographic feature or centre of popula#tooomplete

inventory of the number, type and geographic distribution of meteorites is maintained in the
Meteaoritical Bulletin kttps://www.Ipi.usra.edu/meteor).

Classifying meteorites enables similarities and differences between specimens to be recognised.
This, in turn, allows inferences to be drawn about relationships between groups, thgimsand

the common processes that they have experienced. Over the years, meteorite classification has
become a more precise science, partly as a result of the increasing sophistication of the
instrumentation available for meteorite analysis, and partlyirggvto the increasing numbers of
meteorites recovered from desert locations. Many schemes for classification have been devised,
some with more utility than others, but all schemes, right from the very first descriptions of
meteorites, recognised a basio/giion between stone and iron meteorites. Meteorites can be
divided into two main typegFigure 2)according to the processes they have experienced:
unmelted (unfractionated, undifferentiated) and melted (fractionated, differentiated).
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Figure 2 Classification of Meteorite. Image Credit: EURERES Mg

The unmelted meteates, or chondrites, are all stones, and in all but the most volatile of
elements, have compositions that are close to that of the solar photosphere. Melted meteorites


https://www.lpi.usra.edu/meteor/

(achondrites) cover a range of compositions from stone, through st@myto iron. Bridjing
between these two major divisions are the primitive achondrites: meteorites that have an
unfractionated composition, but textures that indicate they have been strongly heated, if not
melted. Both unmelted and melted meteorites are further sdibidedinto classes and groups

(Figure 2)

Classification of meteorites is one way of identifying materials that might be associated in space
and time, e.g., through accretion in closely neighbouring regions of the solar nebula, or having
suffered similar procsses of heating, melting, differentiation and/or hydrothermal alteration.

One of the most widehaccepted methods of classifying meteorites is to determine their oxygen
isotopic compositior{Figure3). Whilst this does not identify which specific pardyidy a

meteorite derives from, it does show which meteorites are related to each other, and which are
not. The variations in compositioof different meteorite groupsre generally taken to be a
reflection of primordial nebula heterogeneity, modified in sogreups as a result of widespread

fluid-solid exchange processes.
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Figure3: Oxygen isotopic composition of (a) choites and (b) achondrites. Data compiled from a
variety of sources (see bibliography). Image credit EGRRES/mmg.
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Despite enormous progress brought about by increasing numbers of meteorites and advances in
analytical instrumentation, the classification scheme is incomplete, and there are many
meteorites that do not fit comfortably into the framework. There is not always a eber

distinction between types: e.g., there are many iron meteorites that contain silicate inclusions
related to chondritic meteorites. Clasts and inclusions within meteoatss frequently defy

ready assignation to recognised meteorite groups.

Chondrites

We now recognise 15 different chondrite grougsgure 2) There are eight carbonaceous

chondrite groups: Cl, CM, CO, CV, CR, CK, CB and CH. The type specimeyrefpstre

Ilvuna, Mighei, Ornans, Vigarano, Renakarponda and Bencubbin, respectively. The CH
chondrites are not named for a type specimen, but their relatively-nmoh composition is

recognised with a label analogous to that of the high iron groups obtbaary and enstatite
chondrites As well as eight groups of carbonaceous chondrites, there are three groups of
ordinary chondrite (H, L and LL), plus the EH and EL enstatite chondrites, and the rumurutiite (R)



and Kakangaitype (K) chondrites. The grps are distinguished on the basis of elemental and
isotopic chemistry, matrix, metal and chondrule contents and chondrule properties (size, type,
etc.). The differences between the groups are primary, i.e. were established as the parent bodies
accreted indifferent regions of the solar nebula. Subsequent to accretion, most meteorites have
experienced varying extents of thermal metamorphism or aqueous alteration. These secondary
processes occurred on the meteoritgmrent bodies, and did not affect the oxakcomposition

of the chondrites. Mobilisation and réistribution of elements such as Fe, Mg and Ca occurred as
primary silicates either became homogeneous in composition through heating, or through
formation of secondary mineral phases (e.g., clay nalsrcarbonates) during aqueous

alteration.

Subordinate to classification into the different chemical groups of chondritepés$ralogic sub
classification This is a numerical (ndimear) scale from 1 to 7 which recognises secondary
parent body process experienced bghondrites, quantifying the extent of dry thermal

(petrologic types 3 to 7r aqueougpetrologic types 1 to 2lteration experienced after the

parent asteroid aggregated. The various meteorite classes have experienced secondary
proceses to different extents, demonstrated by variety in the range of petrologic types exhibited
by the groups. It is also recognised that modification does not cease, even after metamorphism
or metasomatism ends: collisions between asteroids lead to brecoiatiod the production of
shock veins and melt glass. These tertiary effects can be recognised as textural changes within
mineral grains. There is a sequantitative scale for shock classificatibased on

characterisation of defects in silicate grains {ntaolivine), and ranges from S1 (unshocked) to
S6 (highly shocked, to about-A) GPa)The final parameter required tdescribea chondrite is
applied to meteorites that have been found, rather than those observed to fall, as it is a measure
of the amouwnt of weathering experienced by the meteorite during its terrestrial lifetime.
Weathering rusts metal, and breaks down primary silicates to clay minerals; agsamntitative

scale to assess the weathering of chondritess from WO (unweathered) to W3 @akdown of
silicates to clays, metal oxidisedhe texture of a chondrite results from a combination of two
factors: its constituents (i.e., the relative abundances of different components, including matrix,
chondrules, metal etc) and the processes tha thondrite (or its parent body) has experienced
(thermal metamorphism, fluid alteration).

Components of Chondrites

Chondrites are mechanical mixtures of a variety of components that originated at different times
in different regions of the proteolar ndula. They also contain, to greater or lesser extent,

grains that originated prior to the formation of the solar nebula (presolar grains). The relative
abundances and sizes of the major chondritic components are essential indicators of the
classification ba meteorite.



Calcium and aluminiurarich inclusions (CAl) are irregulagigaped objectgFigured). As their
name implies, they are composed of calchand aluminiumrich minerals, such as hibonite,
melilite, spinel, etc., as
well as fassaite, an
aluminiumbearing
pyroxene. These minerals
are characterized by their
refractory nature; their
presence implies that CAl
formed in high
temperature processes
(temperatures > 1800 K),
probably in a region very
closeto the newlyformed
Sun. The mineralogy and
isotopic composition of
CAl identified them as
S objects that formed very
S G s WA D SPET.Y T e WSt early on in the history of
Figure4: A Scanning Electron Microscope image of a CAl from the Ornans | the Solar System.
chondrite

Their irregular shape

implies that they have not
been through an extensive melting processddor many years they were thought to have been
produced by direct condensation from the cooling nebular gas. Whilst this is presumably correct
for some CAI, others have textures that suggest formation from partially molten droplets. CAl are
regarded as ggregates of primary nebula condensates that may have experienced several
episodes of partial melting and alteration in the nebula prior to accretion into parent bodies;
secondary alteration also occurred during subsequent parent body evolutiond &tgyeg of

minerals within CAl has shown that they are the oldest objects in the Solar System, with ages of
4567 Ma. Following their formation (which seems to have occurred on a timescale of < 1 Myr),
CAl were transported to the regions in which chondrite paterdies were aggregating.

CAl are often surrounded by a layered sequence of rims, composed of spinel, perovskite,
hibonite, melilite and pyroxene. Each layer is usually composed of only one or two mineral
species. The rims follow the outline of a CAl cipseVen fractured where the CAl is fractured, so
it is assumed that the rims formed in the nebula as part of the CAl, rather than being of parent
body origin.



The origin of chondrules is a matter of vigorous and active debate within the metabri
community. Their spherical to stdpherical shape and internal texture indicate that they formed
in a high temperature process, and that they are quenched droplets of-oradten silicates
(Figure 5)Both the location of

| chondrule formation, and th@rocess
that rendered solid grains of
interstellar dust molten are uncertain:
Scientists have described at least nine
1 , different processes that might have

. been responsible for chondrule
formation, including mechanisms such
as in the highly energetic wintbfving
from the young Sun or in shock waves.
It is possible that more than one

' mechanism was involved in chondrule
BF formation, and that chondrules were
WS .. & v ="' produced by different processes at
Figure5: A chondrule from a thin section of the Palymra different locations within the nebula at

chondrite pictured in crospolarised light. Image Credit: different times.
NHM/mmg

Chondrulesriom several different
chondritic groups have been dated,

giving ages in the range 4568567 Gyr. The most ancient age for chondrules has an uncertainty
that overlaps with the apparent age of CAI. For many years, it seemed that the formation of CAI
and chomrules were separated in time by about 3 Ma. It now appears that CAl and chondrules
began forming at almost the same type, but that chondrule formation continued for about 3
million years after CAIl formation.

The matrix of a chondrite is its groundss, the material that occurs between chondrules and

other discrete objects (including chondrule fragments, CAl and CAIl fragments, isolated large
silicate, metal and sulphide grains). Matrix is fgrained (micron to sumicron) and mainly
composed of sitates, although phyllosilicates and organic material are presesdnme groups

of chondrites. Matrix abundance in the different chondrites groups is variable, from CI chondrites
that are, in effect, 1006 matrix, to enstatite chondrites with very littteatrix at all. As well as
forming the groundmass between chondrules, matrix also occurs as rims around chondrules and
as individual lumpsThetexture of matrix, its degree of recrystallization and the extent to which
matrix can be distinguished from chomdes are all parameters employed in assignatiothef

degree of parent body processibga chondritic specimen.

Only 3 of the 15 chondrite groups (the CI, CM and CR chondrites) contain significant quantities of organic
matter. It occursn amounts of 2 to 6 wt. %, and is present as a mixture of aliphatic (both straigtht
branchedchain) and aromatic compounds. The main organic constituensavantinsolublecomplex



network of crosdinked aromatic moleculesAt least a part of therganics inventory, characterised by, D
13G and**N-enriched isotopic compositions, was inherited from interstellar space.

A volumetrically insignificant, but scientifically critical component within chondrites is their
complement of submicron to micronsized interstellar and circumstellar grains. These materials,
which include silicon carbide, graphite and diamond, as well as silicates and oxides, are present
at levels of a few ppb to ppm and have a variety of origins thatdate formaion of CAl and
chondrules. The grains are characterised and classified according to the isotopic composition of
their major elements, and the noble gases that are trapped within them. Most studies have been
made on presolar grains from Cl and CM metegtitghere grain abundance is highest.

Primitive Achondrites

Four groupof meteorites(the acapulcoitdodranite clan, brachinites, winonaitesd ureilites

type specimens Acapulco, Lodran, Brachina, Winona and Novo Urei, respectively) are regarded as
primitive achondriteqFigure 2) They have almost chondritic compositions (i.e., they are very

little fractionated relative to the sun), but their textures indicate that they have experienced

some degree of heating and partial melting. Winonaites are clasédyed to the silicate

inclusions in IAB irons, and may derive from the same parent body, bridging between iron
meteorites to chondrites. The characteristics of primitive achondrites may help in the
understanding of early differentiation processes in asidal bodiesFigure 3 (byhows the

oxygen isotopic compositions of the primitive achondrite groups.

Achondrites

Achondrites are meteorites that formed from melts, and thus have differentiated compositions.
Achondritesoriginallyonly comprised stony mebrites that had lost a large fraction of their
primordial metal content, their name emanating from the observation that such meteorites
generally do not contain chondrules. However, the current convention is to regard all
differentiated meteorites (stondron and stonyiron) as achondrite§Figure 2)

Stony achondrites differ from chondrites in their major element content, especially calcium and
similar elements. They have almost no metal or sulphides, and neither do thé&irton

chondrules. They are mainly composed of crystals that appear to have grown from a melt. There
are many different groups of achondrites, some of which can be linked together to form
associations allied with specific parents. The separate associatawaslittle, if any, genetic
relationship to each othefFigure 3 (byhows the oxygen isotopic compositions of the different
achondrite groups.



Angrites (type specimen Angra dos Reis) are
medium to coarsegrained basaltic igneous
rocks. Although the anges have similar oxygen
isotopic compositions to the HEQSigure 3B,
they are unrelated. Aubrites (or enstatite
achondrites; type specimen Aubres), are highly
reduced meteorites with mineralogies and
oxygen isotopic compositions similar to those of
ensiatite chondrites, leading to the suggestion
that aubrites might have formed by partial
melting of an enstatite chondrite precursor. The
: A . howardite-eucrite-diogenite (HED) clan is a suite
Figure 6 Thin section of the Stannern eucrite. Field o of generally brecciated igneous rocks ranging
view 4mm. Image Credit NHM/EUREARES/mmg from coarsegrained ortlopyroxenites
(diogenites) to cumulates and firgrained

basalts (eucritesFigure §. The howardites are regolith breccias, rich in both solar wind gases

and clasts of carbonaceous material. The HEDs all have similar oxygen isotopic compositions

(Figure 3b; a strong candidate for the HED parent body is asteroid 4 Vesta.

The stonyirons are divided into two groups: mesosiderites and pallasites, similar only in their
approximately equal proportions of silicate and metal. The two groups havediféyent origins
and histories. Mesosiderites are a much more heterogeneous class of meteorites than the
pallasites. They are a mixture of varying amounts of-markel metal with differentiated
silicates, the whole assemblage of which seems to have besttiated.

Pallasites are perhaps the most strikingly beautiful of all meteorites. They are an approximately
equal mixture of iromickel metal and silicates (predominantly olivine), and the metal forms a
continuous network, into which the olivine graiase set.

Iron meteorites are highly differentiated materials, presumed to be products of extensive
melting processes on their parents.
They are composed of iron metal,
generally with between 515 wt.%
nickel, and account for approx. 5% o
all observed meteorites falls. The
mineralogy of iron meteorites is
dominantly an intergrowth of two
phases, the iromickel metals
kamacite and taenite. Kamacite, Br
FeNi, has a bodgentred cubic
structure and a Ni content < 7 wt.%,
Figure 7 A polished and etcheslice of the Henbury whilst taenite, ora-FeNi, is face

iron meteorite. Image credit: NHM centred cubic andpprox. 1550 wt.%




Ni. When polished and etched in dilute mineral acid, irons reveal a distinctive structure, known
as a Widmanstatten patterri={gure 7)This consists of plates of kamacite in an octahedral
orientation with interstices between the platets filled with taenite and plessite (a very fine
grained, sukmicron, intergrowth of kamacite and taenite). The width of the kamacite lamellae is
related to the cooling history of the parent bodies. The pattern is named for Aloys J. B. von
Widmanstatten who, at the start of the 19th century, observed the pattern on several iron
meteorites, although he probably was not the first to describe the structure.

The coarseness of the Widmanstéatten pattern is expressed as the width of the kamacite lamellae
(or bardwidth), and iron meteorites were originally classifiatb 5 structural groups: the coarse,
medium and fine octahedrites, ataxites and hexahedrites.

Structural classification of iron meteorites has been succeeded by classification based on metal
compositon. The irons are subivided into 12 different group@~igure 2pn the basis of nickel

and trace element chemistries (Ga, Ge and Ir contents). The relatively tight coupling between Ni
and Ga and Ge for ten of the individual groups indicates that theggoepresent discrete

parents that had completely melted and then solidified by fractional crystallisation. These groups
were previously known as the magmatic iron meteorites, although this term is no longer in
favour.

Two groups, the IAB and IlICD irdmaye a wide range in Ga and Ge abundance with Ni content.
They were thought to derive from parent bodies that had not completely melted and were
coupled together as nomagmatic iron meteorites that possibly formed during impact processes
on their parentasteroids. It is now recognised that silicate inclusions in the IABs are very closely
linked to a group of primitive achondrites. If they did not come from the same parent body, they
must at least have formed in closely located regions of the solar nebula.

Many irons defy chemical classification, and simply remain ungrouped. On the basis of trace
element compositions, it is estimated that iron meteorites might represent samples of at least 70
individual asteroids.

Non-Asteroidal Meteorites

All the meteorites that have been considered so far originated from asteroids. In the early 1980s,
it was recognised that there were two groups of meteorites derived from planetary, rather than
asteroidal sources.

Lunar meteorites are mostly anorthositiegolith breccias. The first lunar meteorite to be
described was ALH A810(Fgure 8), found in the Allan Hills region of Antarctica. Descriptions of
this small (31.4g) specimen were remarkably consistent, and acceptance of its lunar origin was
unanimous. The reasahat consensus could be achieved so readily was because ALH A81005



could becompared with the Apollo and
Luna samples returned directly from the
Moon. The lunar meteorite was identical to
Apollo and Luna samples in mineralogy,
mineral chemistry and isotop composition.
Cratering of planetary surfaces by asteroidal
impact had been considered as an
important process for modifying planetary
surfaces, but from the dynamics of such a
process, the ejection of large amounts of
Figure 8 The ALH 81005 lunar meteorite. Image mate_n_al V\_Ias thought to be untavoable.
credit: NASA Identification of ALH A81005 as lunar
showed that material could indeed be
removed from the Moon and land on Earth.

There have been many missions to Mars since the first successiyl éiiyMariner 4 in 1965.

Imagery and other dat from orbiting satellites and landed craft have increased our knowledge

of Mars and our understanding of its formation, the relative chronology of the major events that
shaped its surface, and the mineralogy of the surface materials. A valuable soumtarmfation

about Mars, complementary with data returned from space missions, is the class of meteorites
that were ejected from Mars’ surface by i mpac

The existence of lunar meteorites
was readily accepted because they
could be compared directly with
material returned by the Apollo and
Luna missions. Because astronauts
have not yet visited Mars, we have
no samples returned directly from
our neighbouring planet to provide a
benchmark against which potential
martian meteorites could be
- compared. Howevemnce the idea
ILE$ ' - that meteorites could be removed
= - P ; g 4 from the Moon by impact was
accepted, then the idea of
meteorites from Mars gained
ground. The breakthrough in
reali sation that there were rocks from mars i
analysis of another meteorite collected in Antarctica, EET 79001 (Fyure

Figure9: TheEET 79001 martiameteorite. Image credit: NASA

The tale of how a group of meteorites was accepted as martian is too long and complicated to be
included hergbut see bibliography)A summary of the evidence for a martian origiras
follows: the meteorites are younger than asteroidal meteorites (the youngest is ~ 165 Myr old)
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so they cannot be from the asteroid belt, but must be from a volcanieallive body (i.e., a

planet). Oxygen isotope composition shows that all the mates come from the same parent

body (but do not indicate which body that is). Finally, some of the meteorites contain gas
trapped within pockets of melt glass. The gas has the characteristic composition, in termg of CO
N.and nobl e gas @lere (asdeterMiaed By orbiang spacscratft). It also has the

same®®Ar/*®Ar i sotopic composition as Mars’' at mospl
Earth’ s atmosphere. The gas was concluded to
themeteoi t € was excavated from Mars’ surface by

Mars.

There were originally only three stgroups of martian meteorites, the type specimens of which

were named Shergotty, Nakhla and Chassigny. On this basis, the martian nestesed to be
referred to as *SNCs'’ , but wusage of this terr
more subgroups have been recognised.

Age-dating of Meteorites

The main events that led to the formation and evolution of the Solar Systhgnd chondrule
formation, aggregation, crustal melting, differentiation and core formation) can be followed by
several different radiometric ageating chronometers. An underlying assumption of the dating
technique is that the parent isotope was distted homogeneously through the meteorite
(asteroid) formation regions.

4600 4550 4500 4450 4400 4350 4300 4250 Several isotope systems with different
B EREREE AR R ERRRS B half-lives are used to measure different

Chondrite processing events within Solar System history. The
absolute age of a sample is obtained
using the UPb system. Theato separate

Achondrite processing

................ s Core Formation isotopes of uranium2§5U and238U)
- Crisehigate Biereiadon decay at different rates to two different
+ Primitive Achondrite Formation isotopes of |eadze7pb andZOGPb,
oy Chondrite Formation | respectively). The ratio of the two
I Ghondrule Formation | 45 1ghter isotopes?’Pb2%Ph, can be

CAIl Formation . .
measured very precisely, and if several

components froma single samplare
measured, the resulting isochron yields
an age. The RBb age obtained in this
way is an absolute age. Shdirted
radioisotope systems provide ages that
are relative to the P¥b absolute age; if
sample that has a PBb age is also dad by a shoHived chronometer, then the two ages can be
compared directly and the timescales integilibrated. Absolute ages have now been determined
for many meteorite classes and meteoritic components.

4600 4550 4500 4450 4400 4350 4300 4250

Figure 10Solar System chronology. Data compiled from :
variety of sources (see bibliography). Image credit: EURO
CARES/mmg
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The oldest components in meteorgare the CAIl, with ages (determined by dating) of 4567

+ 06 Myr. This age can be taken as a baseline from which the date of formation of other
meteoritic components can be measured. The decay of the dhad radionuclide®Al has been
applied exensively as a fine scale chronometer for determination of the relative ages of early
Solar System events. Because Al and Mg are both lithophile elements, they are insensitive to
metalksilicate fractionation processes, and so #i&l-**Mg chronometer is ued to constrain the
formation timescale of primitive rocky materials. This has led to the establishment of a relative
ti mescale for the production of CAl and chonct
rationalised that the shortived radionuclides we produced externally to the presolar nebula
(probably in a supernova), injected into the collapsing dust cloud and incorporated into the CAl,
etc, on timescales shorter than that of the radionuclide Hiédf. For example, the presence of

26Mg within CAkhows that the CAl formed whilAl was sti |l “1live” in t
agglomeration took place over a very short timescale, < 1 Myr#q0e*'K chronometer implies
even more rapid formation of CAl, with an interval between nucleosynthesisigglomeration

of < 0.3 Myr. The most abundant component within chondrites, chondrules, shitie evidence

for live2°Al; measurements on aluminiunich chondrules using the Mg chronometer imply

that chondrules formed after CAl production, and tichbndruleformation took place over an
extended period of time, commencing very shortly after CAl formation, and completing within <
5 Myr. This is compatible with the F®b ages of chondrules, whishggesthat the onset of
chondrule formation was almosimultaneous with CAl formation, but which then continued for
several million years after CAl formation was completed.

Following planetesimal accretion, silicate melting occurred, the heat source for which was
presumaly radioactive isotope decay combined with impaatiuced heating. Subsequent
crystallization results in partitioning of elements between different mineralogical components; a
suitable radioisotope chronometer for measuring the age of crystallizatiomuéla(i.e., the

time when elemental exchange could no longer occur between phases) is one where parent and
daughter isotopes have different cosmochemical behaviours, such that, for example, the parent
partitions into one silicate mineral (e.g., olivinejilst the stable isotope of the daughter

element moves into a second mineral, e.g., pyroxene. One such radiometric chronometer is the
53Mn-53Cr system (> = 3.74 Myr), which has been extensively employed to date the timing of
crystallization of earijormed igneous rocks, such as angrites. Concordance between thérMn
and PbPb isotope systems in angrites has been used to pin the two chronometers together,
allowing absolute age differences to be inferred on the basis of measurements oflisiedirt
radioisotope decay products.

The final stage in the gross evolution of a planetary embryo is melting of large volumes of
material, leading to metasilicate differentiation, segregation of metal and core formation.

Again, these processes can be followed by i@ptibn of a suitable chronometer, for example the
hafniumtungsten system@2Hf-18aW; t;, ~9 Myr), which has been used to date mesdicate
differentiation on the Earth, Moon, Mars, and asteroidal parents. Both hafnium and tungsten are
highly refractoy elements that are present in approximately chondritic relative abundances in
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bulk planets and planetesimals. However, during msttitate differentiation (or core

formation), the lithophile Hf segregates into the silicate fraction while the siderepWil
segregates into the metallic core. If this differentiation event occurs within ~Sitiaff of'8Hf,

~45 Myr, then its timing can be determined by measuring the excess of the daughter product,
BN, This has enabled new estimates for the timing ofahsilicate differentiation on the
terrestrial planets and planetesimalson meteorites started to form around the same time as
CAl formation. The onset of core formation is now thought to have occurred within the first ~3
Ma and ~13 Ma from the begimmy of Solar System formation for Vesta and Mars respectively,
with those of the Earth and Moon forming some time later.

The thermal and shock histories of meteorites are illustrated by changes in mineralogy and
texture. The tine when such changes occurred can be determined from measurement of the
noble gas inventory of a specimen, because these species are mobile, and readily lost during
secondary processing. As long as a system remains undisturbed (i.e., not shocked or
metamorphosed), the abundance of noble gases that have accumulated in a specimen is a record
of how much time has elapsed since its final disturbance. This gas retention age might be dating
the crystallization of a rock from a melt, or the era when thermal metgyrhmm occurred, or

the timing of a shock event such as catastrophic bigalof a parent object. The noble gas

species most significant for determination of thermal or shock histoBAis yielding &K-%°Ar

age, which is the age of closure to argorther since crystallization (in an undisturbed sample),

or since the last thermal or shock event in a disturbed sample. An equivalent age is obtained by a
variant on the technique, whereby neutron irradiation of a specimen convéftinto3°Ar,

giving anfPAr-°Ar age. Measurement dPAr-3°Ar ages of lunar samples and meteorites have

shown clusters in ages that are related to impact and bigalevents.

Collecting and Curating Meteoriteand the value of Sample Return Missions

There are almost 60,000 meto r i t es i n the worl ds’ coll ectior
them were seen to falk meaning that the overwhelming majority of meteorites have been
contaminated to greater or lesser extent during their terrestrial residence. This does not imply

that such meteorites are not extremely important to study, it just means that there may be an

extra level of complication associated with interpretation of results from any investigation.

Hence the value of sample return missions, and the necessity for ppatereceiving and

curation facilities once samples come back to Earth.

Currently, we have samples that have been collected directly from three Solar System bodies:
the Moon, a comet and an asteroid, as well as material trapped from the Solar Wind. Lunar
samples (almost 300 kilograms in total) from the Apollo and Luna missions have been available
for analysis for over 30 years. It was comparison with Apollo samples that confirmed the validity
of a lunar source for the first lunar meteorite to be identifie

Over the next decade, there are clear opportunities for Europe to lead a sample return mission
to the Moon, and to collaborate with other space agencies on sample return missions to
asteroids and to Mars and its moons (Phobos and Deimos). ESA, as matibaal and other
international space agencies, have several missions under study to these bodies. It is essential
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that a sample receiving and curation facility is considered as a critical element of the mission
architecture and that its planning and sign requirements are fully incorporated during the
earliest phases of planning for each sample return mission. Previous work has indicated that
from site selection to fulfeadiness for receiving Mars samples taked 8 years.

Planetary Protection

One d the most important issues surrounding sample return missions is the requirement for
Planetary Protection (PP). This guides the design of a mission, aiming to prevent biological
contamination of both the target celestial body and, in the case of samgblen missions, the
Earth. The Committee on Space Research (COSPAR) has the mandate from the United Nations to
maintain and promulgate the planetary protection policy. Planetary protection is essential to
preserve our ability to study the astrobiologicailhferesting planets and moons of our Solar
System by preventing contamination with terrestrial mian@anism or organics and thus
removing the possibility of falsgositive results (forward PP). The second aspect of planetary
protection aims to protectte Ear t h’ s b i otergdirial agentsf whichmmigatbe r a
harmful if released into the Earth environment (backward PP). Both aspects have been
considered, forward PP on samples collected and then returned, and backward PP during
transport and curabn phases.

COSPAR defines five planetary protection categories with subcategories dependent on the target
of the mission and the type of mission ¢By, orbiter or lander). All missions which will return
extraterrestrial samples to Earth for further alysis belong to category V. Depending on the

origin of the extraterrestrial material a category V mission can be an unrestricted Earth return
mission (e.g. samples from the Moon) or restricted Earth return mission (e.g. samples from Mars
or Europa).

Oncereturned to Earth, samples have to be stored under specific conditions (depending of their
origin) so they remain as pristine as possible. At the same time, for restricted missions, the Earth
environment must also be protected from potential hazards. €utty, worldwide, no single

facility exists that allows containment of restricted materials, as would be required for a sample
receiving facility for materials returned from objects such as Mars. Since it is impossible to
foresee the actual risk factor oéturned samples, the facilities need to have the most stringent
containment level presently afforded to the most hazardous biological entities known on Earth.
The infrastructure, procedures, protocols and instrumentation, sample handling, as well as staff
training shall all be adapted to PP requirements.
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